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Plants follow an indeterminant developmental pathway and maintain meristematic 
tissue at the tips of growing roots and shoots (Scheres, 2007). As such, they have 
evolved the ability to repair damaged tissues and even regenerate whole organs after 
excision and injury (Bloch, 1941; Birnbaum and Alvarado, 2008; Ikeuchi et al., 2019). 
Remarkably, plants are sometimes able to produce new meristem and regenerate new 
organs in response to damage. This process, known as de novo organogenesis, and 
often involves some degree of cellular reprograming, or change in cell fate (Sena et 
al., 2009; Sugimoto et al., 2011; Ikeuchi et al., 2016; Kareem et al., 2016; Ikeuchi et 
al., 2019). Cellular reprograming is tightly regulated in plants and requires strong 
stimuli such as abiotic stresses and/or exogenous hormone application to initiate. 

Ability to regenerate differs greatly between plant species, mosses such as 
Physcomitrella and semi-aquatic plants such as Rorippa aquatica utilize de novo 
regeneration as a rapid colonization mechanism but other species such as rice and 
maize are relatively recalcitrant to regeneration (Ishikawa et al., 2011; Ikeuchi et al., 
2019). While our understanding of molecular mechanisms regulating cellular 
reprograming during regeneration has improved greatly recently (Ikeuchi et al., 2019), 
key questions remain as to how external ques, such as wounding, are perceived and 
interact with developmental pathways.  
 

1.1 Hormone-induced in vitro shoot regeneration 

External application of plant hormones cytokinin and auxin induces cellular 
reprograming in many plant tissues. The advent of biotechnology and transformation 
of plant tissue via Agrobacterium transfection or particle bombardment has meant 
tissue culture methods have become a valuable tool to obtain genetically modified 
plants following transformation (Walden and Wingender, 1995). A well-established 
method of inducing shoot organogenesis from explants is a two-step system, whereby 
explants are firstly incubated on auxin-rich callus inducing medium (CIM), and then 
transferred to cytokinin-rich shoot inducing medium (SIM) which promotes shoot 
formation from callus (Valvekens et al., 1988). The molecular mechanism of this 
process has been partially elucidated in the model plant species Arabidopsis thaliana 

(Arabidopsis) (Fig. 1-1). One major finding is that, upon incubation of explants on CIM, 
auxin triggers callus formation by activating the lateral root formation pathway (Figs. 
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1-1 and 1-2A). It was first shown that mutation of ABERRANT LATERAL ROOT 
FORMATION 4 (ALF4), a gene required for the initial divisions during lateral root 
formation, completely blocks auxin-induced callus formation (Sugimoto et al., 2010)., 
Auxin-activated AUXIN RESPONSE FACTOR (ARF7) and ARF19, also required for 
lateral root formation, induce expression of LATERAL ORGAN BOUNDARY DOMAIN 
16 (LBD16), LBD18 and LBD29, which then promote cell proliferation during callus 
formation (Fan et al., 2012) (Fig. 1-1). Following this, root meristem regulators 
WUSCHEL-RELATED HOMEOBOX 5 (WOX5), WOX7, PLETHORA 1 (PLT1) and 
PLT2 are broadly expressed in callus cells (Atta et al., 2009; Sugimoto et al., 2010). 
This gain of root meristem-like-identity within callus cells is crucial for the acquisition 

of shoot regeneration competency, as illustrated by the requirement of PLT3/5/7, 
LBD16, and WOX5/7/14 for shoot formation (Kareem et al., 2015; Kim et al., 2018; Liu 
et al., 2018a).  

Transfer to SIM induces further reprogramming of pluripotent callus, allowing 
the acquisition of shoot meristem identity (Figs. 1-1 and 1-2). A key molecular event 
underlying this cell fate transition is the transcriptional activation of a homeobox gene 
WUSCHEL (WUS), which is induced in the promeristem within the first few days after 
transfer to SIM (Atta et al., 2009). This is largely mediated by cytokinin signaling 
components ARABIDOPSIS RESPONSE REGULATOR 1 (ARR1), ARR10 and 
ARR12, which together with HD-ZIP III transcription factors like PHABULOSA (PHB), 
PHAVOLUTA (PHV), and REVOLUTA  (REV), directly induce WUS expression (Meng 
et al., 2017; Zhang et al., 2017) (Fig. 1-1). Other important regulators of shoot 
regeneration are the AP2/ERF transcription factors ENHANCER OF 
REGENERATION (ESR1) and ESR2, which are upregulated on SIM and directly 
activate the expression of the shoot meristem regulators CUP SHAPED COTYLEDON 
(CUC1) and CUC2 (Ikeda et al., 2006) (Fig. 1-1). Expression of the homeodomain 
transcriptional factor SHOOT MERISTEMLESS (STM), which is dependent on CUCs, 
is also required for shoot meristem formation and in vitro regeneration (Aida et al., 
1999; Daimon et al., 2003) (Fig. 1-1). During shoot meristem formation auxin and 
cytokinin producing domains emerge in mutually exclusive regions. This is achieved 

partly by type B-ARRs repressing the expression of the auxin biosynthetic enzyme 
YUC4 and the auxin-responsive ARF3 repressing expression of 
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ISOPENTENYLTRANSFERASE 5 (IPT5) which codes for a cytokinin biosynthetic 
enzyme (Cheng et al., 2013; Meng et al., 2017). The auxin-responsive CUC2 and 
cytokinin-induced WUS expression domains are distinctly established after several 
days on SIM, suggesting that spatial separation of auxin and cytokinin during meristem 
formation. Pre-incubation on CIM greatly enhances shoot regeneration by establishing 
a pluripotent cell population in callus tissue (Valvekens et al., 1988; Che et al., 2007). 
Interestingly, it is also possible to directly convert lateral root primordia (LRP) to shoot 
meristem by incubation of on cytokinin (Chatfield et al., 2013; Kareem et al., 2016; 
Rosspopoff et al., 2017). This is an example of transdifferentiation where a committed 
cell is reprogramed directly from one cell type to another.  Furthermore, converted root 

to shoot primordia can be reverted back to root meristem after incubation on auxin-
containing media, demonstrating that cells are readily reprogrammable given the right 
conditions (Rosspopoff et al., 2017).  

In addition to auxin and cytokinin-induced pathways, accumulating evidence 
suggests that wounding is required to initiate cellular reprograming during these 
regenerative processes (Iwase et al., 2015; Ikeuchi et al., 2019; Zhang et al., 2019a). 
The next section will summarize the possible link between stress and cellular 
reprograming, with a particular focus on wounding stress.  
 

1.2 Primary signaling cascades induced by wounding 

Wounding involves both local and wider systemic signals. Like animals, plants 
respond rapidly to wounding via reactive oxygen species (ROS) production and 
cellular depolarization by calcium intake and ATP release (Reymond et al., 2000; 
Davalos et al., 2005; Yin et al., 2007; Tanaka et al., 2014; Niethammer, 2016; Toyota 
et al., 2018). This results typically in the activation of systemic immunity and the 
production of secondary metabolites such as ethylene, salicylic acid, jasmonic acid 
(JA) and camalexin (Rojo et al., 1999; León et al., 2001; Chassot et al., 2008; Ogawa 
et al., 2010; Sun et al., 2011).  

In animals, extracellular ATP may act as a strong wound signal, that acts as a 
chemical attractant for immune cells and induces production of inflammatory signals 

such as cytokines to promote inflammation and wound healing (Davalos et al., 2005; 
Tanaka et al., 2014). Plants also appear to utilize extracellular ATP as an important 
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signal in response to tissue damage and wounding. ATP, which is usually kept at a 
low concentration in the apoplast dramatically increases at wounded tissue as a result 
of leakage from damaged cells. Interestingly, around 60% of the genes induced by 
exogenous ATP treatment are also induced by wounding (Choi et al., 2014). 
Overexpression of the ATP receptor DOES NOT RESPOND TO NUCLEOTIDES 1 
(DORN1) enhances expression of genes co-regulated by wounding and ATP (Choi et 
al., 2014). ATP signaling is also thought to activate Ca2+ channels in plasma 
membrane (Tanaka et al., 2014).   

