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      Monocarpic plants have a single reproductive phase, in which their longevity is 

developmentally programmed by molecular networks. In the reproductive phase of 

Arabidopsis thaliana, the inflorescence meristem (IM) maintains a central pool of stem 

cells and produces a limited number of flower primordia, which results in seed formation 

and the death of the whole plant. In this study, I observed morphological changes in the IM 

at cellular and intracellular resolutions until the end of the plant life cycle. I observed four 

biological events during the periods from 1 week after bolting (WAB) till the death of stem 

cells: 1) the gradual reduction in the size of the IM, 2) the dynamic vacuolation of IM cells, 

3) the loss of the expression of the stem cell determinant WUSCHEL (WUS), and 4) the 

upregulation of the programmed cell death marker BIFUNCTIONAL NUCLEASE1 (BFN1) 

in association with the death of stem cells. These results indicate that the stem cell 

population gradually decreases in IM during plant aging and eventually is fully terminated. 

I further show that the expression of WUS becomes undetectable in IM at 3 WAB prior to 

the loss of CLAVATA3 (CLV3) expression at 5 WAB; CLV3 is a negative regulator of WUS. 

Moreover, clv3-2 plants show delayed loss of WUS and lived six weeks longer compared 

with wild type plants. These results indicate that the prolonged expression of CLV3 at 4-5 

WAB may be a safeguard that inhibits the reactivation of WUS and promotes plant death.   

Through transcriptome analysis, I revealed that reactive oxygen species (ROS) are involved 

in the control of plant longevity, and eight ROS-metabolism-related-candidate genes are 

isolated. Furthermore, I found that main components of ROS, superoxide anion (O2
·−) and 

hydrogen peroxide (H2O2), displayed dynamic changes along with the plant growth. 

Applications of 5 mM and 50 mM exogenous H2O2 could inhibit WUS and promote dPCD 

marker ORESARA 1 (ORE1) expressions, respectively. The results indicate that ROS acts as 

an intracellular signal and plays important roles in regulating stem cell fate during plant 

senescent period. My work presents a framework for the regulation of plant longevity in 

Arabidopsis at morphological, physiological, and gene expression levels. The findings 

provide novel insights into ROS-mediated signaling pathways involved in stem cell fate 

regulation towards the understanding of plant longevity control. 
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Introduction 

 

Shoot apical stem cells are located on the top of main shoot in plants. Generally, 

these stem cells are thought of as a cell population that has infinite abilities of proliferation. 

The daughter cells of stem cells mainly have two kinds of functions: one is to maintain the 

stable number of stem cells and the other is to form the differentiated cells. The renewable 

capacity ensures the dynamic balance and continuity of shoot stem cells, and has a close 

relationship with plant longevity. In the current study, I try to investigate the relationship 

between stem cell longevity and whole plant lifespan. I not only monitor stem cell activities 

but also expect to uncover the possible pathways resulting in stem cell death in model plant 

Arabidopsis thaliana. 

 

Advances of stem cell regulating mechanism in Arabidopsis 

The aerial part is originated from shoot apical meristem (SAM) in plants. In 

Arabidopsis, SAM generally refers to the top area above leaf primordia (vegetative stage) or 

floral primordia (proliferative stage) (Figure 1). In cellular and structural levels, SAM is made 

up of central zone (CZ), peripheral zone (PZ), and rib zone (RZ) (Figure 2A) (Steeves and 

Sussex, 1989; Meyerowitz, 1997). Stem cell population is harbored in CZ (Figure 2A). 

Through slow cell division, stem cells can self-renew and keep the undifferentiated status. PZ 

cells divide faster than stem cells, thereby differentiate into different organic primordia. 

Similar to PZ cells, RZ cells also divide fast to ensure stem growth (Steeves and Sussex, 

1989; Meyerowitz, 1997). Based on the features of division and differentiation of stem cells, 

the SAM domain can be separated into three layers, including the epidermal L1 layer, 

subepidermal layer L2, and inner layer L3 (Figure 2B) (Fletcher, 2002).  
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Figure 1 Morphology of Arabidopsis thaliana seedling (Landsberg erecta, Ler) and the shoot apical 

meristem (SAM). The structure of Arabidopsis thaliana seedling and the relative locations of 

inflorescence meristem (IM) and SAM are denoted. P1-P3 indicate floral primordia. 
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Figure 2 The structure of shoot apical meristem (SAM). (A) The relative positions of different zones 

in SAM. OC: organizing center. CZ: center zone. PZ: peripheral zone. RZ: rib zone. FM: floral 

meristem. (B) Schematic diagram of different cell layer (L1-L3) and the expression domains of WUS 

and CLV3 in SAM domain. FM: floral meristem. 
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During plant growth and development, stem cell fate is dynamically controlled by 

several signals from the stem cell microenvironment. A set of cells, known as the organizing 

center (OC) and located under CZ, determine the number and fate of stem cells (Figure 2). 

This part of cells plays a conclusive role in the maintenance of stem cells. The core signal 

pathway is the negative feedback loop formed by WUSCHEL (WUS) and CLAVATA3 (CLV3). 

WUS encodes a plant-specific homeotic transcription factor and is a basic member of the 

WUSCHEL-related homeobox (WOX) gene family (van der Graaff et al., 2009). WUS is 

expressed in OC cells (Figure 2). In wus mutant, the domelike SAM is absent in the seedling 

stage as well as in inflorescence meristem (IM). Some differentiated cells appear in the CZ of 

wus mutant, indicating that WUS plays role in preventing stem cell differentiation (Mayer et 

al., 1998; Laux et al., 1996). Overexpression of WUS can induce an intumescent SAM and the 

production of ectopic stem cells, suggesting that WUS can determine the stem cell properties 

(Brand et al., 2002; Lenhard et al., 2002; Schoof et al., 2000). CLV3 encodes a protein that 

contains 96 amino acids and belongs to CLV3/EMBRYO SUPPOUNDING REGION (CLE) 

protein family (Cock and McCormick, 2001). CLV3 is expressed in CZ approximately (Figure 

2B). The number of cells that expressing CLV3 in L3 is lower than that in L1; therefore the 

CLV3 expression domain is not precisely equivalent to the CZ area. In the clv3-2 mutant, 

SAM is more extensive than in wild type (WT) and forms more floral organs than WT. These 

results demonstrate that CLV3 plays opposing role in regulating stem cell maintenance (Clark 

et al., 1995). By contrast, the CLV3-overexpressed plants show the same phenotype as that in 

the wus mutant, and the WUS expression is inhibited (Brand et al., 2000; Lenhard and Laux, 

2003). By combining these findings, the WUS-CLV3 feedback loop is established to explain 

the molecular foundation of stem cell homeostasis. However, these evidence can not uncover 

the precise functions of WUS and CLV3 on stem cell maintenance. Subsequently, researchers 

found that CLV3 can inhibit the dedifferentiation of PZ cells (close to CZ) to prevent these 

cells from becoming stem cells and inhibit the mitotic speed in PZ cells to maintain the SAM 

size (Reddy and Meyerowitz, 2005). Furthermore, inducible activation of WUS in CZ results 

in the transformation of outer PZ cells into stem cells. It promotes the mitotic speed of PZ 

cells, therefore regulates the differentiated PZ cell ratio (Yadav et al., 2010). 

In the SAM domain, WUS mRNA is transcribed in OC, but WUS protein can move 

into CZ via plasmodesmata to promote the expression of CLV3 in stem cells (Yadav et al., 

2011; Holt et al., 2014; Daum et al., 2014). WUS protein can bind to several TAAT elements 

existing in the promotor and 3’ regulatory region of CLV3 (Yadav et al., 2011). A proposed 

model presents that monomeric WUS activates CLV3 in CZ at a low concentration whereas 

represses CLV3 in OC via forming homodimer at a high concentration (Perales et al., 2016). 

There is an 18 amino acid-length signal peptide in the N-terminus of CLV3 protein and a 14 

amino acid-length EMBRYO SURROUNDING REGION (CLE) conversed domain in the 

C-terminal (Cock and McCormick, 2001; Fletcher et al., 1999; Ito et al., 2006). In plants, 

CLV3 precursor protein is spliced as a 13 amino acid-length bioactive peptide CLV3p via 
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extracellular hydrolysis (Kondo et al., 2006; Ohyama et al., 2009). After the secretion, CLV3p 

moves from CZ to OC area, where existing leucine-rich repeat (LRR) containing receptors, 

therefore inhibiting the expression of WUS (Katsir et al., 2011). There are four kinds of CLV3 

receptors, the first one is CLV1, the second one is CLV2/CORYNE (CRN) complex, the third 

one is Receptor-like Protein Kinase 2 (RPK2), and the last one is BARELY ANY 

MERISTEM (BAM) family receptor. CLV1 encodes a LRR receptor-like kinase and is mainly 

expressed in RZ (Clark et al., 1997). CLV3 peptide can directly bind the LRR domain of 

CLV1 (Ogawa et al., 2008). CLV2 and CRN form a CLV3 receptor complex largely 

independent of CLV1 (Jeong et al., 1999; Müller et al., 2008; Bleckmann et al., 2010). The 

phenotype of rpk2 mutant is weaker than that in clv1 and clv2, but stem cells are still diffused. 

The phenotype of clv1 clv2 rpk2 is very similar to clv3, indicating that the RPK2-mediated 

pathway plays subordinate and independent roles (Kinoshita et al., 2010). BAM encodes LRR 

functional domain-containing receptor kinase. In bam1 bam2 bam3 mutant, the SAM size is 

smaller than in WT, suggesting that BAMs play roles in suppressing stem cell proliferation 

(DeYoung et al., 2006) (Figure 3). 
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 Figure 3 The regulatory network of factors involved in WUS-CLV3 feedback loop.    
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So far, the signaling cascade from CLV3 to WUS remains to be studied. Current 

studies reveal that several kinases and phosphatases take part in this cascade. CLAVATA 

INSENSTIVE RECEPTOR KINASES (CIKs) act as interacting partners of the CLV3 

receptors in the control of SAM size, and the cik1 2 3 4 quadruple mutant displays an inflated 

SAM (Hu et al., 2018). POLTERGEIST (POL), which encodes a protein phosphatase 2C, acts 

as a negative component of the CLV1 receptor kinase signaling pathway to possibly regulate 

downstream of the CLV receptors (Yu et al., 2003). In addition, the mitogen-activated protein 

kinases (MAPK) MPK3 and MPK6 act in an intracellular signaling cascade to play an 

important role in the maintenance of SAM development. The application of exogenous CLV3 

peptide triggers rapid signaling in the SAM via dynamic activation of MPK3 and MPK6 

(Betsuyaku et al., 2010; Lee et al., 2019) (Figure 3).  

There are several players involved in the WUS-CLV3 feedback loop. The first group 

of genes is HAIRY MERISRTEM (HAM) genes. HAM genes encode GRAS domain 

transcription factors that act as inhibitors of the differentiation of shoot stem cells (Stuurman 

et al., 2002; Schulze et al., 2010). In Arabidopsis, HAM1 and HAM2 directly interact with 

WUS protein and act as transcriptional cofactors with WUS to regulate the formation of shoot 

stem cells. Moreover, HAM1/2 are co-expressed in RZ with WUS, and synergistically regulate 

the expression of TOPLESS (TPL), indicating WUS protein needs transcriptional cofactors 

(Zhou et al., 2015). Besides, in the rib meristem, the expression patterns of CLV3 and 

HAM1/2 are mostly complementary, and the 3D computational simulation and 

experimentation show WUS-HAM complex controls the expression of CLV3 (Zhou et al., 

2018). In ham123 mutant, CLV3 is expressed restrictedly in the axillary meristem, indicating 

HAM proteins regulate the initiation and maintenance of the WUS-CLV3 feedback loop 

(Zhou et al., 2018). Some microRNAs have been reported to play roles in SAM development. 

MicroRNA156 and its target gene SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 

(SPL) form a pathway to control SAM size during vegetative development (Fouracre and 

Poethig, 2019). In Arabidopsis, five HOMEODOMAIN-LEUCINE ZIPPER III (HD-ZIP III) 

genes regulate the SAM formation during embryonic development stage (Prigge et al., 2005; 

McConnell et al., 2001; Green et al., 2005). Loss-of-function of HD-ZIP III genes results in 

the termination of SAM (Emery et al., 2003; Williams and Fletcher, 2005). In the SAM 

domain, HD-ZIP III genes are the targets of microRNA165/166 (Liu et al., 2009). 

MicroRNA165/166 are precisely regulated by ARGONAUTE1 (AGO1) and AGO10 (Moussian 

et al., 1998; Lynn et al., 1999; McConnell and Barton, 1995). MicroRNA165/166 reduce the 

expression levels of HD-ZIP III via AGO1-mediated pathway, whereas AGO10 can silence 

microRNA165/166 to stabilize the HD-ZIP III expression (Zhu et al., 2011). Another 

microRNA, microRNA394, is only expressed in L1 in SAM during the embryonic period. 