The plant cell wall is also thought to be the source of many damage-associated 
signals. The most well-characterized signal is the pectin derivative oligogalacturonide 

(OG) (Reymond et al., 1995). The OGs are thought to bind and activate Wall 
Associated Kinases (WAKs) (Brutus et al., 2010). Exogenous treatment of OG induces 
extensive phosphorylation of membrane proteins and also activation of MITOGEN 
ACTIVATED PROTEIN KINASEs (MAPKs) and receptor kinases (Mattei et al., 2016). 
OG-mediated immunity also requires CALCIUM DEPENDENT PROTEIN KINASEs 
(CDPKs), suggesting an interaction with calcium signaling (Gravino et al., 2015).  

Another primary wound signal is thought to be glutamate, which binds to a 
family of ligand-gated calcium-channels called GLUTAMATE-RECEPTOR LIKE 
(GLR) (Qi et al., 2006; Mousavi et al., 2013; Toyota et al., 2018). GLR3.3 and GLR3.6 
are required for the propagation of the Ca2+ wave from the wound-site to systemic 
tissue via the vasculature where defense response genes are sharply upregulated 
(Toyota et al., 2018). Like ATP, glutamate is thought to be released from damaged 
cells to initiate the response although this has not been demonstrated. Exactly how 
the calcium wave is perceived to induce the defense response is not clear, however 
recent work in root epidermal cells has demonstrated that Ca2+ activates the protease 
METACASPASE 4 (MC4) in response to wounding within seconds. MC4 cleaves a 
small elicitor peptide PEP1 to activate the defense response by binding to receptor 
kinases in neighboring cells (Hander et al., 2019). 

Generation and transmission of ROS is another important local and systemic 
long distance signal in response to wounding (Miller et al., 2009; Gilroy et al., 

2014). RESPIRATORY BURST OXIDASE HOMOLOG D (RBOHD), an NADPH 
oxidase, generates ROS species after wounding (Miller et al., 2009; Evans et al., 
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2016). Activation of RBOH occurs via several routes including direct binding of Ca2+, 
phosphorylation by kinases such as CPK5 and botrytis-induced kinase 1 (BIK1) and 
binding of plant Rho-type (ROP)-GTPase (Kobayashi et al., 2007; Gilroy et al., 2014). 
ROS signaling is also required for activation of systemic acquired resistance in 
response to heat and high light (Suzuki et al., 2013; Zandalinas et al., 2019), and may 
act via abscisic acid (ABA) signaling to regulate stomatal opening (Devireddy et al., 
2018). Thus, ROS acts as important rapid secondary signaling mechanism in 
response to various abiotic stresses.  
 

1.3 The role of wounding and other abiotic stress in cellular reprograming 

The phenomena of wound healing and regeneration has long been investigated 
(Bloch, 1941; Sugiyama, 2015), and recent studies have begun to uncover the 
molecular link between wounding and cellular reprogramming that underlies various 
modes of regeneration processes. The following sections will summarize the role of 
wounding and other stresses in several examples of regeneration in plants.  
 

1.3.1 Wound-induced cellular reprograming in animals 

Animals often utilize migration of specialized stem cells to repair wounded tissues 
(Birnbaum and Alvarado, 2008; Cordeiro and Jacinto, 2013). Wounding results in 
initiation of rapid electrical signaling and an increase in ROS in animals which activate 
rapid signaling cascades and transcriptional output (Miller et al., 2009). Wounding may 

activate transcription factors by post-translational modification to initiate cellular 
reprograming. For example, the phosphorylation of key transcription factors in 
response to epithelial wounding in Drosophila embryos activate transcription of wound 
healing and epithelial regeneration genes (Mace et al., 2005; Kim and McGinnis, 2011). 
Accumulation of ROS in response to wounding was also shown to promote cell division 
and regeneration of excised Zebrafish tails (Niethammer et al., 2009; Yoo et al., 2012).  

1.3.2 Wound-induced root meristem repair  

Cutting the root meristem tip from the main root can induce complete regeneration of 
lost stem cell niche from remaining cells of the proximal meristem (Feldman, 1976; 
Efroni et al., 2016) (Fig. 1-2B). Lineage tracking and cell type marker analysis showed 
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cellular origins of regenerated tissue are diverse and that cutting induces 
reprograming of competent cells within several hours (Efroni et al., 2016). This process 
is mediated by auxin and cytokinin domain partitioning reminiscent of embryo 
development (Barlow, 1974; Efroni et al., 2016). A key wounding-inducible regulator 
of this is ERF115, an AP2-ERF-type transcription factor that together with its 
interacting partner PHYTOCHROME A SIGNAL TRANSDUCTION 1 (PAT1), 
promotes reconstruction of the meristem (Heyman et al., 2016). ERF115 induces 
expression of PHYTOSULFOKINE 5 (PSK5) and WIND1 to subsequently promote cell 
division and  dedifferentiation (Heyman et al., 2013; Heyman et al., 2016). Activation 
of ERF115-mediated regeneration is thought to be induced by a combination of stress 

and hormonal cues. The wound-inducible plant hormone JA can induce the expression 
of ERF109 and ERF115 and subsequently promote division of the QC (Zhou et al., 
2019). This is carried out by the JA-responsive transcription factor MYC2, which 
directly binds and activates transcription of ERF109 and ERF115 within minutes after 
wounding and this is dependent on the JA-receptor CORONATINE INSENSITIVE 1 
(COI1) (Zhou et al., 2019). ERF109 transcriptionally activates CYCD6;1 which 
together with ERF115, suppresses activity of root-stem-cell differentiation-promoting 
factors, and promotes QC formation and root regeneration. Interestingly both JA and 
auxin can synergistically activate expression of ERF115, indicating a key point of 
convergence between these pathways during regeneration (Zhou et al., 2019).   

In addition to non-targeted wounding of the root meristem, micro-resolution 
laser ablation has also allowed for cell-type-specific observation of wound-induced 
regeneration (Hoermayer and Friml, 2019). The QC can regenerate from surrounding 
cells after being ablated, and this is dependent on SHR-SCR- and PLT-mediated 
specification of the new QC and restoration of polar-auxin transport (Xu et al., 2006). 
In addition to QC regeneration, other cell types in the root apical meristem wounded 
by laser ablation are able to regenerate, following periclinal cell division and cellular 
reprogramming of inner-adjacent cells (epidermis, cortex, endodermis and pericycle) 
(Marhava et al., 2019). As with whole root meristem regeneration, the capacity to 
regenerate wounded cells in the root decreases with distance from the QC, however 

overexpressing PLT2 is able to confer competency to more distant cells, suggesting 
that PLTs are key regulators of pluripotency (Marhava et al., 2019). Wound healing 
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and regeneration in the RAM of plants provide and exemplary model of the interaction 
between stress-activated reprograming pathways and hormone-induced networks 
which typically regulate cellular organization.  
 

1.3.3 Wound-induced shoot meristem repair  

Like the root apical meristem, the shoot apical meristem (SAM) is able to repair after 
wounding (Sussex, 1964; Reinhardt et al., 2003). As in roots, competency to repair 
damaged stem cells in the SAM relies on the remaining cells to initiate cell division 
and express shoot stem cell regulators such as WUS. A report in tomato (Solanum 
lycopersicum) demonstrated that complete ablation of the SAM central zone can be 

fully repaird after several days, demonstrating the remarkable regenerative capacity 
of cells in the SAM (Reinhardt et al., 2003). The authors also tested if application 
various stress signals such as JA, salicylic acid (SA) and H2O2 could promote 
expression of genes involved in meristem repair. However, as they did not see an 
effect, they concluded that physical wounding itself is required for initiation of cellular 
reprograming in this context (Reinhardt et al., 2003).  
 

1.3.4 Wound-induced callus formation  

As part of the wound healing process plants often develop callus at the wound site in 
order to protect against pathogens and repair damaged tissue (Bostock and Stermer, 
1989; Ikeuchi et al., 2013). Wound-induced callus sometimes regenerates into new 
tissues or organs, suggesting that it can be pluripotent like auxin-induced callus 
(Stobbe et al., 2002). A useful assay to study wound-induced callus utilizes etiolated 
hypocotyls which readily form callus from the wound site when the apical half is 
excised (Fig. 1-2C). This is largely driven by up-regulation of cytokinin biosynthesis 
and cellular proliferation from vasculature cells (Iwase et al., 2011; Ikeuchi et al., 
2017). Upregulation of cytokinin biosynthesis genes and consequential activation of 
cytokinin signaling after wounding are required for callus formation as cytokinin 
biosynthesis mutant log123457 and A-type ARR mutants arr1 arr12 have severely 
impaired callus formation (Ikeuchi et al., 2017). Transcriptomic analysis by RNA 

sequencing of wounded hypocotyls interestingly showed rapid upregulation of root 
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stem cell regulators, such as ERF115, PLT3 and PLT7, within one hour, which also 
contribute to callus formation (Ikeuchi et al., 2017). Although stress hormone JA 
accumulates in wounded hypocotyls, JA signaling is not required for wound-induced 
callus formation (Ikeuchi et al., 2017).  