MicroRNA 394 can specifically repress its target LEAF CURLING RESPONSIVENESS (LCR) 

in inner layers of SAM, thereby enables WUS protein to control the expression of CLV3 

(Knauer et al., 2013) (Figure 3). 
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Besides, phytohormone cytokinin (CK) and auxin also take part in the WUS-CLV3 

feedback loop. Type A ARABIDOPSIS RESPONSE REGULATOR (ARR) genes, including 

ARR7 and ARR15, are negative regulators of the CK signaling pathway. WUS directly inhibits 

ARR7 and ARR15 expression levels (Leibfried et al., 2005). The relationship between WUS 

activity and CK is found in OC in SAM. ARABIDOPSIS HISTIDINE KINASE 4 (AHK4) gene 

is the receptor of CK, and it is expressed in OC. AHK4 induces WUS expression and inhibits 

CLV1 expression (Gordon et al., 2009). Some studies have revealed that the type B ARR 

proteins can directly bind to the WUS promoter region and promote WUS expression (Meng et 

al., 2017; Xie et al., 2018). Due to the regulatory functions of CK, the expression of WUS can 

respond to nitrate availability (Landrein et al., 2018), light (Pfeiffer et al., 2016), and a 

long-distance mobile signal mediated by BYPASS1 (Lee et al., 2019). It has been reported that 

CK acts as a regulator of WUS protein stability (Snipes et al., 2018). In short, WUS mediates 

the CK signaling pathway, and in turn, enhances the expression of WUS. Auxin (or 

indole-3-acetic acid) is another important phytohormone that regulates the WUS-CLV3 

feedback loop. AUXIN RESPONSE FACTOR 5/MONOPTEROS (ARF5/MP) is a key factor 

in the ARF-mediated auxin signaling pathway and can directly inhibit the expression of 

ARR7/15 in CZ, resulting in the CK signal activation (Zhao et al., 2010). ARF5/MP can 

repress the expression of DORNROSCHEN/ENHANCER OF SHOOT REGENERATION 1 

(DRN/ESR1), which plays a role in the activation of CLV3 in the SAM domain (Luo et al., 

2018). The HECATE (HEC) transcription factor family members are downstream components 

of WUS, and they have been reported that possibly regulate stem cells via the interaction with 

ARF5/MP (Schuster et al., 2014; Gaillochet et al., 2017) (Figure 3).  

In addition to the WUS-CLV3 feedback pathway, another parallel signaling pathway 

led by SHOOT MERISTEMLESS (STM), also regulates shoot stem cell fate. Like WUS, 

STM is also a homeodomain transcription factor. Loss-of-function of STM induces the 

termination of SAM. In stm mutant, there is no recognizable SAM (Endrizzi et al., 1996). 

Ectopic expressions of WUS and STM can induce different downstream genes. The main 

function of WUS is the transformation of CZ cells into stem cells, whereas the function of 

STM is to inhibit the differentiation and promote the proliferation of stem cells (Lenhard et al., 

2002). STM directly activates ISOPENTENYL TRANSFERASE 7 (IPT7) and ARR5 to regulate 

stem cell maintenance (Jasinski et al., 2005; Yanai et al., 2005). Similar to WUS, STM in the 

stem cells can activate the expression of CLV3 (Brand et al., 2002; Lenhard et al., 2002). 

Recently, the molecular mechanism of synergistically regulate stem cell fate by WUS and 

STM is uncovered. WUS and STM interact directly with each other, and WUS activates the 

expression of STM. STM interacts with WUS to enhance WUS binding to the CLV3 promoter 

(Su et al., 2020) (Figure 3). 

In brief, the functions of WUS and CLV3 on stem cell formation and maintenance 

are irreplaceable. All regulations of WUS and CLV3 can change the stability of the 

WUS-CLV3 feedback loop, in turn, to influence the stem cell fate directly or indirectly. 
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WUS-mediated network in control of plant development 

As a master regulator in plant growth and development, functions of WUS and 

WUS-related homeobox (WOX) transcription factors have been largely estimated in plants 

(Jha et al., 2020). During the plant growth and development, WUS is not only regulated 

directly or indirectly by a series of factors but also regulates several targets via transcriptional 

levels. Recently, the structural basis of WUS protein has been uncovered. This finding 

provides us a detailed understanding of the binding mechanism of WUS transcription factor. It 

is quantitatively delineated that WUS can bind to three divergent DNA motifs such as 

‘TGAA,’ ‘TAAT,’ and ‘G-box.’ Among these motifs, WUS maintains a strong interaction 

with the ‘TGAA’ motif (Sloan et al., 2020).  

Some works reveal the WUS-mediated gene expression maps in Arabidopsis shoot 

apical meristem in past years (Yadav et al., 2009; Busch et al., 2010). In these studies, WUS is 

thought as a key regulator, and several WUS targets and response genes were isolated by 

ChIP-seq. WUS can directly bind to DNA motifs in more than 100 target promoters (Busch et 

al., 2010). A total of 675 isolated WUS response genes, including direct WUS targets CLV1 

and TOPLESS, are clustered into seven modules, including cell division hormone signaling, 

regulation of polar auxin transport, inhibition of auxin signaling, meristem-related processes, 

modulation of jasmonate signaling, activation of cytokinin signaling, and cell division (Busch 

et al., 2010). For instance, WUS directly binds to promoters of CLV1 and TOPLESS to 

promote the expression of CLV1 and repress the expression of TOPLESS (Busch et al., 2010). 

By deeply excavating these targets, a subsequent study showed that WUS could act as an 

auxin response rheostat to maintain apical stem cells (Ma et al., 2019). Several genes, such as 

TRANSPORT INHIBITOR RESPONSE 1 (TIR1), AUXIN RESPONSE TRANSCRIPTION 

FACTORs (ARFs), INDOLEACETIC ACID-INDUCED PROTEIN (IAA), LOB 

DOMAIN-CONTAINING PROTEIN 38 (LBD38), and TARGET OF MONOPTEROS 3 

(TMO3), are directly bound by WUS in their promoter regions (Ma et al., 2019). In the list of 

responsive genes with annotated activities in “auxin response” to WUS, ORESARA 1/NAC092, 

which is known as a programmed cell death regulator in papilla cells (Gao et al., 2018), is 

regulated by WUS via deacetylation (Ma et al., 2019).  

In addition to the roles in WUS-mediated regulation of the shoot meristem, WUS also 

maintains important functions in regulating plant development. In floral meristem 

development, the WUS expression pattern is controlled by an epigenetic mechanism (Cao et 

al., 2015). During male organogenesis, WUS is expressed in the precursor cells of the 

stomium and terminated before the stomium cells enter terminal differentiation. In wus 

mutants, there are fewer and malformed lobes compared to the WT, indicating that WUS plays 

essential role in regulating another development in Arabidopsis (Deyhle et al. 2007). In 

Chrysanthemum morifolium, WUS can interact with CYCLOIDEA 2 (CYC2) transcription 

factor to regulate the development of floral organs and pistils (Yang et al., 2019). In addition, 

WUS is reported to show important roles in plant embryogenesis. During somatic 
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embryogenesis, WUS expression is upregulated in several plant species (Jha et al., 2020), 

suggesting that WUS is essential for embryogenesis. 

So far, the potential functions of WUS and its targets have only been studied rarely. 

The expression patterns and functional behavior of WUS suggest that it is still a long way 

until we understand WUS function in plant growth and development. More importantly, the 

linkage between WUS and programmed cell death (specific reference of stem cell death) and 

its targets in this bioprocess is still unknown. Most recently, WUS has been reported to play 

decisive roles in regulating innate antiviral immunity in plant stem cells (Wu et al., 2020). 

Through inhibiting the expressions of related genes, WUS restrain the virus replication in 

plant stem cells (Wu et al., 2020). This new finding reminds us that the WUS functions have 

not been uncovered fully yet.  

 

The relationship between stem cell activity and plant lifespan 

Plant lifespan means the maximal life expectancy at birth in plants. The variations of 

lifespan in different plant species, including individual and clonal plants, are tremendous 

(Thomas, 2013). For instance, a tree plant named Bristlecone pine (Pinus longaeva) has 4,600 

years’ lifespan, but only a few months’ lifespan in model plant Arabidopsis thaliana. In order 

to understand the control of plant lifespan, it is necessary to know the plant structure. Usually, 

except for root parts, the plant body is made up of one or more shoots, which topically 

reiterates the same species-specific architecture or configuration (Klimešová et al., 2015). 

Based on origins, shoots can be classified as primary shoots and axillary shoots (or lateral 

shoots). The primary shoot is initiated on the shoot pole of the embryo (Klimešová et al., 

2015). Given that all parts of plant body are derived from stem cells in SAM; therefore, SAM 

is sometimes considered as the ‘fountain of youth’ (Baurle and Laux, 2003).  

In 1994, a study observed the arrest of inflorescences in Arabidopsis thaliana and 

found that the inflorescence arrest occurs normally. During the inflorescence arrest process, 

each inflorescence ceases to open flowers and enters the arrested status. This phenomenon is 

defined as the global proliferative arrest (GPA) (Hensel et al., 1994). The production of the 

GPA process is probably due to the fruit formation. Fruit removal or lack of fruits (in some 

male sterile mutants) demonstrates a precaution of inflorescence arrest. The SAM activities 

keep relatively high levels due to new flower formations continuously (Hensel et al., 1994).  

Not far from now, a study depicted that the arrested inflorescence meristem status is 

strongly similar to the dormancy in lateral inflorescences, indicating that the GPA represents a 

formation of bud dormancy through controlling the inflorescence meristem activities (Wuest 

et al., 2016). Another current study shows that the delayed inflorescence arrest exists in 

fruitfull mutants and points out the inflorescence arrested process was regulated by a 

FRUITFULL–APETALA2 regulatory pathway. Meanwhile, the authors also monitored the 

spatio-temporal expression patterns of WUS and CLV3 and found that terminations of WUS 

and CLV3 expressions are necessary for inflorescence arrest (Balanzà et al., 2018). Most 
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recently, a study declared that an auxin-mediated inflorescences arrest model. They found that 

the end-of-flowering in Arabidopsis has not occurred synchronously between different 

branches, and this phenomenon is driven by auxin export from fruit proximal to the 

inflorescence apex (Ware et al., 2020), indicating that the concept of GPA is still controversial. 

Furthermore, the authors pointed out that the inflorescences arrest happened when they reach 

a certain developmental age (Ware et al., 2020). These current findings, at least in part, 

suggest that the SAM activity is associated with the whole-plant lifespan. 

Shoot stem cells are harbored in the SAM domain. The activities of SAM depend on 

stem cell activities. Unlike animals, theoretically, plants have an endless supply of stem cells 

(Weigel and Jürgens, 2002; Singh and Bhalla, 2006). These stem cells take charge of tissue 

homeostasis and repair. Given this, some researchers surmise that stem cells may hold the key 

to determining plants’ longevity (Dijkwel and Lai, 2019). 

 

Intracellular changes in plant senescent and dying cells 

Several studies revealing that senescent plant cells take place with obvious changes 

(Figure 4). In mesophyll cells, the content of chlorophyll negatively correlates with 

senescence (Martin and Thimann, 1972). Chlorophyll degradation is the most distinct feature 

in senescent leaves (Lesgemy, 1981). In senescent rice leaves, the decreased contents of 

chlorophyll and related proteins can be recognized as reliable traits of leaf senescence (Biswas 

and Choudhuri, 1980).  

The homeostasis of normal cells is maintained by a balanced system, which is 

combined by synthesis and decomposition. Proteins keep a relatively constant turnover. 

However, the relatively constant turnover is broken once the plant cell enters the senescent 

stage. Several studies have demonstrated that protein degradation is a basic feature of 

senescence (Ray and Choudhuri, 1980; Ryan, 1973; Matile and Winkenbach, 1971). Thus, the 

increase of proteinase activities should be an important intracellular change in senescent cells. 

 

 

    Figure 4 Summary of morphological changes and physiological features in dying cells. 
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In addition, various morphological features are mostly considered autophagy-like 

processes, such as the increase in vacuolar size, chromatin condensation, and nuclear 

dissociation (Shibuya et al., 2016). Usually, the degradation of the cytoplasm is mediated by 

lytic vacuoles in senescent and dying cells. Lytic vacuoles contain acid phosphatases and 

hydrolytic enzymes (Shibuya et al., 2016). In the cytochemical study in root-tip stem cells, the 

results showed the lytic vacuoles are derived from tubules formed on the trans side of the 

Golgi body (Marty, 1999). In young plant cells, several small lytic vacuoles are formed during 

cell differentiation (Marty, 1997). Subsequently, these small lytic vacuoles will merge and 

form one or a few large vacuoles (Shibuya et al., 2016). Thus, the formation of large vacuoles 

in senescent or dying cells is an important feature as well. Chromatin condensation is often 

initially happened somewhere in the nucleus and then extends the whole of the nucleus. In 

dying Ipomoea petal cells, chromatin condensation induces decreased nucleus size (Yamada et 

al., 2006b). In some cases, DNA degradation is observed when chromatin condensation 

happens (Shibuya et al., 2016). Nuclear dissociation has also been reported in some plant 

dying cells (Wojciechowska and Olszewska, 2003). In the dying petal cells in Ipomoea, 

Petunia, and Argyranthemum, nuclear fragmentation is observed (Yamada et al., 2006a; 

Yamada et al., 2006b).  

Moreover, the plasmodesmata closure has also been thought of as senescent feature 

(Kamdee et al., 2015). So far, plasmodesmata closure has been studied in petal cells of Iris 

(van Doorn et al., 2003). Besides, the cell wall degradation is also a noticeable feature in 

senescent and dying cells and is now thought of as a contributor to cell death. Cell wall 

degradations always induce turgor loss and tonoplast rupture, resulting in the cell collapse. So 

far, cell wall degradation has been confirmed in Ipomoea, Iris, and Dendrobium. The decrease 

in cellulose and hemicellulose, the secretion of hydrolytic enzymes, and swelling of cell walls 

can trigger the cell wall degradation during cell senescent and dying stages (Wiemken-Gehrig 

et al., 1974; van Doorn, 2011; Kamdee et al., 2015). Overall, all evidence mentioned above 

can be utilized as the traits to distinguish normal and dying cells (Figure 4).  

 

Roles of reactive oxygen species in plant growth, development, and death 

Reactive oxygen species (ROS) are kinds of intracellular signaling components 

produced by metabolic pathways in almost all cells (Mhamdi and Van Breusegem, 2018). The 

roles of ROS in biotic and abiotic-related processes have been widely uncovered in these 

years (Huang et al., 2019). More generally, the roles of ROS in regulating numerous 

biological processes, such as root, shoot, and flower growth and development, have also been 

largely revealed (Mhamdi and Van Breusegem, 2018). 

ROS is a cluster of any oxygen derivative and is more reactive than oxygen molecule 

(O2) (Foyer and Noctor, 2009; Mittler, 2017). In plants, ROS usually includes singlet oxygen 

(1O2), superoxide (O2
•-), hydroxyl (OH•), and hydrogen peroxide (H2O2) (Mhamdi and Van 

Breusegem, 2018) (Figure 5). Comparing with 1O2 and O2
•-, H2O2 is relatively stable, and its 
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half-life time is more than 1 ms. Therefore, it is always considered the main component of 

ROS involved in intracellular signal pathways (Mhamdi and Van Breusegem, 2018). There are 

several enzymes involved in H2O2 metabolism. Catalases (CATs) and ascorbate peroxidases 

(APXs) are two key enzymes in H2O2 metabolic pathway. Besides, glutathione S-transferases 

(GSTs), peroxiredoxins (PRXs), and glutathione peroxidases (GPXs), which are now known 

as thioredoxin (TRX)-dependent peroxiredoxins, are important players in processing H2O2 

metabolism (Dixon and Edwards, 2010; Dietz, 2011; Iqbal et al., 2006; Bela et al., 2015). 

Indeed, the main superoxide-processing enzymes are superoxide dismutases (SODs), and OH• 

and O2
•- are mainly processed by non-enzymatic reactions (Fridovich, 1997; Triantaphylidès 

and Havaux, 2009; Noctor et al., 2012; Richards et al., 2015). In plant cells, ROS are 

produced in mitochondrial respiration, photosynthesis in chloroplasts, photorespiratory 

reactions in the peroxisome, and also in some other enzymatic reactions by NADPH oxidases 

(Mhamdi and Van Breusegem, 2018). Several phytohormones, such as salicylic acid (SA), 

jasmonic acid (JA), ethylene (ET), abscisic acid (ABA), and gibberellic acid (GA), can also 

regulate ROS levels in plant cells through the complex crosstalk (Noctor et al., 2015; 

Considine and Foyer, 2014; Diaz-Vivancos et al., 2015; Tognetti et al., 2017).  

 

 

 

    Figure 5 An overview of ROS processing pathways and the major enzymes in plants. 
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The functions of ROS and ROS homeostasis in regulating plant growth and 

development have been largely revealed. During seed germination, ROS homeostasis is 

tightly controlled (Stacey et al., 2006; Bailly et al., 2008). So far, APX6 and mitochondrial 

thioredoxin O1 (TRXO1) are involved in seed germination by regulating ROS levels (Chen et 

al., 2014; Ortiz-Espín et al., 2017). Meanwhile, a key player of the ABA signaling pathway, 

ABI5, is also involved in regulating H2O2 homeostasis by binding to the promoter of CAT1 

(Skubacz et al., 2016; Bi et al., 2017). In root growth, several studies have shown that ROS 

homeostasis takes part in restricting the growth of the primary root, regulating lateral root 

emergence, and promoting the growth of root hair (Foreman et al., 2003; Orman-Ligeza et al., 

2016). During these developmental processes, two auxin-regulated transcriptional factors, 

ROOT HAIR DEFECTIVE 6-LIKE 4 (RSL4) and MEDIATOR 25 (MED25), are confirmed 

as the key regulators in promoting root hair elongation (Sundaravelpandian et al., 2013; 

Mangano et al., 2017). A fine-turned balance between H2O2 and superoxide contents can 

regulate cell differentiation in root hairs (Sundaravelpandian et al., 2013). In lateral root 

emergence, the RBOH-peroxidase system, also a ROS source in plants, plays essential role. 

RBOHD and RBOHF are involved in lateral root emergence via altering the superoxide levels 

in root tips (Li et al., 2015). In addition, several mutants of ROS processing pathway-related 

members show abnormal growth defects. In cat2 mutant, the plant growth is inhibited due to 

the increased photorespiratory H2O2 (Queval et al., 2007). In gpx5 mutant, the embryo 

development is defective (Pagnussat et al., 2005). In gpx1 and gpx7 mutants, the root 

architectures are altered (Passaia et al., 2014). 

Moreover, some evidence show a clear relationship between redox signaling and 

flower development. The roles of ROS in regulating petal development, pollen tube growth, 

and gametophyte formation have been reported. Some plant-specific class III CC-type GRXs, 

also known as ROXYs, have functions on petal development (Gutsche et al., 2015). 

Arabidopsis roxy1 mutant shows a reduced number of petal primordia and exhibits 

abnormalities during further petal development (Xing et al., 2005). Subsequently, ROXY1 can 

interact with PETAL LOSS (PTL) to promote petal initiation (Quon et al., 2017). For pollen 

tube development, the appropriate ROS accumulation in pollen tube tips is necessary 

(Potocký et al., 2012). RBOHH and RBOHJ are important for the proper growth of pollen 

tubes, and pollen tubes in rbohH rbohJ mutant show an abnormal collapse (Duan et al., 2014). 

For gametophyte development, GRXs- and TRXs-encoded genes are required. In Arabidopsis, 

NTRA and NTRB encode two NADPH-dependent thioredoxin reductases, and loss-of-function 

of NTRA and NTRB induce fertility decrease and slow growth ratio in corresponding mutants 

(Reichheld et al., 2007). Besides, ROXY1 and ROXY2 are also required during anther 

development. In roxy1 and roxy2 single mutants, anther development is normal but abnormal 

in roxy1 roxy2 double mutant (Xing and Zachgo, 2008). Further, a study showed that ROXY 

proteins could interact with TGA9/TGA10 to control anther development (Murmu et al., 

2010). 
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Furthermore, the redox-linked reactions take part in dictating meristem development 

in both the shoot apical meristem (SAM) and the root apical meristem (RAM) (Schippers et 

al., 2016; Mhamdi and Van Breusegem, 2018). The activities of RAM are highly sensitive to 

the alterations of ROS levels in root stem cells, and the H2O2 treatment can decrease the 

number of stem cells (Tsukagoshi et al., 2010). In root meristem, H2O2 accumulation is 

induced by DNA double-strand breaks. FLAVIN-CONTAINING MONOOXYGENASE 1 

(FMO1) is induced by high levels of H2O2 during the DNA double-strand breaks process, 

resulting in the decrease of root meristem size (Tsukagoshi et al., 2010; Chen and Umeda, 

2015). In SAM development, the roles of ROS have also been uncovered, and the SAM 

activities are controlled by the antagonistic actions of superoxide and H2O2. The expression of 

WUS is promoted by superoxide and inhibited by H2O2, and PRX genes are associated with 

stem cell fate (Zeng et al., 2017). 

In recent years, more and more studies reveal that ROS metabolism has a close 

relationship with plant senescence. Plant senescence is described as a slow and complex 

process that is associated with the increased availability of ROS (Breeze et al., 2011; Guo and 

Gan, 2012; Munné-Bosch et al., 2013; Rogers and Munné-Bosch, 2016). Several transcription 

factors are showing altered expression patterns during ROS-induced senescence. Members of 

the NAC and WRKY gene families display downregulated expression profiles (Rosenwasser et 

al., 2011; Allu et al., 2014). NAC3/ORS1 and NAC2/ORE1 are involved in salt stress-induced 

senescence and participate in H2O2-dependent signaling crosstalk (Balazadeh et al., 2010, 

2011). Overexpression of the NAC transcription factor JUNGBRUNNEN 1 can enhance 

expressions of ROS-responsive genes and regulate longevity in Arabidopsis (Wu et al., 2012). 

WRKY75 is required to link between age-dependent increased ROS and SA synthesis (Guo et 

al., 2017). In addition to transcription factors, ROS metabolism-related enzymes CAT2 and 

APX1 are also involved in senescence regulation through triggering of the H2O2 peak 

(Zimmermann et al., 2006).  

It is well known that death is an integral part of life, and cell death is a necessary 

process for the normal growth and development of plants. Plant cell death is intimately linked 

with ROS production (Van Breusegem and Dat, 2006). ROS is thought of as an intracellular 

signal that can trigger cell death, and the tightly controlled ROS homeostasis is necessary for 

response to the complex stimuli during the cell death process (Foyer and Noctor, 2005). In 

Arabidopsis, LSD1, which encodes a zinc-finger protein, can integrate with LOL1 and LOL2 

to sense the changes of ROS homeostasis and repress a default death pathway (Jabs et al., 

1996; Dietrich et al., 1997; Epple et al., 2003). Loss-of-function of the Arabidopsis Executer1 

gene can decrease the plant sensitivity to singlet oxygen and results in the complete 

abolishment of singlet oxygen-induced cell death (Wagner et al., 2004). Moreover, 

mitogen-activated protein kinases (MAPKs) are also found to play important roles in 

ROS-dependent cell death events (Ren et al., 2002; Samuel and Ellis, 2002; Samuel et al., 

2005; Nakagami et al., 2004). 
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Taken together, ROS acts as a crucial signal that is required in almost all biological 

processes, and ROS homeostasis is a rheostat that regulates the plant growth, development, 

and death underlying the complex molecular network. The different ROS threshold levels in 

plant cells may determine the cell status and fate. 

 

Roles of programmed cell death in regulating plant development 

Programmed cell death (PCD) acts as an essential and complex biological process in 

eukaryotes. It is originally introduced as a process activated by plant-pathogen defensive 

reactions in 1923 (Jones, 2001). Although the definition of PCD is proposed by plant 

scientists initially, in fact, achievements on the plant PCD studies are hysteretic as compared 

to that on animal PCD (Jones, 2001; Daneva et al., 2016). It has been a long journey for 

scientists to uncover the regulatory mechanisms of animal PCD too. In 1966, animal cell 

death was observed during the tadpole tail development, and it was firstly considered cell 

death as an actively controlled biological process (Tata, 1966). In 1972, Kerr et al. came up 

with the term “apoptosis”, which has been known as the first kind of PCD morphotype, to 

describe a series of morphological features, such as cell shrinkage, nuclear pyknosis, 

membrane blebbing, and rapid elimination by phagocytosis (Kerr et al., 1972; Daneva et al., 

2016). In 2002, the Nobel Prize in Physiology or Medicine was awarded to the scientists who 

studied the nematode Caenorhabditis elegans for their findings on the crucial roles of PCD on 

organ development (Putcha and Johnson, 2004). In the 1990s, the researches of plant PCD 

entered into a flourishing period (Beers, 1997), and many studies had been done to uncover 

the apoptosis in different types of plant PCD processes (Locato and De Gara, 2018). Although 

some hallmarks of apoptosis have been observed in several plant PCD processes, plant 

homologs of major regulators in animal apoptosis are rare (Daneva et al., 2016). This finding 

suggests that some differences exist between plant PCD and animal PCD, and there must be 

plant-specific regulators in the regulatory mechanism of PCD in the plant kingdom (Van 

Hautegem et al., 2015; Daneva et al., 2016). 

More and more evidence show that the plant PCD is caused in multiple contexts and 

has a multitude of functions in regulating growth and development (Locato and De Gara, 

2018). Up to date, many scientists are inclined to distinguish the plant PCD from a functional 

point of view. Based on this viewpoint, the plant PCD can be divided into environmentally 

induced PCD (ePCD) and developmentally regulated PCD (dPCD) (Huysmans et al., 2017). 

The ePCD is mainly induced by external stimuli, which include pathogen attack as well as 

abiotic stress (Wu et al., 2014; Petrov et al., 2015), and it is not highlighted in this study. 

However, dPCD is elicited by different internal signals or stimuli and is controlled precisely 

in a spatio-temporal manner. So far, dPCD has been observed and studied on various growth 

and developmental processes in plants, such as tracheary element differentiation, xylem 

formation, trichome formation, fertility regulation, and self-incompatibility response (Daneva 

et al., 2016; Locato and De Gara, 2018). 
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As an important regulatory pathway in plant growth and development, PCD is tightly 

controlled on the genetic aspect. Clusters of NAC, MYB, and bHLH transcription factors are 

mainly associated with the regulations of PCD process in different events. In xylem formation, 

NAC clade VASCULAR-RELATED NAC-DOMAIN (VND) genes play key roles in regulating 

PCD (Kubo et al., 2005; Endo et al., 2015; Tan et al., 2018; Yamaguchi et al., 2010a, 2010b). 