It is unclear what role auxin plays in this process as it does not appear to 
accumulate in wounded hypocotyls as opposed to other wounded tissue such as 
detached leaves (Chen et al., 2016; Bustillo-Avendaño et al., 2017; Ikeuchi et al., 
2017). Despite this difference between tissues, WIND1, ESR1, and ERF115 promote 
callus induction and growth from both petiole and hypocotyl cut sites, suggesting that 
they play a more general role in cellular reprograming (Iwase et al., 2011; Ikeuchi et 

al., 2017). WIND1 likely promotes callus formation from cut petioles by its downstream 
target ESR1 as overexpression of ESR1 can rescue the callus phenotype in WIND1-
SRDX plants (Iwase et al., 2017). Wound-induced callus formation is thus one 
example of cellular reprograming governed by wound-induced reprograming genes.  
 

1.3.5 de novo root regeneration from leaf explants  

After excision from the main plant body, leaf explants in a number of species are able 
to regenerate roots (Fig. 1-2D). As with other cases of regeneration, auxin plays an 
important role in this process by accumulating within hours after detachment in 
vascular tissue near the cut site and initiating cell division (Sukumar et al., 2013; Liu 
et al., 2014; Chen et al., 2016). Auxin acts by activating the ARFs, which 
transcriptionally activate homeobox transcription factor WOX11 which in turn 
promotes fate transition of cells in the vasculature near the wound site to root founder 
cells (Liu et al., 2014). Importantly, this is dependent on wound-inducible auxin 
biosynthesis genes including YUCCA1 (YUC1) and YUC4 (Chen et al., 2016), as well 
as ANTHRANILATE SYNTHASE α1 (ASA1), which encodes an enzyme in tryptophan 
biosynthesis, a precursor to auxin (Zhang et al., 2019a). Jasmonic acid (JA) is an 
important wound signal, which activates expression of JA-responsive genes within 10 
minutes after detachment. These include ERF109, a transcription factor involved in 
wound healing that directly binds ASA1 to promote auxin biosynthesis (Zhang et al., 

2019a). Wounding therefore directly activates cellular reprogramming via the 
phytohormones JA and auxin in the context of de novo root regeneration.   
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1.3.6 Role of wounding during in vitro shoot regeneration 

Exogenous hormone application itself is usually insufficient to induce shoot 
regeneration on tissue culture from roots of intact seedlings. Wounding and excision 
of root explants is required to regenerate shoots from roots, suggesting wounding 
provides a key trigger to initiate cellular reprograming (Iwase et al., 2015). Wound-
inducible transcription factor WIND1, and its homologs, WIND2-4, promote callus 
formation and acquisition of regeneration competency (Iwase et al., 2011; Iwase et al., 
2015; Iwase et al., 2017).  As overexpression of WIND1 is sufficient to promote shoot 
regeneration in uncut seedlings and WIND1-SRDX explants are severely defective in 

shoot regeneration on SIM, it is considered to be a key component of wound-inducible 
signals to confer cellular reprograming (Iwase et al., 2015). WIND1 promotes shoot 
regeneration by directly upregulating ESR1 expression near the cut sites (Iwase et al., 
2017). Hormone application further promotes expression of ESR1, thus providing an 
example of molecular convergence of stress and hormone signaling during 
regeneration. ESR1 is thought to directly activate its homologue ESR2 and 
subsequently promote expression of other shoot meristem regulators (Banno, 2001; 
Ikeda et al., 2006; Matsuo et al., 2011; Iwase et al., 2017). It is not clear whether the 
WIND1-ESR1 pathway is required immediately after wounding or later after incubation 
on SIM. How wounding and stress signals initiate expression of reprograming genes 
such as WIND1 and interact with hormonal cues during in vitro shoot regeneration is 
also not known.  

The contribution of wound and stress-inducible signals such as JA to organ 
regeneration seems to be context-dependent. JA treatment improves shoot and root 
regeneration of Pistachio (Pistacia Vera L., Dolcet-Sanjuan and Claveria, 1995) but 
inhibits shoot regeneration from pine (Pinus radiata, Tampe et al., 2001). As JA is 
transiently induced upon wounding (Koo et al., 2009) it is possible that this is only 
required for the initial hours  after cutting and not during incubation on hormone-
supplemented media.  This is supported by a recent report that shows pretreatment of 
JA before cutting and incubating explants on hormone-supplemented media promotes 

shoot regeneration (Park et al., 2019). Additionally, JA-receptor coi1 mutants show 
reduced regeneration efficiency, suggesting JA is required for in vitro shoot 
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regeneration (Park et al., 2019). Although largely governed by hormones auxin and 
cytokinin, evidence described here suggests stress stimuli and downstream 
reprograming transcriptional regulators also contribute to in vitro shoot regeneration. 
Given the complexity of the plant stress response, other novel wounding- or other 
stress-induced transcriptional regulators are likely involved in shoot regeneration.  
 

1.3.7 Role of abiotic stress during somatic embryogenesis  

Somatic embryogenesis is the process where embryos form from somatic cells and 
this can be induced by application of the synthetic auxin 2,4-dichlorophenoxyacetic 
acid (2,4-D) (Su et al., 2009). In addition to auxin, abiotic stress is also thought to play 

a key role. Shoot meristem explants from carrot induce somatic embryogenesis when 
incubated on hormone-free media containing high concentration of NaCI and then 
transferred to media with low salt concentration (Kiyosue et al., 1989). Other 
treatments with sodium hypochlorite, cadmium, and sucrose similarly induces somatic 
embryogenesis (Kamada et al., 1989). Extended incubation at high temperature can 
also induce somatic embryogenesis from carrot seedlings (Kamada et al., 1994) and 
from immature microspores of brassica species (Keller and Armstrong, 1979; Ahmadi 
et al., 2014). The stress-induced hormone ABA accumulates during the initial few days 
of incubation of carrot seedling explant on phytohormone-free hyperosmotic media 
and this is required for stress-induced embryogenesis (Kikuchi et al., 2006). JA has 
also been shown to partially rescue the requirement for wounding in somatic embryos 
formed from Arabidopsis seedlings (Mozgová et al., 2017) and enhance efficiency of 
somatic embryogenesis from microspores in Brassica napus (Ahmadi et al., 2014). 
Other reports have shown that H2O2 treatment can improve embryogenesis from 
immature wheat embryos (Szechyńska-Hebda et al., 2012; Becker et al., 2014; 
Schmidt and Schippers, 2015). It appears that during somatic embryogenesis, cellular 
reprograming pathways are activated by extreme external stimuli such as severe heat 
and osmotic stresses in addition to wound stress.  
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1.4 Activation of heat response pathway by wounding 

It is clear that the wound response in plants is complex and wound-inducible factors 
influence cellular reprograming differently depending on the context. One approach 
taken in our laboratory to better understand the transcriptional response to wounding 
in plants, was to perform time-series RNA-sequencing (RNA-seq) analysis of wounded 
plants (Ikeuchi et al., 2017; Rymen et al., 2019). These studies suggested that some 
components of the heat stress response (HSR) are upregulated after wounding in both 
hypocotyl and root tissues (Ikeuchi et al., 2017; Rymen et al., 2019). The HSR involves 
expression of ROS scavenging enzymes, and chaperone HEAT SHOCK PROTEINs 
(HSPs) which protects the cell from proteotoxic stress (Kotak et al., 2007; Ohama et 

al., 2016b). Plants have evolved an extensive transcriptional network that governs 
rapid response to heat stress as a means to withstand extreme temperature changes 
experienced in the natural environment. The master regulators of HSR are the HEAT 
SHOCK FACTOR A1 (HSFA1) family of transcription factors. HSFA1s act as 
transcriptional activators, upregulating other important transcription factors involved in 
the HSR such as DEHYDRATION-RESPONSIVE ELEMENT BINDING PROTEIN 2A 
(DREB2A), HSFA2 and HSFBs. HSFA2 expression is required for thermotolerance 
(Charng et al., 2006). The transcriptional repressors HSFBs are also induced by 
HSFA1 and act in a negative feedback mechanism to repress other HSFs including 
HSFA1 (Ikeda et al., 2011). Gene expression profiling of these HSFs revealed that 
they are upregulated in response to a number of other stresses including high light, 
salt, drought and pathogen infection (Miller and Mittler, 2006; Liu et al., 2011). Thus, 
the HSFs are thought to play a wider role in stress responses in plants, however, little 
is known in regard to their role in response to wounding. 
   

1.5 HSFs are a potential regulator of cellular reprograming 

HSFs function as important regulators of stress response to maintain cellular integrity 
during severe stress such as heat stress. Additionally, they may play a role in plant 
growth and development during benign stress since HSFA1b binds to and regulates a 
number of developmental genes (Albihlal et al., 2018). Several lines of evidence 

suggest that HSFs function in cellular reprograming. For example, overexpression of 
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HSFA2 can promote CIM-induced callus growth from root explants (Ogawa et al., 
2007). Overexpression of HSFA2 in the hsfa1abde background also promotes callus 
formation from the SAM after addition of heat stress (Liu and Charng, 2013). In 
addition, many components of HSR including HSFs and DREBs are highly expressed 
during CIM-induced callus formation (Che et al., 2006), which might be induced by 
wounding and/or highly active cell proliferation and metabolism in callus. Furthermore, 
gene regulatory network analysis by a yeast-one-hybrid assay revealed that HSFs can 
bind to the promoter of many known reprograming genes including PLT3, ESR1 and 
ARRs (Ikeuchi et al., 2018). It is also shown that HSFB1 and HSFA2 can directly 
activate expression of HSFB4/ SCHIZORIZA (SCZ) which codes for an important cell 

fate regulator in the root meristem (Pernas et al., 2010). These previous studies 
together suggest that HSFs are potential regulators of stress-induced cellular 
reprograming.   
 

1.6 Mechanism of stress-induced HSFA1 activation 

Increasing evidence suggests that the activity of HSFA1s is strictly regulated by 
multiple mechanisms including post-translational modification and protein-protein 
interaction (Ohama et al., 2016b). While it is not clear exactly how plants sense heat 
stress, it is generally accepted that ROS and calcium signaling are involved (Volkov 
et al., 2006; Kotak et al., 2007; Driedonks et al., 2015; Vu et al., 2018). Stress-induced 
ROS is shown to be required for full HSR activation (Volkov et al., 2006), and the 
product of ROS results in nitrogen oxide accumulation that may activate HSFA1s via 
the secondary signaling component calmodulin 3 (CaM3) (Xuan et al., 2010). Calcium-
permeable channels which open in response to heat have also been proposed to 
activate HSFA1s (Ohama et al., 2016b). Accordingly, the regulation of HSFA1s occurs 
almost exclusively at the protein level. This is demonstrated by the relatively limited 
impact that HSFA1 overexpression has on heat-stress-inducible genes compared to 
overexpression of other HSFAs such as HSFA2 or HSFA3 (Nishizawa et al., 2006; 
Yoshida et al., 2008; Yoshida et al., 2011; Ohama et al., 2016a). A key regulatory 
mechanism of HSFA1s is the inhibitory interaction with HSP70 and HSP90 

(HSP70/90). Under non-stressed conditions HSP70/90 binds HSFA1 at a conserved 
HSFA1-specific domain designated the temperature-dependent repression (TDR) 
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domain. HSP70/90 binding appears to partially inhibit HSFA1 by sequestering the 
protein in the cytoplasm, as HSFA1d mutant protein with a deleted TDR domain 

(HSFA1dD1) is localized almost exclusively in the nucleus, while the wild type protein 

is localized in the cytoplasm and nucleus (Ohama et al., 2016a). Upon heat stress 

HSFA1 protein is liberated from HSP70/90 and becomes nuclear localized where it 
activates transcription of downstream genes. The mechanism of how HSP70/90 
dissociates is unclear but it is proposed that accumulation of unfolded protein in the 
cytoplasm during heat stress draws the HSP70/90 away from HSF, allowing it to 
become activated (Richter et al., 2010). 

Additionally, post-translational modification and oligomerization are thought to 
provide the necessary precise control of HSFA1 activation (Åkerfelt et al., 2010; 
Ohama et al., 2016b). Phosphorylation of HSFA1 orthologue in 
Chlamydomonas reinhardtii.upon heat stress has been observed (Schmollinger et al., 
2013). In Arabidopsis CYCLIN-DEPENDENT KINASE A1 (CDKA1) and 
CALMODULIN-BINDING PROTEIN KINASE 3 (CBK3) phosphorylate and regulate 
DNA-binding activity of HSFA1, while PROTEIN PHOSPHATASE (PP7) can interact 
with HSFA1 potentially to dephosphorylate it (Reindl et al., 1997; Liu et al., 2008). 
While it is not clear which phosphorylated residues contribute to HSFA1 activity, 
mutation of a putatively phosphorylated tyrosine residue located in its TDR domain 
leads to its activation, indicating that this phosphorylation may be an important point 
of regulation (Ohama et al., 2016a). As phosphorylation-mediated activation of human 
HSFA1 is important, it is expected that plants employ a similar mode of activation 
(Holmberg et al., 2001; Åkerfelt et al., 2010).  HSFA1-mediated promotion of target 

gene expression is thought to involve the eviction of the repressive histone variant 
H2A.Z, thus providing another layer of regulation to this response in order to prevent 
leaky expression  (Cortijo et al., 2017).  Regulation of HSFA1 protein activity is 
mediated by post-translational modifications and protein-protein interactions that allow 
rapid and precise control of its activity and the HSR.  

 

1.7 Roles of SUMOylation in stress response and development 

Abiotic stresses such as heat, drought, and wounding have been shown to induce 
transcriptional-independent signals that act as important primary trigger to alter gene 
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expression of stress-responsive genes (Cheong et al., 2002; Rymen et al., 2019). 
Post-translational modification of protein represents an important layer of regulation 
that enables intricate control of protein function in many signaling pathways which 
regulate environmental responses and developmental processes. Advantages of post-
translational modification include enabling rapid activation of protein function in 
response to acute stress, as well as energy-efficient fine-tuning of transcriptional 
responses appropriate for the perceived stress (Mazzucotelli et al., 2008). Despite the 
rapid progress in the elucidation of transcriptional mechanisms underlying organ 
regeneration, little is known about the contribution of post-translational regulation in 
this process.  

Plants utilize a combination of protein modifications to regulate protein activity, 
including the extensively characterized phosphorylation and ubiquitination (Bachmair 
et al., 2001; Mazzucotelli et al., 2008; Guerra et al., 2015). Additionally, conjugation of 
the SMALL UBIQUITIN-LIKE MODIFIER (SUMO) peptide has been implicated in 
regulating a number of important transcriptional regulators (Castro et al., 2012; 
Augustine and Vierstra, 2018). SUMOylation is a multi-step process and involves, 
sequentially, SUMO-activation by E1 enzymes, SUMO-conjugation by E2 enzymes 
and the final step of ligation catalyzed by E3 enzymes (Augustine and Vierstra, 2018). 
Unlike ubiquitination for which over 1400 putative E3 ligases have been found in 
Arabidopsis (Kraft et al., 2016), SUMOylation is catalyzed by only two E3 ligases, the 
SAP-MIZ domain-containing (SIZ1) and METHYL METHANESULFONATE-
SENSITIVE 21 / HIGH PLOIDY2 (MMS2/HPY2) (Ishida et al., 2009; Ishida et al., 2012; 
Kwak et al., 2016; Liu et al., 2016). Recent advances in proteomic approaches have 
identified around 1000 SUMOylated proteins, of which a large number (80%) are 
predicted to be nuclear localized, such as transcription factors, chromatin remodeling 
enzymes and histones (Shiio and Eisenman, 2003; Miller et al., 2010; Rytz et al., 2018). 
Transcriptomic profiling of siz1 mutants showed that around 7% of all genes (~1600) 
are differentially expressed  under control conditions, suggesting basal SUMO-
mediated gene expression is broad and involved in a range of transcriptional networks 
(Catala et al., 2007).  