In root cap PCD, NAC transcription factor SMB/ANAC033 is identified as a master regulator 

(Fendrych et al., 2014). In addition, ANAC087 and ANAC046 have also been identified to 

regulate the root cap PCD (Huysmans et al., 2017). In plant organ senescence processes and 

age-induced PCD, such as leaf senescence and stigma cell death, NAC transcription factors 

ORESARA1 (ORE1), ANAC019, ANAC055, and KIRA1 are necessary (Kim et al., 2014; 

Shibuya, 2018; Gao et al., 2018). Alongside NAC transcription factors, MYB transcription 

factors also show crucial functions in plant PCD regulation. During tapetal cell death, MYB 

genes control the proper timing of tapetal PCD (Gu et al., 2014; Zhu et al., 2008; Cai et al., 

2015). During pollen tube development, MYB97, MYB101, and MYB120 show a regulatory 

function on pollen tube rupture (Leydon et al., 2013; Liang et al., 2013). Similar to NAC and 

MYB transcription factors, bHLH transcription factors also take part in regulating plant PCD. 

DISFUNCTIONAL TAPETUM1 (DYT1) is required in the tapetum and the development of 

microspores (Zhang et al., 2006). During embryo development, the endosperm-specific bHLH 

genes, RETARDED GROWTH OF EMBRYO1 (RGE1)/ZHOUPI (ZOU) and INDUCER OF 

CBP EXPRESSION1 (ICE1), are required and co-expressed in the endosperm. Lacking 

functions of these two genes can induce endosperm breakdown due to the abnormal 

endosperm PCD process (Kondou et al., 2008; Yang et al., 2008; Denay et al., 2014; Fourquin 

et al., 2016). 

In addition to transcription factors, several proteases also participate in regulating 

PCD process in different plant tissues and organs. XYLEM CYSTEINE PROTEASE1 

(XCP1) and XCP2 are two proteases that show functions in the cytoplasmic clearance of 

dying xylem vessels (Avci et al., 2008). METACASPASE9 (MC9) also takes part in the 

cytoplasmic clearing after tonoplast rupture (Escamez et al., 2016). In lateral root cap cell 

death, the expression patterns of several PCD-associated hydrolytic enzymes-encoding genes, 

including RIBONUCLEASE3 (RNS3), BIFUNCTIONAL NUCLEASE1 (BFN1), and 

PUTATIVE ASPARTIC PROTEINASE3 (PASPA3), are upregulated, indicating that these 

enzymes may play some unknown roles (Olvera-Carrillo et al., 2015). Before this, a study has 

already shown PASPA3 and BFN1 are the downstream targets of SMB/ANAC033, which acts 

as the master regulator of root cap PCD (Fendrych et al., 2014). BFN1 is also the target of 

ANAC046 and ANAC087, and its expression patterns are directly regulated by these two NAC 

transcription factors during root cap cell death (Huysmans et al., 2018). Moreover, BFN1 is 

thought of as a potential target of ORE1 and KIRA1 in papilla cell death (Gao et al., 2018). As 

a member of nuclease I enzymes, BFN1 is induced during leaf and stem senescence in 

Arabidopsis (Pérez-Amador et al., 2000). By the further analysis of the expression profiles, 
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BFN1 was found to be expressed in differentiating xylem and the abscission zone of flowers, 

suggesting that BFN1 is a PCD-associated marker gene (Farage-Barhom et al., 2008). Apart 

from BFN1, a papain-like cysteine protease CYSTEINE ENDOPEPTIDASE1 (CEP1), which 

is indirectly regulated by MYB80, also takes part in the PCD process in tapetum (Zhang et al., 

2014). In endosperm degradation, PASPA3 and BFN1 are possible targets of RGE1/ZOU 

(Fourquin et al., 2016).  

       In summary, PCD process is an indispensable event that keeps the plants growing 

normally in the natural environment. The roles of PCD are not only the necessary step for 

some organ or tissue formations but also the limitation that restricts the plant growth and 

development status.  

 

The knowledge gap in the regulation of stem cell longevity 

In recent years, the study on plant longevity is always a hot point. In this research 

field, several theories are coming up with, such as “source-sink,” “death hormone,” and 

“determinate or indeterminate apex” (Thomas, 2013). However, these viewpoints are still 

lacking conclusive evidence. For the research of plant apex, as early as 1994, Hensel et al. 

(1994) examined the arrest of inflorescences and designated this arrested process as GPA 

using WT Arabidopsis thaliana (Landsberg erecta, Ler) line. However, a current study shows 

that the GPA is inapplicable in the WT Arabidopsis thaliana (at least Columbia accession, 

Col-0) line (Ware et al., 2020). In Col-0 Arabidopsis, the arrest of inflorescences between 

different branches is not synchronous, and this arrested process is a local process, which is 

driven by auxin export from fruit proximal (Ware et al., 2020). These findings suggest that it 

is difficult work that monitors the plant longevity from the whole-plant level, and auxin may 

be a kind of “death hormone”. In genetic aspect, a recent study showed that inflorescence 

arrest is mediated by a FRUITFULL–APETALA2 regulatory module (Balanzà et al., 2018). 

Moreover, the Arabidopsis AT-HOOK MOTIF NUCLEAR LOCALIZED 15 (AHL15) gene, 

which acts as a suppressor of axillary meristem maturation, contributes to longevity in 

monocarpic Arabidopsis and tobacco (Karami et al., 2020). However, the findings mentioned 

above are either the description of the macroscopical phenomenon based whole-plant or not 

decisive evidence for the regulation of plant longevity. 

As mentioned above, stem cell longevity maintains a key relationship with plant 

lifespan; therefore, uncovering the regulatory mechanism of stem cell longevity may be a 

good direction. Unfortunately, such kind of study is rare so far. In the past decades, lots of 

good jobs have largely revealed mechanisms of stem cell formation and stem cell activity 

maintenance (reviewed in the above part), whereas much remains unclear about the status of 

stem cells during the plant aging period. It is still blank in the mechanism of how plants 

control stem cell fate during the senescent period.  

Herein, I observed that the gradual reduction of inflorescence meristem (IM) size and 

the dynamic vacuolation of stem cells began at one week after bolting (WAB). Moreover, the 
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expression of WUS was dynamically reduced until 3 WAB, and the upregulation of the 

programmed cell death marker BFN1 was detected at 5 WAB and was associated with the 

death of stem cells. These results indicate that the stem cell population in the IM is decreased 

during plant aging. In addition, RNA-Seq and imaging analyses revealed that the reactive 

oxygen species (ROS) module was involved in the death of IM cells. I proposed that the aging 

of the IM in Arabidopsis consists of three phases. Besides, I also found that the levels of ROS 

components superoxide anion (O2
·-

) and hydrogen peroxide (H2O2) displayed dynamic 

changes in the IM domain. By utilizing the different concentrations of exogenous H2O2, I 

found that the expressions of WUS and ORE1 were inhibited and promoted, respectively. 

These results indicated that ROS played integrative roles in regulating stem cell final fate. 

Overall, the results of this study may help us to elucidate the regulatory mechanism governing 

plant longevity in Arabidopsis. 
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Materials and methods 

 

Plant materials and growth conditions 

Arabidopsis thaliana seed stocks used in this study were the Landsberg erecta (Ler) 

background. The clv3-2 mutant was described previously (Clark et al., 1995). The reporter 

lines proWUS::GFP-ER, proCLV3::GFP-ER, and proWUS::GUS were reported previously 

(Sun et al., 2019; Lenhard and Laux, 2003; Gordon et al., 2007; Rodriguez et al., 2016). 

proBFN1::GUS-GFP and proORE1::GUS-GFP in clv3-2 background were generated by 

crossing with clv3-2 mutant line. Homozygous acx1-3 mutant (Columbia background) was 

from Arabidopsis Biological Resource Center (ABRC, Ohio, USA) with accession number 

CS66497. Arabidopsis seeds were sown in pots containing vermiculite and Metro-Mix and 

incubated at 4 °C in the dark for 3 days to promote germination. All plants were cultured in an 

illumination incubator (BiOTRON, LPH-411SP, Japan) under a 16-hour light (100 µmol m-2 

s-1)/8-hour dark light cycle with 60% humidity and at 22 °C. 

 

Phenotypic definitions and measurements 

To observe the development of each Arabidopsis plant precisely during aging, I 

applied “weeks after bolting” (WAB) as the temporal unit (Balanzà et al., 2018). When the 

stem length approached 1 cm, this time point was defined as the initiation of bolting (Noodén 

and Penney, 2001). For the counting of flower numbers on the primary stem, the siliques and 

flowers older than stage 7 were counted. The flower stage was referenced to the criterion 

described by Smyth et al. (1990). The measurement of IM size was estimated by measuring 

the IM circumference from a maximum diameter (Daum et al., 2014). The measurements of 

IM circumference and diameter were performed using FIJI (v1.50b, https://fiji.sc/) 

(Schindelin et al., 2012).The IM circumference were defined by the boundary between IM 

and the floral primordium. The cells with a large vacuole in the IM domain were judged by 

the area ratio between the vacuole (or vacuoles) and the whole cell. If the area ratio was over 

40% in a cell (using FIJI to measure the size of the cell and vacuole), then the cell was 

considered to be a cell with a large vacuole. To ensure that the observed cells were stem cells, 

a total of 18 and 6 cells in the stem cell layers were observed in the WT and clv3-2 mutant, 

respectively. In clv3-2 mutant, only L1 cells were selected because other layers were 

disorganized. The ratio of cells with large vacuoles was the ratio between the number of cells 

with large vacuoles and total cells observed. The morphological observations of 

inflorescences on primary shoots were performed using an optical camera (Canon EOS 

600D). 

 

Scanning electron microscope 

Inflorescences of primary WT shoots were fixed in FAA solution overnight at room 

temperature and dehydrated with an ethanol and acetone series. Critical point drying with 
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liquid CO2 and a gold coating were performed using EM CPD300 (Leica, Germany) and 

E-1010 (Hitachi, Japan), respectively. The inflorescences were observed using an S-4700 

scanning electron microscope (SEM) (Hitachi, Japan) with an accelerating voltage of 15 kV. 

 

Transmission electron microscope 

For transmission electron microscopy (TEM) observation, inflorescences of primary 

shoots of Arabidopsis WT plants and clv3-2 mutant plants were harvested at each time point 

(1-6 WABs). The methods of sample fixation and sectioning were described previously 

(Yamaguchi et al., 2018). Photographs were taken using an H-7100 TEM (Hitachi, Japan). 

 

GUS staining and tissue sectioning 

Inflorescences of primary shoots of reporter lines were fixed in 90% acetone for 

15 min at room temperature, rinsed with double-distilled water, and subsequently stained with 

GUS staining solution. The staining method was described previously (Shirakawa et al., 2014). 

Tissue sectioning was performed as described previously (Yamaguchi et al., 2018). The slides 

were stained with 0.05% neutral red (Wako Chemicals, Japan) or 0.01% toluidine blue (Wako 

Chemicals, Japan). 

 

Confocal microscopy 

To observe the GFP signal in the longitudinal sections of the IMs on 

proWUS::GFP-ER primary shoots, the floral buds older than stage 7 were removed with 

tweezers under a light microscope, and then the IMs were embedded into 5% agar (Difco) and 

sliced with a Liner Slicer PRO7 vibratome (Dosaka, Japan) (Yamaguchi et al., 2018). The 

resulting tissue sections were immersed in moderate volumes of 1/10 Murashige and Skoog 

(MS) solution on glass slides. The GFP signal was immediately observed under an FV 1000 

(Leica, Germany) microscope with FV10-ASW software. To detect the GFP signal in 

proCLV3::GFP-ER, the IMs on primary shoots were immersed in moderate volumes of 1/10 

MS containing FM4-64 (Thermo Fisher, 5 µg/ml) on glass slides and covered with coverslips 

for 10 min. The images of the transverse orientation (XY axis) were taken with an inverted 

ZEISS LSM710 confocal laser-scanning microscope. The images of longitudinal orientation 

were reconstructed from Z-stack images along the XY axis by ZEN software. GFP was 

excited with the 488-nm Argon laser, and the emission was detected between 495 and 545 nm. 

FM4-64 was excited with the 561-nm laser and the emission was detected between 570 and 

620 nm (Shi et al., 2018). 

 

RNA-seq 

The IMs (including floral buds up to stage 7) on primary shoots of WT at 2 and 4 

WAB were collected as the RNA-seq samples. For each sample, at least 50 individual IMs 

were collected under microscopes using sterile forceps and freezed in liquid nitrogen 
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immediately. The RNeasy Plant Mini Kit (Qiagen, Germany) was used to extract total RNA 

from the four biological replicates. DNA was removed using the RNase-Free DNase Kit 

(Qiagen, Germany). The methods of library construction and sequencing were described 

previously (Uemura et al., 2018). Briefly, the mRNA was fragmented using magnesium ions 

at elevated temperatures, after which the polyA tails of mRNA were primed using an 

adapter-containing oligonucleotide for cDNA synthesis with DNA Polymerase I (Thermo 

Fisher Scientific). The 5′ adapter addition was performed using breath capture to generate 

strand specific libraries. The final PCR enrichment was performed using oligonucleotides 

containing the full adapter sequence with different indexes and Phusion High-Fidelity DNA 

Polymerase (New England Biolabs). The cleanup and size selection of the resulting cDNA 

was performed using AMPure XP beads (Beckman Coulter). The size distribution and 

concentration of the libraries were measured using agarose gel electrophoresis and a 

microplate photometer, respectively, to enable the pooling of libraries for Illumina sequencing 

systems. The libraries were sequenced by NextSeq 500 (Illumina). The produced bcl files 

were converted to fastq files by bcl2fastq (Illumina). Mapping to the Arabidopsis thaliana 

reference (TAIR10) was conducted using Bowtie with the following options “‐‐all ‐‐best ‐‐

strata ‐‐trim5 8.” The number of reads mapped to each reference was counted. After 

normalization, the false‐discovery rate (FDR) and fold change were calculated using the 

edgeR package for R. (Wu et al., 2019). The differentially expressed genes (DEGs) were 

isolated with a log2 fold change ≥ 1 or log2 fold change ≤ -1, and false discovery rate (FDR) 

< 0.05 (Wang et al., 2018). Gene Ontology (GO) term enrichment analysis of DEGs was 

carried out using Blast2GO (q-value ≤ 0.05). Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathway analysis was performed (q-value ≤0.05) using BlastX searches against the 

KEGG pathway database (Wang et al., 2018). 

 

Reverse-transcription PCR and quantitative RT-PCR 

The RNeasy Plant Mini Kit (Qiagen, Germany) was used to extract total RNA. The 

RNase-Free DNase Set (Qiagen, Germany) was used to eliminate the contamination of 

genomic DNA in RNA samples. Reverse-transcription PCR was performed using 

PrimeScript™ RT Master Mix (Takara, Japan). Quantitative RT-PCR was applied as 

described previously (Yamaguchi et al., 2018). Arabidopsis ACTIN2 (AT3G18780) was used 

as the internal reference. Each experiment was repeated three times with four technical 

replicates. The relative expression level of each gene was calculated using the 2-ΔΔCT method 

(Livak and Schmittgen, 2001). 

 

Plasmid construction and plant transformation 

To generate the proBFN1::GUS-GFP construct, a genomic DNA fragment covering a 

sequence 2.0 kb upstream of the BFN1 translation start site was subcloned into the 

pENTR/D-TOPO vector according to the manufacturer’s protocol (Thermo Fisher, Germany). 
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After confirmation by sequencing, the plasmid containing the fragment was employed in the 

LR reaction with the pBGWFS7 vector, which was a gateway vector containing GUS and 

GFP coding sequences, according to the manufacturer’s protocol (Gateway™ LR Clonase™ 

II Enzyme mix, Thermo Fisher, Germany). The recombinant construct proBFN1::GUS-GFP 

was transformed into Agrobacterium tumefaciens strain GV3101 by using the freeze–thaw 

method. proORE1::GUS-GFP line (2.5 kb promoter) was generated using the same method 

mentioned above. The Agrobacterium-mediated floral dip method was performed to perform 

transgene analysis (Zhang et al., 2006). T1 seeds were collected and screened using the 

chemical Basta. More than 20 T1 plants were obtained, and the representative lines were 

chosen for further study. 

 

DAB and NBT staining 

The methods of DAB (3,3’-diaminobenzidine, Sigma-Aldrich) and NBT (4-Nitro 

blue tetrazolium chloride, Sigma-Aldrich) staining of IM were performed using methods 

described previously (Zeng et al., 2017). The chlorophyll in stained IM tissues was discolored 

in boiling ethanol (ethanol:glycerin:glacial acetic acid = 3:3:1). For each experiment, at least 

5 individual inflorescences were stained. 

 

Fluorescein diacetate and propidium iodide staining 

Fluorescein diacetate (FDA) (Sigma) was dissolved in acetone to produce a 1 mg/ml 

stock solution. The working solution (20 μg/ml) of FDA was prepared by diluting 20 μl of the 

stock solution in 1 ml of 1/10 MS solution. 1 mg/ml stock solution of propidium iodide (PI) 

(Sigma) was prepared by dissolving 1 mg PI in 1 ml sterile water. 10 μg/ml working solution 

of PI was prepared by diluting 10 μl of the stock solution in 1 ml of 1/10 MS solution. IMs 

without any dissection were stained 20 min. Then, samples were put on glass slides and 

covered with coverslips. FDA was excited with the 488-nm laser line of the Argon laser, and 

the emission was detected between 495 and 545 nm, and PI was excited with a 561-nm diode 

laser and detected between 580 and 680 nm. (Gao et al., 2018). The images of the transverse 

orientation (XY axis) were taken with an inverted ZEISS LSM710 confocal laser-scanning 

microscope. The images of longitudinal orientation were reconstructed from the Z-stack 

images along the XY axis by the ZEN software. 

 

Exogenous hydrogen peroxide treatments 

For treatments in proWUS::GUS line, individual inflorescences were immersed in 5, 

10, and 20mM hydrogen peroxide (H2O2, WAKENYAKU, Japan) liquid containing 0.01% 

Silwet L-77 for 10s. The 1WAB-old plants were treated until 2WAB. After the confirmation 

of the optimal concentration, individual inflorescences of proWUS::GUS line were immersed 

in 5mM H2O2 liquid to treat for 1, 2, 3, 4, 5, and 6 days to confirm the response speed of WUS 

expression. For treatments in proORE1::GUS-GFP and proBFN1::GUS-GFP lines, 
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individual inflorescences were immersed in 5, 20, 40, and 50 mM H2O2 liquid for 10 s. The 2 

WAB-old plants were treated until 3 WAB. The gene expression signals were detected using 

GUS staining after treatments. For Mock treatments, double distilled water containing 0.01% 

Silwet L-77 was used. For each experiment, at least 5 individual inflorescences were treated.  

 

Data statistics and availability 

In this study, one-way ANOVA or Student’s t-test (two-tailed, p < 0.05) was 

performed to detect differences as required. All primers used in this study are listed in Table 1. 

The RNA-seq data sets were submitted to the DNA Data Bank of Japan with the accession 

number DRA010789. 

 

 

 

Table 1 The primers used in this study 

 

Gene 

name 

Forward (5’-3’) Reverse (5’-3’) Annotatio

n 

proORE

1 

CACCGAGCCAGAAAACGGTCTTTGGGT

AA 

TGCCTCGTAATCCATTTTATCCTA Cloning 

of 2.5kb 

promoter 

proBFN

1 

CACCGTTGGAAATTAAGTATTTACCTGC ATCTTCAAAGTTTGAAACTTATATAAT

G 

Cloning 

of 2.0kb 

promoter 

CAT1 GATGATAAGCTACTCCAGACCC TTGTTGTGGTGAGCACATTTAG  

 

 

 

Gene 

validatio

n by 

using 

Real time 

PCR 

CAT3 CTTGTGGTTCCTGGAATCTACT AGGATCAAACTTTGAGGGGTAG 

GPX6 GGAATCAAGAGCCTGGTACTAA TTTGTCACCGTTAACATCAACC 

PRX51 GGATTCGACACCGTCATTAAAG TGAGTTGGTTGAGATCAAAGGT 

PRX53 AAACGCAACATTTTACTCTGGG CAACAACGTTGAATCCTCTAGC 

PRX70 AGGGACAGATTCTTCAACTACG AGGTACGACGTATCAAATTGGT 

ACX1 GAGGATATGAAGATCGTCTGGG TCATTGAGACGAAGCTCGATAA 

DOX2 TATCGACGGAGAAGATAGACCT TCATCATCTGTCAACTCTTCCC 

CLV3 GTTCAAGGACTTTCCAACCGCAAGATG

AT 

CCTTCTCTGCTTCTCCATTTGCTCCAA

CC 

ACTIN2 GAAAAGATCTGGCATCACACTTTATA ACATACATAGCGGGAGAGTTAAAGG

T 

Inner 

reference  
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Chapter I Morphological and physiological framework underlying plant longevity in 

Arabidopsis thaliana 

 

Results 

 

Growth and termination of the primary inflorescence 

In my growth conditions, the WT Landsberg erecta (Ler) plants were bolted 35 days 

after germination, and they reached the maximum height at 3 weeks after bolting (WAB) 

(Figure 6A). After 3 WAB, multiple siliques were produced, and aging began with the change 

in plant color from green to brown (Figures 6A and B). At 4 WAB, the aging of plants 

progressed, resulting in that some siliques started to turn yellow. At 5 and 6 WAB, mature 

siliques were dehisced, and plants dispersed seeds (Figure 6B). During the whole life cycle of 

plants, the sum of the number of both flowers and siliques increased continuously until 4 

WAB (Figure 6C).  
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Figure 6 Growth and termination of the primary inflorescence of Arabidopsis thaliana, Landsberg 

erecta. (A) Photographs of plant morphologies at the bolting time point (the stem length was reached 

at 1 cm) and from 1 week after bolting (WAB) to 6 WAB. White triangles mark the primary 

inflorescence at each time point. Scale bars = 1 cm. (B) Serial top views of the primary inflorescences 

at 1-6 WABs. Twelve individual plants were observed, and representative images are shown. Scale 

bars = 1 cm. (C) The quantification of numbers of flowers and siliques on primary stems of 12 

individual plants. The flowers beyond floral stage 7 were counted. Dots represent numbers of flowers 

and siliques from each sample. Error bars represent SD. One-way ANOVA followed by the 

Tukey-Kramer test was performed (p < 0.01). Different letters indicate significant differences, while 

the same letters indicate no significant differences. 
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The gradual decrease in the size of the inflorescent meristem (IM)  

I hypothesized that IM activity was limited and lost at the end of the plant life cycle 

because the total number of flowers and siliques was controlled (Figure 6). To examine 

whether IM size is reduced during aging, I measured IM sizes by using scanning electron 

microscopy (SEM) from 1 WAB to 6 WAB (Daum et al., 2014) (Figures 7A and B). IM sizes 

were notably reduced from 1 WAB until 6 WAB, and IM sizes at 5 and 6 WAB were minimal 

(Figure 7B). Consistent with these results, the maximum width of IM in cross-sections was 

also notably reduced until 5 WAB, and the IM width at 5 and 6 WAB was minimal (Figure 7C 

and D). At 4 WAB, the total number of flowers and siliques reached a maximum number 

(Figure 6C). Taken together, these results suggested that IM activity before 4 WAB is required 

for the production of seeds. These results suggested that the IM gradually shrinks during the 

aging of plants. 
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Figure 7 Size of the inflorescent meristem gradually decreased. (A) The top views of inflorescent 

meristem (IM) domains of WT from 1 WAB to 6 WAB. Scanning electron microscopy (SEM) was 

used. Green circles indicate IM domains (including central zones and peripheral zones) (Daum et al., 

2014). Scale bars = 40 μm. (B) The area of IM domains of WT from 1 WAB to 6 WAB. The number 

(n) of observed samples at each time point is shown. Dots represent the area of IM from each sample. 

Error bars indicate SD. One-way ANOVA followed by the Tukey-Kramer test was performed (p < 

0.01). Different letters indicate significant differences, while the same letters indicate no significant 

differences. (C) Longitudinal views of IMs of WT from 1 WAB to 6 WAB by using histologic sections. 

Scale bars = 40 μm. (D) The width of IM domains of WT from 1 WAB to 6 WAB. The image at the 

top right corner indicates the definition of the SAM width (Daum et al., 2014). The number (n) of 

observed samples at each time point is shown. Dots represent the width of IM from each sample. Error 

bars indicate SD. One-way ANOVA followed by the Tukey-Kramer test was performed (p < 0.01). 

Different letters indicate significant differences, while the same letters indicate no significant 

differences. 
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The dynamic transition of intracellular structures of stem cells in L1 and L2 of IM 

At 4 WAB, the IM size was almost minimal (Figure 7). Next, I analyzed the 

transition of the ultrastructure of cells in both L1 and L2 (L1/2) of IM by using transmission 

electron microscopy (TEM). At 2 WAB, all cells in L1/2 were filled with electron-dense 

materials (dark gray color), and intracellular spaces were occupied primarily by a large 

nucleus and cytoplasm (Figure 8A and B left). Combined with the expression data of stem cell 

markers (described below), these cells have high proliferative potential. At 3 WAB, some of 

the cells in L1/2 had large vacuoles whose sizes were nearly equal to the sizes of the nuclei 

(Figure 8A and B right). After 3 WAB, the numbers of cells with large vacuoles increased 

until 6 WAB (Figure 8A and C). Almost all cells in the IM had a central large vacuole at 6 

WAB. Large vacuoles are one of the indicators of differentiated cells. Combined with the 

results regarding plant growth (Figure 6) and IM size (Figure 7), these results suggested that 

even stem cells in the IM were getting differentiated. 
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Figure 8 Dynamic transition of intracellular structures of stem cells in L1 and L2 of IM. (A) The 

intracellular ultrastructures of stem cells in L1 and L2 of IM of WT from 2 WAB to 6 WAB by using 

transmission electron microscopy (TEM). Images in the lower panels indicate the magnified images of 

the black box area in the upper panels. Red stars indicate cells with large vacuoles that occupied over 

40% of the cell size. Scale bars = 20 μm. (B) Representative images of cells without or with a large 

vacuole in IM. N: nucleus. V: vacuole. Scale bars = 1.5 μm. (C) The number of cells with large 

vacuoles in IM of WT from 2 WAB to 6 WAB. The number of samples at each time point is shown. 