SUMOylation of proteins in plants is increased in response to stresses such as 
severe heat, ROS, cold, and drought stress (Kurepa et al., 2003; Catala et al., 2007; 
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Castro et al., 2012; Miller et al., 2013). SUMO is thought to play a protective role 
against proteotoxic stress (protein unfolding) as well as regulating protein activity. 
Heat stress induces destabilization of proteins and induction of the HSR. In animals 
SUMO-mediated regulation of HSFs is much more established in the literature than in 
relation to plants (Hietakangas et al., 2003; Hietakangas et al., 2005; Åkerfelt et al., 
2010). In plants, HSR components are particularly over-represented among 
SUMOylated proteins identified by proteomics including HSFA1D, HSFA2, HSFB2B, 
HSFC1, HSP70-1,  suggesting that this response is directly regulated by SUMOylation 
(Miller et al., 2010; Rytz et al., 2018). The role of SUMOylation in the HSR appears to 
be complex, as different pathways of the response are antagonistically regulated by 

SUMOylation. Homeostasis of SUMOylated protein levels in the plant is required for 
thermotolerance as either increasing SUMOylation by overexpressing SUMO1 
(SUM1) or SIZ1, or conversely, mutating SIZ1, which reduces SUMOylation, both 
result in reduced thermotolerance and misexpression of HSR genes (Yoo et al., 2006; 
Catala et al., 2007; Saracco et al., 2007; Cohen-Peer et al., 2010; Zhang et al., 2018). 
SIZ1 modifies several HSFs including the seed-specific HSFA9 and HSFA4a 
(Carranco et al., 2017), HSFA2 (Cohen-Peer et al., 2010), as well as SlHSFA1 in 
tomato (Zhang et al., 2018). It is therefore possible that SIZ1 promotes 
thermotolerance by moderating and fine-tuning the expression of their target genes in 
response to severe stresses.  
 The loss-of-function siz1 mutant in Arabidopsis displays a pleiotropic 
phenotype, due to the many roles that SUMO plays in regulating stress and 
developmental pathways (Lomelí and Vázquez, 2011). Several well characterized 
targets of SIZ1 in addition to HSFs include TOPLESS-RELATED 1 (TPR1), a negative 
regulator of SA-mediated immunity, that when SUMOylated, suppresses plant 
immunity  (Lee et al., 2007; Niu et al., 2019). Mutants of SIZ1 therefore display stunted 
growth and an autoimmune response partially due to accumulation of SA, and this can 
be rescued by expressing the bacterial SA-degrading enzyme NahG or introducing a 
mutation in SA signaling into the siz1 mutant (Lee et al., 2007; Hammoudi et al., 2018). 
SIZ1 also suppresses  ABA signaling by SUMOylation of the key regulator of the ABA 

response ABA-INSENSITIVE 5 (ABI5) (Miura et al., 2009). Additionally, SUMO 
negatively regulates JA signaling by enhancing the inhibitor of COI1, JASMONATE 
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ZIM 6 (JAZ6) (Srivastava et al., 2018). Growth and developmental pathways regulated 
by SUMO include FLOWERING LOCUS C (FLC)-mediated flowering (Kong et al., 
2017), secondary cell wall formation (Liu et al., 2019), DELLA-mediated growth 
(Achard et al., 2009; Conti et al., 2014), and photomorphogenesis by negatively 
regulating the ubiquitin E3 ligase COP1 and phytochrome-B (Sadanandom et al., 
2015; Lin et al., 2016; Kim et al., 2017; Hammoudi et al., 2018). SUMO also regulates 
key players of auxin signaling, described in a recent study which demonstrated ARF7 
SUMOylation promotes interaction with its negative regulator INDOLEACETIC ACID-
INDUCED PROTEIN 3 (IAA3), consequently contributing to root branching toward 
water (Orosa-Puente et al., 2018). Together these examples demonstrate that SUMO-

mediated regulation spans a range of processes in plants. 
 

1.8 Purpose of thesis  

The purpose of this thesis is to uncover new regulators of stress-induced cellular 
reprograming in the context of in vitro shoot regeneration. Previous work in our 
laboratory has revealed wounding promotes cellular reprograming and organ 
regeneration by transcriptional induction of regulators such as WINDs, however little 
is known about other factors involved in the wound-response and how they influence 
this process. Identifying new players of this response that contribute to cellular 
reprograming is important in order to understand how plants control cell fate changes 
in response to stress. Furthermore, it provides putative molecular targets for the 
improvement of in vitro regeneration in recalcitrant plant species, for propagation or 
rapid generation of transgenic plants. 

 
 

         
  Chapter 4, the second results 

chapter, will describe the role of the SUMO E3 ligase SIZ1 as a negative regulator of 
in vitro shoot regeneration. In the loss-of-function siz1 mutants, I show the wound 

response is hyperactivated, and that this partially contributes to enhanced shoot 
regeneration via regulators such as WIND1.  

•

Chapter 3 will be submitted for publication mid 2020 to an 
appropriate journal

•

Chapter 4 is under submission for publication with Plant 
Physiology



  

 
 Altogether, this thesis 

aims to provide important insights into stress-induced cellular reprogramming and 
uncover a novel ppathways regulating de novo organogenesis. 
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Figure 1-1. Molecular mechanism of in vitro shoot regeneration. 
Auxin activates ARF7 and ARF19 to promote expression of the LBDs. This leads to cell 
proliferation and expression of root meristem regulators WOX5 and WOX7. Auxin also 
induces expression of PLTs which are required for regeneration competency. Wounding 
promotes expression of WIND1 and WIND2 which upregulate ESR1 and ESR2 to promote 
expression of shoot meristem genes. Cytokinin induces expression of shoot meristem regu-
lators WUS and STM by the A-type ARRs which also require HD-ZipIII transcription factors 
REV, PHB, PHV as binding partners. 
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Chapter 2 Materials and Methods 
 
  



 22 

2.1 Plant materials and growth conditions 

All Arabidopsis thaliana (Arabidopsis) genotypes used in this study are listed in Table 
2-1. Double mutants were generated by cross pollinating respective genotypes and 
heterozygous F1 seedlings were selected either by PCR or presence of fluorescent 
protein using a fluorescent dissection microscope (Leica M165FC). Homozygous F2 
plants were selected by PCR (for tDNA mutants) or at F3 for other transgenic lines. 
Genotypes of arf7-2 arf19-5 (Goh et al., 2012) was confirmed by CAPS/dCAPs using 
the primers listed in Table 2-2 , and PCR products were digested using Hpy99I for 
arf7-2 and AluI for arf19-5.  Multiple mutants and transgenic lines previously published 
are listed (Table 2-1). Seeds were stratified for 3 days at 4°C and then sown onto 

Murashige and Skoog (MS) media containing 1% Sucrose and 0.6% (w/v) Gelzan™ 
(Sigma-Aldrich). Seedlings were incubated under constant fluorescent white light 

(approximately 50 µmol m-2 s-1) at 22°C.  

 

2.2 in vitro shoot regeneration 

Seedlings were grown in the dark for 7 days to induce etiolation. Hypocotyl explants 
(around 10 mm long) were excised using a razor blade (Feather) and incubated on 
CIM (Gamborg B5 medium with 0.25% Gelzan, 0.5 μg/ml 2,4-dichlorophenoxyacetic 
acid [2,4-D] and 0.05 μg/ml kinetin) for 4 days under constant light. Hypocotyl explants 

were then transferred to SIM (Gamborg B5 medium with 0.25% Gelzan, 0.15 µg/ml 

IAA and 0.5 µg/ml 2-IP) and incubated for several days to induce shoot regeneration. 

To quantify callus growth on CIM, individual calli (n > 30) were first dabbed on a 
Kimwipe to remove media and then weighed using an XS104 balance (Mettler Toledo). 
Projection of callus area from callus after 4 days on CIM was quantified from DIC 
images taken with an OLYMPUS BX51 microscope and the area of visible callus was 
quantified using ImageJ software. To quantify shoot regeneration on SIM, the number 
of shoots visible per explant was counted. Shoots were defined as regions with viable 
leaves with trichomes and appearing to arise from a single meristem as visualized 
from the top with an OLYMPUS SZX7 microscope.  
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2.3 Wound-induced callus assay 

Wound-induced callus assay was performed by cutting the hypocotyl of 7-day-old 
dark-grown seedlings about 3 mm below the shoot apical meristem and incubating 
them on MS in constant light at 22°C for 4 days. Presence of callus was assessed by 
formation of more than 3 callus cells protruding from the cut-site when visualized with 
an Olympus SZX7 microscope. Images of growing callus was measured after 10 days 
on MS and the projected area of each callus was measured using ImageJ software.  
 

2.4 Confocal microscopy analysis and imaging 

For all fluorescent marker lines explants were mounted in either water or propidium 

iodide (PI) before imaging with a Leica SP5 confocal microscope with an HCXPLAPO 
CS 20x0.70 DRY UV lens. GFP was excited at 488nm. A z-stack was taken through 
the sample and projected images were generated using ImageJ Bio-Formats plugin 
with sum of slices. 

2.5 Cloning of HSFA1dD1 and transformation of XVE-HSFA1dD1  

DNA was extracted from plants with the 35S::HSFA1dD1 transgene (Ohama et al., 

2016a) and the coding region of HSFA1dD1 was amplified with PRIMESTAR MAX 

polymerase (Takara) and the forward primer (5’-
CACCATGGATGTGAGCAAAGTAAC-3’) and reverse primer (5’-
TCAAGGATTTTGCCTTGAGAGATC-3’). The amplified PCR product was cleaned up 
with Wizard® SV Gel and PCR Clean-Up System (Promega) and ligated into the entry 
vector pENTR/D-TOPO Cloning Kit (Invirogen). After confirmation by sequencing, the 
construct was then cloned into the gateway-compatible binary vector pER8GW (Papdi 
et al., 2008) using the Gateway LR Clonas II Enzyme (Invitrogen). The binary vector 
was transformed into wild type Col-0 plants using the floral-dip method (Clough and 
Bent, 1998). Seedlings containing the transgene were selected on media containing 
spectinomycin and hygromycin antibiotics. T2 lines segregating in a 3:1 ratio were 
selected followed by selection of non-segregating homozygous T3 lines again on 
antibiotic containing media.  
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2.6 Analysis of gene expression by RT-qPCR 

RT-qPCR was performed as previously described (Shibata et al., 2018).  Total RNA 
was extracted from 7-day-old whole seedlings using an RNeasy Plant Mini Kit 
(Qiagen). Extracted RNA was reverse transcribed using a PrimeScript RT-PCR kit with 
DNase I (Perfect Real Time) (Takara) in accordance with the accompanying protocol. 
Transcript levels were determined by RT-qPCR using a THUNDERBIRD SYBR qPCR 
Mix kit (Toyobo) and an Mx399P QPCR system (Agilent). The primers used are listed 
in Table 2-3.   
 

2.7 Transcriptomic analysis by RNA-seq 

Total RNA was extracted from ~50 hypocotyl explants either immediately after cutting, 
following 4 days of incubation on CIM or following either 4 or 6 days of incubation on 
SIM. Samples for different genotypes within the same biological replicate set were 
incubated on the same plate, and three biological replicates were used. WT and siz1-
2 explants were harvested simultaneously, one replicate at a time. Total RNA was 
isolated using the RNeasy plant mini kit (Qiagen) following the manufacturer 
instructions. Isolated RNA was subject to library preparation with the Kapa stranded 
mRNA sequencing kit (KK8420, Kapa Biosystems) and Illumina-compatible FastGene 
adapters (NGSAD24, Nippon Genetics). Single-end sequencing was performed on an 
Illumina NextSeq500 platform, and mapping was carried out using Bowtie (Langmead 
and Salzberg, 2012), and over 85% of reads were uniquely mapped on the TAIR10 
Arabidopsis genome, resulting in 8 to 15.5 million mapped reads per sample.  

Differences in expression between wild type and mutants was calculated with 
the edgeR package (Robinson et al., 2009) in R using the weighted-trimmed-mean 
method to calculate normalization values, and the HTSFilter package (Rau et al., 
2013) was used to filter lowly-expressed genes. Volcano plots were made using the 
ggplot2 package (Wickham, 2016), clusterProfiler (Yu et al., 2012) was used for GO 
analysis, and the heatmaps.2 function in the gplots package was used to generate 
heatmaps. Venn diagrams were generated using an online tool available at 
http://bioinformatics.psb.ugent.be/webtools/Venn/. 
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2.8 Immunoprecipitation of HSFA1-GFP  

Approximately 60 2-week-old seedlings grown at 22°C were subject to heat stress 
(37°C 1 hour), frozen in liquid Nitrogen and ground using a bead shocker (Yasui Kikai) 
in 50 ml tubes. Next, 4-5 ml of extraction buffer (100mM Tris-HCl (pH 8.0), 0.1% (w/v) 
SDS, 0.5% (v/v) Sodium Deoxycholate, 1% (v/v) Glycerol, 50mM Sodium 
Metabisulfite, 20mM N-Ethylmaleimide (NEM), cOmplete™ Protease Inhibitor Cocktail 
(Sigma-Aldrich), Pefabloc SC (Sigma-Aldrich) was added and mixed. Samples were 
then cleared by centrifugation at 2500 rpm 15 minutes and supernatant was kept and 
protein concentration was measured by Bradford assay (Bio-Rad) as follows. Sample 

was diluted (1/10) in water and 10 µl was mixed with Bradford reagent in a 96 well 

plate and incubated at room temperature for 15 minutes. Absorbance was read using 

a plate reader (Infinite 200 Pro, TECAN) at 595 nm. Protein (2 ml diluted to 4-5µg/ul 

in extraction buffer) was used for immunoprecipitation. 25 µl per sample of GFP-Trap 

(Chromotek) beads were equilibrated by washing 3 times with 1 ml of extraction buffer 
and then added to the protein sample. The sample was incubated for 1 hour at 4°C 
and then the beads were pulled down with a magnetic rack and supernatant was 
discarded. Beads were washed 3 times with extraction buffer and protein was eluted 

with 70 µl of 1xSDS-sample buffer pre-heated to 96°C, and then further incubated at 

96°C for 5 minutes. Beads were removed and the sample was loaded onto SDS-PAGE 
and subject to western blot (described in detail below).  
 

2.9 Western blot analysis with antibody against SUMO1 

Around five 7-day-old light-grown seedlings were frozen in liquid nitrogen and ground 
with a bead shaker (Yasui Kikai) in 2 ml tubes. After thawing on ice, 200 µl of extraction 
buffer (10 mM TrisHCl pH 9.0, 6 M Urea, cOmplete™ Protease Inhibitor Cocktail 
(Sigma-Aldrich), and 0.05% Triton-X) was added to the sample and briefly vortexed. 
Protein concentration was measured by Bradford assay (as described above), 

denatured by addition of Laemmli buffer (Bio-Rad), 50 µg was run on SDS-PAGE 

(AnyKB, Bio-Rad) and transferred to PVDF membrane with Trans-Blot Turbo (Bio-
Rad) semi-dry transfer system. The membrane was blocked with either 5% skim milk 
for 3 hours or with Can-Get-Signal enhancer kit (Toyobo) according to manufactures 
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instructions and propped with  Anti-GFP-HRP antibody (sc-8334) or custom-made anti-
SUMO1 (Ishida et al., 2009) and donkey-anti-rabbit-HRP (Sigma-Alrich).  
 

2.10 Accession numbers 

RNA-sequencing data have been deposited to Gene Expression Omnibus 
(https://www.ncbi.nlm.nih.gov/geo/) under accession number GSE141188 (The 
review token to access the private GEO record is: ijazegecjliftgp).  
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Chapter 4 SIZ1 negatively regulates shoot regeneration 
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4.1 SIZ1 negatively regulates in vitro shoot regeneration  