Error bars indicate SD. 
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Expression patterns of stem cell markers in the IM domain during aging 

How do plants lose the proliferative activity of IM at approximately 4 WAB? To 

examine how the morphological changes and stem cell marker gene expression levels during 

aging were coordinated, I examined the dynamic expression patterns of two stem cell marker 

genes, WUS and CLV3, during the aging of the IM (Figure 9 and Figure 10). CLV3 was 

expressed at cells in L1 and L2 (L1/2) of the central zone (CZ) of the IM, and WUS was 

expressed at the organizing center (OC), which is located below the CZ (Schoof et al., 2000; 

Brand et al., 2000) (Figure 9). The expression level of WUS at 1 WAB was highest and then 

gradually decreased during aging until 3 WAB. No expression signal was detected at 3 WAB 

in either the GFP reporter or the GUS reporter (Figure 9A and B). After 3 WAB, WUS 

expression was not reactivated (Figure 9B). Combined with the morphological data, these 

results suggested that IM cells began to lose stem cell/proliferative activity after 1 WAB 

because they began to reduce the expression levels of WUS. This hypothesis is consistent with 

the results demonstrating that the IM size at 3 WAB was less than 50% of the IM size at 1 

WAB (Figure 7B) and that some IM cells at 3 WAB had large vacuoles (Figure 8). Compared 

with WUS, the expression of CLV3 maintained longer to 4 WAB, and no expression signal 

was detected at 5 WAB in the GFP reporter (Figure 10). These results suggested that the 

expression period of CLV3 was two weeks longer than that of WUS. A similar observation was 

reported by using proCLV3::GUS lines (Balanzà et al., 2018). These results suggested that 

CLV3 might play an additional role in the regulation of plant longevity (described below). 
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Figure 9 Expression patterns of WUS in the IM domain during aging. (A) The spatiotemporal 

expression patterns of WUS from 1 WAB to 3 WAB. The proWUS::GFP-ER line were used. The GFP 

signal intensity was quantified and is shown in the lower panel and yellow triangles denoted 

boundaries of SAMs. n = 5. (B) The spatiotemporal expression patterns of WUS from 1 WAB to 6 

WAB. proWUS::GUS line were used. Scale bars = 25 μm in (A) and (B). 
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Figure 10 The spatiotemporal expression patterns of CLAVATA3 (CLV3). The proCLV3::GFP-ER line 

was used. The top view of confocal images is shown in (A), and the side view is shown in (B). To 

visualize the outline of cells, I stained IM with FM4-64 dye (red). White dotted lines indicate SAM 

shapes. Scale bars = 25 μm in (A) and 50 μm in (B). 
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ROS are involved in the death of stem cells in the IM 

I hypothesized that the dynamic changes of gene expressions might occur between 2 

WAB and 4 WAB because the size of IMs was reduced dynamically, the intracellular 

vacuolations were progressed, and the expression of WUS was lost during these two weeks. 

To clarify the transcriptional dynamics of plant aging, I compared RNA sequencing 

(RNA-seq) profiles of four independent IMs samples between 2 WAB and 4 WAB. I isolated 

547 differentially expressed genes (DEGs), including 492 upregulated DEGs and 55 

downregulated DEGs (Figure 11). To understand the putative functions of these DEGs, I 

performed GO term enrichment and KEGG pathway analysis. Notably, I found that some 

DEGs were specifically clustered into ROS-related GO terms and KEGG pathways. Five 

DEGs were clustered into “Catalase activity” (GO: 0004096), seven DEGs were gathered into 

“Oxidoreductase activity acting on peroxide as acceptor” (GO: 0004601), and 25 DEGs were 

enriched into “Antioxidant activity” (GO: 0022857) (Figure 12A). Based on the results of 

KEGG pathway analysis, we found six DEGs involved in the KEGG pathway “Peroxisome” 

(ko04146) (Figure 12B). By removing the redundant DEGs, I obtained eight ROS-related 

DEGs (Table 2). By qPCR analysis, I confirmed that all eight DEGs were significantly 

upregulated at 4 WAB compared with those at 2 WAB (Figure 14). These results were highly 

consistent with the RNA-seq data (Table 2) that ROS-related genes are upregulated during the 

aging of IMs. In addition, in keeping with the results of the proCLV3::GFP-ER reporter lines, 

my qPCR analysis indicated a significant reduction in the expression levels of CLV3 (Figure 

14).  

 

 

 

                     

Figure 11 Volcano plot of DEGs isolated from RNA-seq data sets. The numbers of up- and 

downregulated DEGs are indicated. 
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Figure 12 H2O2 is involved in the death of stem cells in IM. (A-B) Omics analyses of differentially 

expressed genes (DEGs) of IMs between 2 WAB and 4 WAB. RNA-Seq was performed with four 

biological replicates of each sample. In both analyses, ROS-related genes were enriched. (A) GO term 

enrichment of the DEGs of IMs between 2 WAB and 4 WAB. Green dots indicate ROS-related GO 

terms (Catalase activity, Oxidoreductase activity, and Antioxidant activity). (B) KEGG pathway 

analysis of the DEGs. Green dots denote ROS-related pathways (Peroxisome). (C) DAB staining of 

IM from 1 WAB to 6 WAB. White dotted lines indicate IM shape. The black arrow indicates the 

accumulation of the H2O2 signal in IM. Scale bars = 50 μm. (D) The spatial-temporal expression 

patterns of a PCD marker gene, BFN1, in IM from 1 WAB to 6 WAB. Scale bars =50 μm. The black 

arrowhead indicates the GUS signal in stem cells in the central zones and peripheral cells. Black 

asterisks indicate GUS outside IM (vascular tissues). (E) FDA/PI staining of IM from 1 WAB to 6 

WAB. The top view of confocal images of FDA (green) and PI (red) signals is shown in the upper 

panel. The side view is shown in the lower panel. FDA-stained cells (in green) are alive, and 

PI-stained cells (in red) are dead. White dotted lines indicate SAM shapes. Scale bars = 50 μm. 
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Table 2 The information of ROS homeostasis related DGEs 

 

 

 

Figure 13 Magnified images of side views of FDA/PI stained IMs. White dotted lines indicate SAM 

shapes. Scale bar = 50. 

 

Gene ID Gene 

Name 

Log2FC Expression 

pattern 

Adjusted 

p-value 

GO term or 

KEGG pathway 

Annotation 

AT1G20620 CAT3 1.10 Up 4.82E-02 GO:0004096 catalase 3 

AT1G20630 CAT1 1.25 Up 3.14E-02 GO:0004096 catalase 1 

AT1G73680 DOX2 1.39 Up 2.65E-02 GO:0004601 alpha dioxygenase 

AT4G11600 GPX6 1.32 Up 1.58E-02 GO:0004601 glutathione peroxidase 6 

AT4G16760 ACX1 1.45 Up 6.45E-03 GO:0022857 acyl-CoA oxidase 1 

AT4G37530 PRX51 3.99 Up 1.87E-02 ko04146 peroxidase superfamily protein 

AT5G06720 PRX53 7.16 Up 3.53E-02 ko04146 peroxidase 2 

AT5G64110 PRX70 1.89 Up 2.41E-02 ko04146 peroxidase superfamily protein 
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Figure 14 Validation of ROS-related DEGs and stem cell marker gene CLV3 in WT plants at 2 WAB 

and 4 WAB. Blue and pink colors indicate ROS clearance- and ROS production-related DEGs, 

respectively. Orange color shows the expression of CLV3. Error bars denote SD. Two-tailed Student’s 

t-test was performed. *: p < 0.05. 
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It has been reported that ROS regulates programmed cell death (PCD) in both plants 

and animals. Therefore, I hypothesized that ROS-mediated PCD occurred after IM maturation 

at 4 WAB. To elucidate the spatiotemporal accumulation pattern of the ROS hydrogen 

peroxide (H2O2), I performed DAB staining in cross-sections of IM from 1 WAB to 6 WAB. I 

observed pronounced accumulation of hydrogen peroxide in the IM region at 5 WAB when 

IM cells were fully matured with a large vacuole (Figure 12C). Next, I examined the 

expression of a PCD marker gene, BIFUNCTIONAL NUCLEASE 1 (BFN1), which mediates 

the degradation of nucleic acids (Figure 12D). In the stem cells, I found a notable expression 

peak of BFN1 at 5 WAB, while vasculature expression started earlier at 3 WAB (Figure 12D). 

These results suggested that ROS and BFN1 were involved in PCD of the stem cells. Next, I 

observed cell death in the IM region by using FDA/PI staining. At 5 WAB, some cells were 

dead and thus were stained by PI in the IM region; however, the majority of cells were alive 

(Figures 12E and Figure 13). In contrast, at 6 WAB, all cells were dead (Figures 12E and 

Figure 13). These results suggested that PCD in IM cells was initiated at 5 WAB and was 

completed before 6 WAB. 

 

               

 

 

 

                

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



43 

Discussion 

 

Phase transition of stem cells of IM during aging in Arabidopsis thaliana 

In this study, by using the Arabidopsis Ler accession, I determined the morphological 

changes (Figures 6 and 7), intracellular ultrastructures (Figure 8), and changes in gene 

expression (Figures 9 and 12) of the IM during aging. From these results, I proposed three 

different phases in the aging of Arabidopsis, which are summarized in Figure 15. In the first 

phase (green in Figure 15; 1 WAB to 3 WAB), along with the reduction in WUS expression in 

the CZ of the IM (green line), the stem cell activity (blue line) and size of the IM domain 

(gray line) gradually decrease. At 3 WAB, the WUS promoter activity is fully terminated at the 

IM domain. 

In the second phase (light green in Figure 15; 3 WAB to 4 WAB), the transition of the 

intracellular ultrastructure of IM cells progresses continuously, resulting in an increase in the 

number of cells with large vacuoles. These cells may be ready to be killed by PCD. At the 

same time, the expression level of CLV3 (red line) remains high. Since CLV3 has a role in 

inhibiting WUS expression, CLV3 may function as a component of the putative safeguard 

system to prevent the re-activation of WUS. It would be interesting to determine which 

factor(s) promote CLV3 expression after the loss of WUS at 3 WAB expression because WUS 

is a known critical activator for CLV3. Unknown transcriptional factor(s) may maintain the 

expression of CLV3 after 3 WAB. However, I could not exclude the possibility that WUS 

proteins still exist until 4 WAB and promote the expression of CLV3 directly. To investigate 

this possibility, confocal microscopy with ultrahigh sensitivity is needed because the WUS 

protein is unstable.  

At the third phase (yellow in Figure 15; 4 WAB to 6 WAB), ROS accumulation 

(brown line) and the expression of the programmed cell death indicator BFN1 (black line) 

were observed in IM at the middle of phase 3, that is, 5 WAB. ROS accumulation and BFN1 

expression may promote the death of cells with large vacuoles in the IM because almost all 

cells in the IM are stained by PI at 6 WAB. These phases may be useful to future research 

attempting to identify mutants with defects in the progression of aging. 
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Figure 15 Regulatory framework of the IM lifespan. Based on this study, I defined three phases of the 

IM lifespan. In the first phase (from 1 WAB to 3 WAB), along with the reduction in WUS expression 

in the CZ of the IM, the stem cell activity and size of the IM domain gradually decreased. At 3 WAB, 

WUS promoter activity is fully terminated. Next, from 3 WAB to 4 WAB (second phase), the transition 

of the intracellular ultrastructure of IM cells progresses, resulting in an increase in the number of cells 

with a large vacuole. These cells may be ready to be killed by PCD. At the same time, however, the 

expression level of CLV3 is still maintained because CLV3 may have a role in inhibiting the 

reactivation of WUS. In the third phase (from 4 WAB to 6 WAB), ROS accumulation and the 

expression of the programmed cell death indicator BFN1 were observed in IM at 5 WAB. They may 

promote the death of cells with a large vacuole in IM, and almost all cells in IM are stained by PI at 6 

WAB. 
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In Arabidopsis, the final fate of stem cells in the IM may be PCD  

It is well-known that senescent cells often exhibit large vacuoles (Rhinn et al., 2019), 

that cell vacuolization means terminal differentiation, and that such cells have lost their 

proliferative and differentiated abilities (Shubin et al., 2016). Moreover, the vacuole is an 

executor of PCD (Hara-Nishimura and Hatsugai, 2011). In this study, I found that the number 

of stem cells with large vacuoles increased during the lifespan (Figure 8). In addition, I 

detected the expression peak of a PCD marker gene, BFN1, at 5 WAB (Figure 12D), and I 

observed and PI signals in stem cells in whole IM (including layers 1 and 2) at 6 WAB 

(Figure 12E). These results indicate that the final fate of stem cells is age-induced dPCD. In 

plants, age-induced dPCD is thought to trigger plant death and occur in various types of cells 

and organs for the remobilization of nutrients and secondary metabolites to the developing 

seeds (Rogers, 2013; Koyama, 2014; Daneva et al., 2016), but no direct evidence has shown 

that age-induced dPCD occurs in the stem cells of the IM. My data indicated that the last step 

of stem cell fate is dPCD, which is associated with vacuolation and BFN1 induction. Future 

research employing mutants may serve to elucidate in detail the mechanisms of dPCD in the 

IM. 

 

H2O2 may be a molecular switch of stem cell death 

It has been reported that ROS levels are associated with dPCD (Daneva et al., 2016; 

Mhamdi and Van Breusegem, 2018). For instance, H2O2 accumulation triggers dPCD in the 

tapetal cells of rice (Yi et al., 2016). Similarly, the H2O2 burst was detected in the IM domain 

at 5 WAB (Figure 12C, and D). At 5 WAB, cell death was detected (Figure 12E). These 

results suggest that the dPCD process in the IM may be triggered by H2O2. Based on 

RNA-Seq results and the GO and KEGG enrichment analyses performed in this study, I also 

isolated a cluster of DEGs, such as peroxiredoxins (PRXs) and catalase 3 (CAT3), involved in 

ROS homeostasis (Figures 12A, B and Figure 14), suggesting that these genes might be 

involved in the dPCD of stem cells in the IM. However, more detailed work, including the 

analysis of mutants of these factors, is required. Taken together, the findings of previous 

studies (Mittler et al., 2004; Van Breusegem and Dat, 2006; Zeng et al., 2017) and this study 

indicate that H2O2 accumulation in stem cells may be a molecular switch of dPCD in stem 

cells. 
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Chapter II Dynamic changes of reactive oxygen species in shoot apex is associated to 

stem cell death in Arabidopsis thaliana 

 

Results 

 

clv3-2 mutant exhibited a longer longevity phenotype than wild type 

It is reported that clv3-2 mutants produce an increased number of flowers (Clark et 

al., 1995), and the leaf longevity in clv3-2 plants is 20-30 days longer than that in WT plants 

in short days- and long days- combined culture conditions (Nooden and Penney, 2001). 