Post-translational regulation of transcriptional regulators is an important mechanism 
to efficiently and rapidly modulate their activity in response to external stimuli and 
during development (Mazzucotelli et al., 2008). The attachment of the SMALL 
UBIQUITIN-LIKE MODIFIER (SUMO), catalyzed by the E3 ligase SIZ1, to protein 
regulates several important stress and developmental pathways (Castro et al., 2012; 
Augustine and Vierstra, 2018). In order to investigate the role of SIZ1 in the control of 
de novo organogenesis, I tested whether mutants for SIZ1 display altered shoot 
regeneration using a two-step tissue culture procedure. Two siz1 loss-of-function 
alleles, siz1-2 and siz1-3 produce truncated proteins, however still retain all DNA 

binding domains and an E3 ligase catalytic domain (Fig. 4-1). Both of these mutations 
result in impaired SUMOylation and consequently pleiotropic phenotypes (Catala et 
al., 2007; Miura et al., 2010; Rytz et al., 2018). I sought to characterize these mutants 
during organ regeneration on tissue culture media. As previously described 
(Valvekens et al., 1988), I cut hypocotyl segments and incubated them on CIM for 4 
days, before transferring them to SIM. Wild type Col-0 (WT) explants start to 
regenerate shoots around 9 days after transfer to SIM, leading to the formation of on 
average 5 visible shoot per explant at 14 days (Fig. 4-2A, B). However, in two loss-of-
function mutant alleles for SIZ1, siz1-2 and siz1-3, shoot regeneration is dramatically 
enhanced, with regenerated shoots appearing by 8 days on SIM and more than 12 
shoots regenerating after 14 days (Fig. 4-2A, B). Explants of siz1 mutants also 
appeared greener than WT by 7 days on SIM (Fig. 4-2C),  supporting that the initiation 
of shoot developmental program is advanced by the siz1 mutation. These enhanced 
shoot regeneration phenotypes in siz1-2 are rescued in siz1-2 pSIZ1::SIZ1, 
expressing SIZ1 under the control of its native promoter which was previously shown 
to complement the thermotolerance phenotype in siz1-2  (Jin et al., 2008) (Fig. 4-2A, 
B). These results thus clearly demonstrate that SIZ1 negatively regulates shoot 
regeneration. Next, to test whether siz1 mutation could enhance shoot regeneration 
in other tissues I performed the same shoot regeneration procedure using root 
explants from light-grown seedlings. As with hypocotyl explants, siz1 mutants 

regenerated 2 to 3 times more shoots from root explants after incubation on SIM for 
17 days than WT and this phenotype was also rescued in siz1-2 pSIZ1::SIZ1 (Fig. 4-
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2D, E). These data thus demonstrate that SIZ1 suppresses shoot regeneration in 
multiple tissue types. 

Since pre-incubation of explants on CIM is a prerequisite for shoot regeneration 
on SIM (Che et al., 2007), I next tested if the siz1-3 mutation causes enhanced callus 
formation on CIM which could be responsible for the observed subsequent promotion 
of shoot regeneration on SIM. As shown in Fig. 4-3A, B, however, both callus size and 
morphology are indistinguishable between WT and siz1-3 after 4 days on CIM, the 
time point at which the explants are transferred to SIM. It is therefore unlikely that 
enhanced shoot regeneration on SIM is a secondary consequence of enhanced callus 
formation during CIM incubation. However, I did observe that after prolonged 

incubation on CIM, the siz1 mutants eventually develop substantially larger callus (Fig. 
4-3C, D), indicating that SIZ1 also negatively regulates callus formation on CIM in the 
long term culture. 
 

4.2 The siz1 mutation causes a hyperactivation of the wound response 

In order to explore the molecular basis underlying enhanced shoot regeneration in siz1 
mutant, I performed genome-wide transcriptomic analysis using RNA-sequencing 
(RNA-seq). Similar to analysis described in chapter 3, I compared gene expression in 
WT and siz1-2 at 4 time points; immediately after excising the hypocotyls (after cut), 
after 4 days on CIM and after both 4 and 6 days on SIM (Fig. 4-4A). Among these time 
points, I observed the most drastic differences in the global gene expression pattern 
immediately after cutting, when 1375 genes are upregulated and 912 genes are 
downregulated in siz1-2 (edge-R; FDR < 0.05) (Fig. 4-4B). The differences in the gene 
expression profile are far less prominent at 4 days on CIM where only 187 genes are 
upregulated and 66 genes are downregulated (Fig. 4-4B). After transfer to SIM
however, the gene expression pattern is again profoundly affected by the siz1 mutation. 
After 4 days on SIM, I detected 593 genes upregulated and 640 genes downregulated, 
and by 6 days on SIM the number of mis-expressed genes further increased (Fig. 4-

4B). It is worth noting that this expression pattern is similar to the 35S::HSFA1dD1 line 

described in Fig. 3-6. Interestingly, I found that mis-expressed genes in siz1-2 are 
largely distinct to after cut, on CIM and on SIM (Fig. 4-4C). For instance, I detected 
that only 15% of the genes upregulated after cutting are also up on SIM (211 genes 
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out of 1375 genes), and I observed a similar trend for downregulated genes in siz1-2, 
as the overlap between downregulated genes after cutting, on CIM and on SIM is small 
(Fig. 4-4C). Consistently, Gene Ontology (GO) enrichment analysis demonstrated that 
genes associated with unique biological processes are upregulated in siz1-2 at each 
of these time points (Fig. 4-5A). In contrast, I observed less distinct GO enrichment 
among downregulated genes (Fig. 4-5B). Using these datasets I additionally found 
that while some genes of the SUMOylation pathway are differentially expressed in WT 
across the different time points, expression of SIZ1 is fairly stable (Fig. 4-6), implying 
that the activity of SIZ1 is not regulated at the transcriptional level.  
 

Among genes upregulated in siz1-2 immediately after cutting, I found that those 
associated with stress response are strongly represented. GO categories such as 
“response to water” (p = 2.5e-31), “response to oxidative stress” (p = 6.7e-25), and 
“response to wounding” (p = 1.1e-14) are highly represented (Fig. 4-5A), implying that 

the stress response is hyperactivated in siz1-2, again similar to 35S::HSFA1dD1 (Fig. 

3-7). To test whether this apparent hyper response is caused by cutting or 
constitutively present in siz1 even in non-stress conditions, I examined the overlap 
between the genes highly expressed upon cutting in my dataset and those upregulated 
in intact siz1-2 and siz1-3 plants as reported in other studies (Catala et al., 2007; Rytz 
et al., 2018). As shown in Fig. 4-7A, more than 80% of the genes present in my dataset 
(1112 genes out of 1375 genes) are unique to it, supporting that a substantial portion 
of the transcriptional upregulation we detect in siz1 is caused by cutting. I did still see 
the overlap of our dataset with either of the previously published ones is still significant 

(p = 1.0e-58 and p = 3.7e-16; hypergeometric test), suggesting that my dataset 
includes some genes constitutively activated in siz1. To further examine how much of 
the genes in my dataset are induced by wounding, I compared my dataset with 
previously published transcriptomic data for wounded hypocotyls (Ikeuchi et al., 2017). 
As shown in Fig. 4-7B, more than 40% of genes (561 genes out of 1375 genes, p = 
4.8e-28; hypergeometric test, representation factor = 1.5) upregulated in siz1 are 
induced within 3 hours following cutting of hypocotyls in WT. Importantly, 404 genes 
out of these 561 genes are upregulated only after cutting and not in intact siz1 plants 
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(Fig. 4-7B), indicating that siz1 mutants display a hypersensitive response to wounding 
stimuli. 

Phytohormones including SA, JA, ABA and ethylene are known to play complex 
inter-dependent roles in regulating the response to wounding (Mcconn et al., 1997; 
Birkenmeier and Ryan, 1998; Wang et al., 2002; Yamada et al., 2004). Accordingly, 
GO categories such as response to JA (p = 3.89e-14) and response to SA (p = 4.24e-
9) are enriched among genes upregulated in siz1-2 (Fig. 4-5A). I indeed found that 
around 380 genes implicated in SA and/or JA-mediated signaling are transiently 
induced by wounding in WT hypocotyls and their induction is much more pronounced 
in siz1-2 (Fig. 4-7C). These include SA-induced UBIQUITIN 10 (UBQ10) (Blanco et 

al., 2005) and MYB DOMAIN PROTEIN 51 (MYB51), the latter of which encodes a 
transcription factor acting as a major regulator of stress-induced glucosinolate 
biosynthesis (Frerigmann and Gigolashvili, 2014). JA-induced VEGETATIVE 
STORAGE PROTEIN 1 (VSP1) (Ellis and Turner, 2002; Nemhauser et al., 2006) is 
also among genes highly expressed in siz1-2 after wounding (Fig. 4-7 C, D). 