However, the molecular basis of stem cell longevity underlying the lifespan of clv3-2 remains 

unknown. In order to gain more information on the regulation of stem cell longevity, I 

examined the plant morphology and the longevity of clv3-2 mutants until 12 WAB. As 

previously reported, clv3-2 plants exhibited enlarged meristematic tissues, resulting in 

increased numbers of flowers and fruits (Figure 16). In addition to these phenotypes, clv3-2 

mutants lived up to 6 weeks longer than WT plants after bolting (Figure 16A). At 4 WAB, 

when some siliques started to turn yellow in WT plants, all siliques of clv3-2 mutants kept the 

green color. At 5 WAB, when some mature siliques were opened in WT plants, some siliques 

of clv3-2 mutants started to turn yellow. At 6 WAB, when whole WT inflorescences were dead, 

clv3-2 mutants were still alive and exhibited green-colored IM. From 7 WAB to 11 WAB, 

brown regions were expanded in siliques and IM of clv3-2 mutants. At 12 WAB, whole clv3-2 

mutant inflorescences were dead. Consistent with this finding, the expression window of WUS 

was also extended for 3 weeks longer than that of the WT (Figure 17). In addition, clv3-2 

mutants exhibited an increase in differentiated IM cells with large vacuoles until 10 WAB 

compared with those observed at 5 WAB (Figures 18 and 19). These results suggested that 

clv3-2 plants possessed a longer longevity phenotype, and CLV3 may be a safeguard that 

inhibits the longer expression window of WUS at 3-5 WAB by shutting down WUS expression 

at the correct time. 
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Figure 16 clv3-2 mutant showed a prolonged lifespan of IM. (A) Morphological changes in WT and 

clv3-2 inflorescences. Scale bars = 1 cm. (B) The statistics of main shoot flowers and siliques numbers 

in WT and clv3-2 mutant. One-way ANOVA post Tukey HSD test (p < 0.05) was carried out to 

calculate the differences among different groups. Over 10 individual seedlings of WT and clv3-2 were 

observed. Different letters indicate significant differences, while the same letters indicate no 

significant differences. 
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Figure 17 Spatial-temporal expression patterns of WUS in IMs of WT and clv3-2 mutants. The 

proWUS::GFP-ER reporter line (in WT and clv3-2 mutant background) was used. Scale bars: 25 μm 

in WT and 100 μm in clv3-2 mutant. At least five individual IMs were used for each experiment. 
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Figure 18 The observation of vacuolated stem cells in clv3-2 mutant. (A) The intracellular 

ultrastructures of stem cells in L1 of IM of clv3-2 mutants at 5 WAB and 10 WAB by using 

transmission electron microscopy (TEM). Images in the lower panels indicate the magnified images of 

the black box area in the upper panels. Red stars indicate cells with total vacuole size that occupied 

over 40% of the cell size. Scale bars = 20 μm. (B) The number of cells with large vacuoles in clv3-2 

IM at 5 WAB and 10 WAB. Dots represent the vacuolated cell numbers at each time point. Error bars 

denote SD. Two-tailed Student’s t-test was performed. *: p < 0.05. 
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Figure 19 Histological section shows the observed location of TEM in the clv3-2 IM domain at 5 

WAB. The red box shows the observed area. Scale bar = 50 μm. 

 

Dynamic changes of ROS components in wild type and clv3-2 mutant 

It is well known that the mature CLV3 peptides can move to the organizing center 

(OC), in which WUS is initially expressed, and inhibits the WUS expression (Fletcher et al., 

1999). However, the expression of WUS was still terminated at 6 WAB in clv3-2 mutant 

(Figure 17), indicating that there must be other factors that inhibit WUS transcription. 

Recently, a study reported that two ROS components, O2
·-

 and H2O2, are involved in 

regulating stem cell fate, and the balance between them is indispensable to stem cell 

maintenance and differentiation (Zeng et al., 2017). Moreover, O2
·-

 can activate WUS 

expression and maintain stemness, and H2O2 accumulation in the peripheral zone (PZ) 

negatively regulates O2
·-

 biosynthesis, resulting in stem cell termination (Zeng et al., 2017). 

These evidences strongly suggest that ROS homeostasis influences stem cell fate 

determination and H2O2 might be a regulator of WUS expression. Therefore, it is necessary to 

understand the spatial-temporal manner of ROS components in SAM domain. 

Through NBT staining, a histological staining method, I examined the distribution 

and accumulation characteristics of O2
·-

 in IM domains of WT and clv3-2 mutants. In WT, 

O2
·-

 displayed strong signal in IM domain, especially in stem cell layers, at 1 WAB and 2 

WAB. At 3 WAB, the level of O2
·-

 in stem cells was clearly decreased, while became 

undetectable from 4 WAB to 6 WAB (Figure 20). In clv3-2 mutant, the detectable time 

window was 2 weeks longer than that in WT. Concretely, the clear O2
·-

 signals were 

displayed in clv3-2 IM domain from 1 WAB to 4 WAB. At 5 WAB, the level of O2
·-

 in stem 

cell layers was reduced and fully disappeared in stem cells from 6 WAB (Figure 20).  

The spatial-temporal distribution of H2O2 in clv3-2 IM domain was observed as well. 

There were no detectable signals in clv3-2 IM domains from 1 WAB to 5 WAB. H2O2 signals 
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were initially appeared in clv3-2 IM domain from 6 WAB. Subsequently, clear and increased 

H2O2 signals were detected in clv3-2 IM domain until 10 WAB. Notably, the level of H2O2 

showed an accumulated peak at 10 WAB. At 11 and 12 WABs, there were no detectable H2O2 

signals due to whole IM death (Figure 21). Comparing with WT, H2O2 signals appeared two 

weeks later in clv3-2 IM domain (Figure 21).  

Based on these findings, I found that the existence time of O2
·-

 and H2O2 displayed a 

switched period. In WT, this switched period appeared from 3 WAB to 4 WAB, and the level 

of O2
·-

 was decreased from 3WAB and fully disappeared from IM domain at 4 WAB. 

Meanwhile, very weak H2O2 signal was initially detected in stem cell layers from 3 WAB 

(Figures 20 and 21). Similarly, there were also a conversion period existed in clv3-2 mutants 

from 6 WAB to 7 WAB, and showed a two-week’s delay comparing with that in WT (Figures 

20 and 21). These results indicated that dynamic changes of ROS components happened 

during the lifespan of IM in both WT and clv3-2 mutants, and the deferred conversion period 

in clv3-2 IM might result in the prolonged-expression window of WUS. 

 

 

 

 

 

 

Figure 20 NBT staining of WT and clv3-2 IMs to show the O2
·- signals (blue color). Dotted pink lines 

indicate IM shape. Scale bars: 25 μm in WT and 100 μm in clv3-2. At least five individual IMs were 

used for each experiment. 
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Figure 21 DAB staining of WT and clv3-2 IMs to show the H2O2 signals (brown color). Dotted pink 

lines indicate IM shape. Scale bars: 25 μm in WT and 100 μm in clv3-2. At least five individual IMs 

were used for each experiment. 

 

Features of programmed stem cell death in clv3-2 mutant 

Whereas the stem cell death process has been studied in WT Arabidopsis (Wang et al., 

2020), the entire landscape in clv3-2 stem cells is still lacking. The FDA/PI staining results 

showed that stem cell death started from 7 WAB in clv3-2 IM (Figure 22). In the stem cells, 

stronger PI signals could be detected from 7WAB to 10 WAB. All stem cells were stained by 

PI at 10 WAB and 11 WAB due to whole clv3-2 IM was totally dead (Figure 22).  

In order to understand which type of cell death was happened in the dead stem cells 

in clv3-2 IM, I checked the spatial-temporal expression profiles of dPCD marker genes. The 

key dPCD marker gene BFN1, which encodes nuclease, was initially expressed in the bottom 

regions of clv3-2 IM domain at 3 WAB. Then, the expression area of BFN1 moved upwards 

but still did not enter into the stem cell layers until 6 WAB, when WUS started to be 

terminated (Figures 17 and 23). From 7 WAB to 10 WAB, BFN1 was expressed in stem cells, 

resulting in stem cell death in clv3-2 IM (Figures 22 and 23). Because the whole clv3-2 IM 

was dead after 11 WAB, there were no BFN1 signals found (Figure 23). 

It has been reported that the NAC transcriptional factor ORESARA1 (ORE1) directly 

regulates BFN1, and the expression patterns of these two senescence-enhanced genes are 

largely overlapped during leaf senescence (Matallana-Ramirez et al., 2013). However, the 

spatial-temporal expression profiles of ORE1 during IM senescence were still unknown. As 

shown in Figure 24, there were no ORE1 expression signals (GUS signals) in IM domains in 

WT and clv3-2 mutants from 1 WAB to 2 WAB. At 3 WAB, ORE1 was expressed in the 

bottom area of IM domain in both WT and clv3-2 mutants. In WT, the expression domain of 

ORE1 moved upward from 4 WAB, and showed clear signals in stem cell layers at 5 WAB. 
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The expression signal of ORE1 could not be detected at 6 WAB due to the whole WT IM was 

dead (Figures 22 and 24). In contrast, in clv3-2 mutants, the expression region of ORE1 

started to be observed in upper layers from 4 WAB to 6 WAB. From 7 WAB to 10 WAB, 

ORE1 expression signals could be detected in stem cell layers. Because the whole clv3-2 IM 

was dead, there were no ORE1 expression signals could be detected at 11 WAB and 12 WAB 

(Figure 24). These results proved that the spatial-temporal expression profiles of BFN1 and 

ORE1 were almost consistent during IM senescent period in WT and clv3-2 mutants and 

suggested that ORE1-BFN1 cascade might be involved in programmed stem cell death 

regulation. 

 

 

 

Figure 22 FDA/PI staining of IMs in WT and clv3-2 mutants. The top view of confocal images of 

FDA (green) and PI (red) signals are shown in the upper panel. The side view is shown in the lower 

panel. FDA-stained cells (in green) are alive, and PI-stained cells (in red) are dead. White dotted lines 

indicate IM shapes. Scale bars: 50 μm in WT and 100 μm in clv3-2 mutants. At least five individual 

IMs were used for each experiment. 
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Figure 23 The spatial-temporal expression patterns of BFN1 in WT and clv3-2 mutants. The 

magnified images at bottom left corner indicated the BFN1 expression levels in stem cell layers. Scale 

bars: 15 μm in WT and 100 μm in clv3-2. At least five individual IMs were used for each experiment. 

 

 

 

 

Figure 24 The spatial-temporal expression patterns of ORE1 in WT and clv3-2 mutants. The 

magnified images at bottom left corner indicated the ORE1 expression levels in stem cell layers. Scale 

bars: 50 μm in WT and 100 μm in clv3-2. At least five individual IMs were used for each experiment. 
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Effects of exogenous H2O2 on WUS, ORE1, and BFN1 expressions 

Based on the evidence mentioned above, it was highly possible that the conversion of 

ROS components in IM domain govern the stem cell activity termination and stem cell 

senescence and death. In order to verify this hypothesis, the exogenous H2O2 assay was 

performed in WT IMs. First, I studied the effects of exogenous H2O2 on WUS expression 

under different concentration and found that 5 mM, 10 mM, and 20 mM H2O2 could inhibit 

WUS expressions after one week of continuous treatments (Figures 25 and 26). This result 

indicated that 5 mM exogenous H2O2 treatment was sufficient to terminate WUS expression. 

Next, I studied how soon WUS expression responds to 5 mM exogenous H2O2 treatment. As 

shown in Figure 25, WUS could respond to exogenous H2O2 only after 1 day’s treatment. 

These results revealed that WUS was sensitive to exogenous H2O2.  

Besides, proORE1::GUS and proBFN1::GUS lines were treated by exogenous H2O2. 

Under one-week 5, 20, and 40 mM H2O2 treatments, the expression areas of ORE1 and BFN1 

were similar as Mock, indicating that ORE1 and BFN1 could not respond to low 

concentration of H2O2 (Figures 27 and 28). Interestingly, the expression signals of ORE1 and 

BFN1 could be detected in stem cell layers after one-week 50 mM H2O2 treatment, suggesting 

that a relatively high concentration of H2O2 could induce dPCD marker gene expression 

(Figure 27). 
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Figure 25 Effects of exogenous H2O2 on WUS expressions. The IMs at 1 WAB were treated with 5 

mM H2O2 until to 2 WAB. The WUS expression profile from 1 day to 7 days was shown. At least five 

individual IMs were treated in each experiment. Scale bars: 20 μm. 

 

 

 

Figure 26 Different concentration of exogenous H2O2 inhibited WUS expression in WT IMs after 

one-week continuous treatment. Scale bars = 30 μm. 
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Figure 27 Effects of exogenous H2O2 on dPCD marker genes ORE1 and BFN1 expressions. The IMs 

at 2 WAB were treated with 5 mM (negative control) and 50 mM H2O2 until to 3 WAB. At least five 

individual IMs were treated in each experiment. (A) Effects of 5 mM and 50 mM H2O2 on ORE1 

expression. Scale bars: 20 μm. (B) Effects of 5 mM and 50 mM H2O2 on BFN1 expression. Scale bars: 

20 μm. 

 

 

Figure 28 20 and 40 mM of exogenous H2O2 did not change WUS expression pattern in WT IMs 

after one-week continuous treatment. Scale bars = 30 μm. 
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The expression profiles of ROS metabolism-related genes 

In the RNA-seq results, a total of eight ROS metabolism-related genes were 

identified (Table 2). I submitted these candidate genes in the BAR database to check their 

expression patterns in shoot apexes at vegetative, transition, and inflorescence stages. Among 

these 8 candidates, only CAT3 and ACX1, which have opposite roles in H2O2 metabolism, 

were highly expressed in all three types of shoot apex tissues (Figure 29A), indicating that 

these genes might play roles in regulating shoot apex development. In addition, I compared 

my data with published transcriptome data (Wuest et al., 2016; Wang et al., 2020). In the 

published data, there are 75 DEGs, which are isolated through comparing data in grown and 

arrested meristem tissues, involved in ROS metabolic pathways (Wuest et al., 2016). In my 

RNA-seq data, eight DEGs that are involved in ROS metabolic pathways (Wang et al., 2020; 

Table 2). In these two datasets, only CAT3 was screened out as a common gene, indicating 

that CAT3 may be involved in ROS-mediated stem cell longevity regulation (Figure 29B). In 

order to understand the authentic expression profiles of CAT3 and ACX1 in WT and clv3-2 IM 

tissues, I carried out qRT-PCR assay using IM tissues at 2 WAB and 4 WAB. CAT3 was 

upregulated from 2 WAB to 4 WAB in both WT and clv3-2 mutants, but the expression levels 

in clv3-2 mutants were significantly increased at 4 WAB than that of WT. ACX1 was 

significantly induced at 4 WAB in WT, while no change in clv3-2 mutants at the same time 

point (Figure 29C). These results revealed that clv3-2 mutants might have a higher ability of 

H2O2 clearance than WT. 

 

 

 

 



59 

 

Figure 29 The expression profiles of ROS metabolism related genes. (A) The expression patterns of 

eight ROS metabolism related genes in BAR database. The gene expression data in three types of 

shoot apex were shown. (B) Common gene isolation between published RNA-seq datasets and 

RNA-seq datasets in this study. (C) The expression profiles of ROS clearance related gene CAT3 and 

ROS production related ACX1 at 2WAB and 4WAB in WT and clv3-2 IM tissues. qRT-PCR assay was 

performed. Each experiment was replicated three times, and error bars indicated SD. One-way 

ANOVA post Tukey HSD test (p < 0.05) was carried out to calculate the differences among different 

groups. Different letters indicate significant differences, while the same letters indicate no significant 

differences. 
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ACX1 may be involved in regulating stem cell activity 

In order to understand the functions of ACX1 in regulating stem cell activity, the 

acx1-3 mutants, which is the Columbia background, were used. After comparing with WT 

(Col-0), I found that the numbers of flowers and siliques on the primary shoot in acx1-3 

mutants were significantly higher than that of WT at each time point (1 WAB-6 WAB) (Figure 

30). This result demonstrated that loss-of-function of ACX1 resulting in generating more 

lateral organs during the same lifetime with WT, thereby indicated that stem cells in acx1-3 

mutants maintained higher activities. On the other hand, this result also revealed that the 

RNA-seq data mentioned in chapter I was highly reliable.  

 

 

Figure 30 The statistics of flower and silique numbers on WT (Col-0) and acx1-3 mutants (Col-0). 

Student’s t-test (two-tails) was performed to detect the differences between WT and acx1-3 mutants. *: 

p < 0.05; **: p < 0.01. n = 22 in WT and 17 in acx1-3 mutants. 
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Discussion 

 

The possible functions of stem cell marker genes in regulating stem cell fate in 

Arabidopsis 

So far, the functions of WUS in diverse signaling pathways are relatively clear (Jha et 

al., 2020). As a master regulator, WUS plays essential roles in governing shoot and floral 

meristem identity, reproductive organ development, embryogenesis, plant genetic 

transformation, and even antiviral immunity in plant stem cells (Jha et al., 2020; Wu et al., 

2020). The functions of CLV3 are still largely uncovered except for restricting WUS 

expression. Further, the relationships among stem cell marker genes, ROS components, and 

dPCD process during stem cell senescence and death processes are largely unknown.  

In this part, my results reveal the possible network between stem cell marker genes 

and ROS metabolism. It has been reported that ACX1 is involved in the production of H2O2 

(Khan et al., 2012). On the contrary, CAT3 catalyzes the decomposition of H2O2 and plays 

critical role in controlling the homeostasis of ROS in Arabidopsis (Du et al., 2008). When 

WUS was expressed in IM domain, there were no detectable H2O2 signals in IM domain, 

especially in stem cell layers in WT and clv3-2 mutants. Interestingly, weak H2O2 signals 

started to be observed in stem layers of WT and IM domain of clv3-2 mutants when WUS was 

terminated at 4 WAB in WT and 7 WAB in clv3-2 mutants (Figure 21). These evidences 

indicate that WUS may inhibit H2O2 production through the regulation of the H2O2 

biosynthetic gene ACX1. Consistent with this, the relative expression level of ACX1 at 4 WAB, 

which was a WUS-missing stage, was maximal 6 folds compared to that at 2 WAB 

(WUS-existing stage) (Figure 29C). In acx1-3 mutants, more lateral organs were generated 

during the same lifespan as WT (Figure 30), suggesting that ACX1 might take part in stem cell 

activity regulation via a possible H2O2-dependent pathway. Besides, WUS may also promote 

CAT3 to eliminate H2O2 as a homeostatic regulation, resulting in the low concentration of 

H2O2 in stem cells. Consistently, the relative expression level of CAT3 at 4 WAB was 

significantly higher than that at 2 WAB due to the prolonged WUS expression period in clv3-2 

mutants (Figure 29C). However, I found that the relative expression intensity of CAT3 at 4 

WAB was also notably higher than that at 2 WAB in WT, but lower than that at 4 WAB in 

clv3-2 mutants (Figure 29C), indicating that there may be some unknown signals inducing 

CAT3 expression.  

In addition, the expression domains and patterns of WUS and dPCD marker genes, 

ORE1 and BFN1, reflect their potential regulatory relationship as well. In WT, WUS was 

expressed in OC at 1 WAB and 2 WAB, and was terminated at 3 WAB. dPCD marker genes 

ORE1 and BFN1 display quite similar expression profiles. Both genes were initially expressed 

in Rib zone, which is an area below the OC in WT and clv3-2 mutants. The appearance of 

dPCD marker genes in stem cell layers was 1 week later than WUS termination in both WT 

and clv3-2 mutants (Figures 17, 23, and 24). These results suggested that the expression of 
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WUS indirectly but strictly restricts the activities of dPCD marker genes in IM domain, 

thereby protects the stem cell niche to prevent the dPCD process activated untimely during 

the proliferative stage in Arabidopsis. Furthermore, the results indicate that the possible 

functions of another stem cell marker gene CLV3 may restrict the production of O2
·-

. 

Comparing with WT, the existence time of O2
·-

 is prolonged in clv3-2 mutants (Figure 20). 

Meanwhile, CLV3 can repress WUS expression (Fletcher et al., 1999), but it is not shown how 

the CLV3 signal leads to WUS repression. In WT, the CLV3 expression time was sustained 

until 4 WAB, while the expression of WUS was kept until 2 WAB (Figures 9 and 10). 

Meanwhile, loss-of-function of CLV3 prolonged the expression time of WUS (Figure 16). 

Combining these findings, it is highly possible that CLV3 may prevent WUS reactivation via 

the inhibition of O2
·-

-mediated pathway. 

 

Dynamic changes of ROS components may play key roles in controlling stem cell 

longevity in Arabidopsis thaliana 

It is well known that the WUS-CLV3 negative feedback loop regulates stem cell 

activity and maintenance (Mayer et al. 1998, Fletcher et al. 1999, Yadav et al. 2011, Daum et 

al. 2014, Perales et al. 2016). So far, several studies have proved that WUS-CLV3 negative 

feedback loop can be modulated by different factors. Among these factors, the ROS signaling 

pathway plays essential role in regulating the stem cell population (Kitagawa et al., 2019). 

Loss-of-function of a mitochondrial protease AtFTSH4 results in the abnormal accumulation 

of ROS in the shoot apex, therefore, induces SAM termination (Dolzblasz et al. 2016). 

Moreover, a recent study reported that O2
·-

 is accumulated in shoot stem cells and promotes 

the expression of WUS during the vegetative stage of Arabidopsis, while H2O2 is accumulated 

in PZ to facilitate shoot stem cells differentiation (Zeng et al., 2017). These findings indicate 

the regulatory link between the WUS-CLV3 feedback loop and ROS homeostasis in 

controlling stem cell development during the very early growth stage of Arabidopsis.  

During the proliferative, senescent, and dead stages of stem cells, I found that a 

dynamic conversion of ROS components O2
·-

 and H2O2 is carried out in both WT and clv3-2 

mutants in a different timing (Figures 20 and 21). The WUS expression period was fully 

overlapped with the existence time window of O2
·-

 in WT and clv3-2 mutants (Figures 17 and 

20). These results revealed that O2
·-

 can promote WUS expression, and this phenomenon is 

also in line with the previous observation (Zeng et al., 2017). It has been reported that another 

ROS component H2O2 is accumulated in PZ and inhibits the production of O2
·-

 during stem 

cell development (Zeng et al., 2017). Thus, I speculate that the accumulation of H2O2 in SAM 

domain inhibited the production of O2
·-

 during the conversion stage. On the other hand, the 

exogenous H2O2 assay demonstrated that H2O2 can repress WUS expression with a very 

short-term manner (Figure 25), suggesting that the effect of H2O2 on WUS is controlled by an 

unknown straightforward pathway. In addition, the expression time window of CLV3 was 1 

week longer than WUS (Figures 9 and 10), and partially overlapped the H2O2 existent time 
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(Figure 21), suggesting that H2O2 accumulation may inhibit CLV3 expression after WUS 

termination. I also found that the exogenous H2O2 enhanced the expressions of dPCD marker 

genes ORE1 and BFN1 in stem cell layers, indicating that the accumulation and burst of 

endogenous H2O2 are most likely caused by the factor inducing dPCD in the stem cell 

population (Figures 21, 22, 23, 24, and 27).  

 

Other factors that possibly influence stem cell longevity in Arabidopsis 

In all aerobic organisms, ROS are mainly produced during the respiratory and 

photosynthetic processes (Moller, 2001). Except for mitochondria and chloroplasts, the 

vacuole is also an organelle involved in ROS production (Peshev et al., 2013). During the 

senescent stage of stem cells, cell vacuolization was observed as an important intracellular 

feature (Figures 8 and 18). Thus, the development and expansion of vacuoles in stem cells 

may be an important factor in ROS, especially H2O2 accumulation. 

Another possible factor in stem cell senescence is DNA damage. In animals, stem 

cells tend to be highly sensitive to DNA damage, and DNA damage-triggered PCD process is 

key to prevent harm (Rich et al., 2000; Schumacher et al., 2001). Plants cannot escape from 

environmental hazards, which always cause oxidative stress and DNA damage (Bray and 

West, 2005). ROS-induced DNA damage, which is also named oxidative DNA damage, has 

also been largely studied in plants (Roldán-Arjona and Ariza, 2009). In this study, the H2O2 

burst was detected during dPCD in stem cells (Figures 21, 22, 23, and 24), indicating that 

H2O2-induced DNA damage may be caused. Besides, dPCD marker gene BFN1 encodes a 

bifunctional nuclease that acts on DNA degradation (Pérez-Amador et al., 2000). Thus, the 

action of BNF1 maybe belonging to a kind of DNA damage. 

Overall, I examined the dynamic changes of ROS components O2
·-

 and H2O2 in the 

stem cell population and uncovered their potential regulatory relationship between stem cell 

marker genes using morphological and physiological methods (Figure 31). Meanwhile, two 

ROS metabolism-related genes CAT3 and ACX1, were screened out. ACX1 might be involved 

in regulating stem cell activity. More molecular and genetic works should be performed in the 

future. 
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Figure 31 The putative network of stem cell marker genes, ROS components, ROS metabolism 

related genes, and dPCD marker genes in regulating stem cell longevity. During proliferative stage, 

WUS is promoted by O2
·- and inhibited by CLV3 at same time. WUS may increase CAT3 expression 

and repress ACX1 expression to keep O2
·- at the high level and H2O2 at low level in stem cells. 

Meanwhile, WUS may repress ORE1 and BFN1 expressions to prevent the dPCD happened at wrong 

time. In order to prevent WUS reactivation at wrong time, except the direct inhibition, CLV3 may also 

inhibit O2
·- production via unknown pathways to repress WUS indirectly. During senescent and dead 

stages, cell vacuolization may promote the H2O2 accumulation in stem cell population. Appropriate 

level of H2O2 can decrease O2
·- production and terminate WUS directly. Besides, ACX1 may be 

activated to induce H2O2 burst. High levels of H2O2 directly triggers dPCD process by activating 

ORE1 and BFN1. In addition, ROS-induced DNA damage may be also involved in stem cell death. 

Lines and arrow lines indicate the known processes; Dotted lines and arrow lines denote the 

unconfirmed process.  
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