 Previous studies have shown that siz1 mutants exhibit an auto-immune 
response due to the accumulation of SUPPRESSOR OF NPR1-1, CONSTITUTIVE 1 
(SNC1) protein and consequential increase in SA levels (Gou et al., 2017; Hammoudi 
et al., 2018; Niu et al., 2019). My RNA-seq data, however, showed that the expression 
of SNC1 and several SA-induced genes is mostly comparable after cut between WT 
and siz1-2 explants (Fig. 4-8A). I did observe upregulation of SNC1 and SA-induced 
genes such as PATHOGENESIS RELATED 2 (PR2) and PR5 in siz1-2 explants on 
SIM (Fig. 4-8), implying that SA signaling is enhanced on SIM. The dwarf phenotype 
caused by SA accumulation in siz1 mutants can be suppressed by introduction of a 
bacterial salicylate hydroxylase, NahG, which degrades this phytohormone (Lee et al., 
2007; Miura et al., 2010). In order to investigate if hyper-accumulation of SA could be 
responsible for the enhanced shoot regeneration phenotype observed in siz1 mutants, 
I compared siz1-2 mutant expressing NahG (siz1-2 NahG)  (Lee et al., 2007) with the 
siz1-2 single mutant. As shown in Fig. 4-8B,C, the introgression of NahG does not 
affect the enhanced shoot regeneration phenotype in siz1-2, indicating that this 

phenotype is independent of SA signaling. Consistently, I found that the enhanced 
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callus phenotype of siz1 is not rescued by expressing NahG, indicating that it is also 
independent of SA accumulation in the mutant (Fig. 4-8 D, E).  

Further investigation of differentially expressed genes after cutting revealed 
that 39 genes associated with the GO category “cellular response to abscisic acid 
stimulus” are hyper-induced in siz1-2 after cut (p = 3.49e-9). SIZ1 is known to 
negatively regulate ABA signaling by SUMOylating the transcription factor ABI5, 
leading to the downregulation of its direct target gene RESPONSE TO ABA 18 
(RAB18) (Miura et al., 2009). In my dataset I found that the expression of RAB18 is 
upregulated in siz1-2 (Fig. 4-7C, D), implying that ABI5-mediated ABA signaling is 
hyperactivated in siz1-2 after wounding. Similarly, I found that 51 genes associated 

with GO categories “response to ethylene” or “cellular response to ethylene stimulus” 
are strongly expressed in siz1-2 after cut (p = 3.9e-11 and p = 8.8e-3 respectively, Fig. 
4-7C, D). These include the ethylene-induced ethylene receptor ETHYLENE 
RESPONSE SENSOR 2 (ERS2) (Wang et al., 2002; Nemhauser et al., 2006), 
suggesting that ethylene signaling is also affected in siz1-2.  

When Arabidopsis hypocotyls are subjected to wounding without any external 
hormone application, they develop callus from wound sites (Iwase et al., 2011). Given 
that the siz1 mutants display enhanced transcriptional responses to wounding, I next 
tested if this could affect callus formation at wound sites. As previously reported (Iwase 
et al., 2011), I cut the top end of hypocotyls and incubated the explants on hormone-
free media. I found that callus induction is clearly more pronounced in both siz1-2 and 
siz1-3 mutants, with nearly 75% of their hypocotyl explants producing callus within 4 
days after cutting, as opposed to 56% for the WT (Fig. 4-9A). Importantly, this 
enhanced callus formation is also not caused by SA accumulation, as introduction of 
NahG does not abolish this phenotype (Fig. 4-9A). To test whether SIZ1 regulates 
callus growth after wounding I measured the area of callus which formed at the wound 
site of hypocotyls. I found that there was no significant difference between the area of 
callus formed from the wound site (Fig. 4-9B), indicating that SIZ1 negatively regulates 
the induction of wound-induced callus but not its growth. 
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4.3 SIZ1 negatively regulates expression of HSR genes  

SIZ1 is known to regulate the HSR by SUMOylating several Heat Shock Factors 
(HSFs) including HSFA2 (Cohen-Peer et al., 2010). Since several components of the 
HSR are upregulated after wounding (Fig. 3-1) (Ikeuchi et al., 2017; Rymen et al., 
2019) I wanted to test if the siz1 mutation would result in hyper induction of these 

genes, as observed with other wound-inducible genes (Fig. 4-7). As 35S:HSFA1dD1-

GFP expressing plants have constitutively active HSR, I first compared the list of 

genes upregulated in 35::HSFA1dD1-GFP explants (Fig. 4-10A) with genes 

upregulated in siz1-2 . As shown in Fig. 4-10A, the overlap between the sets of genes 
was significant (p = 4.1e-143, hypergeometric test) with 857 from 3077 genes 

upregulated in 35:HSFA1dD1-GFP being also upregulated in siz1-2. This suggested 

that siz1-2 mutation and HSFA1dD1 overexpression can influence expression of a 

common set of genes. Closer inspection of known components in the HSR revealed 
that many are highly expressed in siz1-2, particular after cutting (Fig. 4-10), suggesting 
that SIZ1 negatively regulates wound-induced expression of the HSR. As HSFA2 
activity is partially regulated by SUMOylation and is known to be required for full 
activation of the HSR (Cohen-Peer et al., 2010) I tested if HSFA2 is involved in shoot 
regeneration. Compared to WT, the loss-of-function hsfa2 mutant did not display 
altered callus formation or shoot regeneration (Fig. 4-10C, D). Furthermore, 
introgression of hsfa2 into siz1-3 did not appear to suppress either the enhanced callus 
formation phenotypes or shoot regeneration phenotype in siz1-3 (Fig. 4-10C, D). 
Together these data demonstrate that SIZ1 does not suppress shoot regeneration and 

callus formation in an HSFA2-dependent pathway. This result does, however, support 
the possibility that SIZ1 represses regeneration by negatively regulating the HSFA1s.   
 

4.4 HSFA1d is a SUMOylation target in vivo 

The activity of HSFA1s is regulated primarily at the protein level by protein-protein 
interaction with HSP70/90, phosphorylation and potentially by SUMOylation (Ohama 
et al., 2016b). While previous work showed that HSFA1s are extensively 
phosphorylated (Ohama et al., 2016a), there is no direct evidence that HSFA1s can 
be SUMOylated in Arabidopsis. Given that several HSFA1 downstream genes are 
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upregulated in siz1-2 (Fig.4-10A) and HSFA1s are involved in shoot regeneration 
(Chapter 3), I wanted to test if HSFA1 could be modified by SUMOylation. To address 
this question, I performed an immunoprecipitation on whole-protein extracted from 
35::HSFA1d-GFP and 35S::HSFA1dΔ1-GFP seedlings. As heat strongly induces 
protein SUMOylation in plants, these seedlings were subjected to heat stress by 
incubating at 37°C for 1 hour before pulling down the GFP protein conjugated to 
HSFA1d and HSFA1dΔ1. Probing the whole-protein extract with an anti-SUMO1 
antibody revealed that SUMOylated proteins dramatically accumulate in these plants 
following heat stress (Fig. 4-11A). After pulling down and probing the HSFA1-GFP 
proteins with the anti-SUMO1 antibody, I observed that the full-length protein is highly 

SUMOylated after heat stress treatment (Fig. 4-11B), while SUMOylation of 
HSFA1dΔ1-GFP was dramatically reduced to around 16% of the levels observed in 
full-length protein (Fig. 4-11B). These data demonstrate that HSFA1d is modified by 
SUMOylation in vivo, and that this process requires the region truncated in the 
HSFA1dΔ1 protein.  
 

4.5 Elevated WIND1 expression contributes to the enhanced shoot regeneration 
phenotype in siz1 mutants 

Wounding induces transcriptional activation of many key regulators that mediate 
cellular reprograming and organ regeneration (Iwase et al., 2011; Ikeuchi et al., 2017; 
Rymen et al., 2019). According to my RNA-seq dataset, some of these wound-induced 
reprogramming regulators are upregulated in siz1-2 (Fig. 4-12A). Consistent with 
previous reports (Iwase et al., 2011; Ikeuchi et al., 2017; Rymen et al., 2019), the 
expression of both WIND1 and WIND2 is transiently elevated upon wounding in our 
dataset, and these genes are hyperactivated after cut in siz1-2 (Fig. 4-12B). My qRT-
PCR analysis further showed that the expression of these and several other wound-
induced genes is also enhanced in siz1-2 NahG (Fig. 4-12C), strongly suggesting that 
this transcriptional activation is not due to the SA-dependent auto-immunity. To test if 
enhanced expression of WIND1 or WIND2 may be responsible for the enhanced shoot 
regeneration phenotype observed in siz1 mutants, I crossed pWIND1:WIND1-SRDX 

(WIND1-SRDX), which expresses a dominant-negative version of WIND1 proteins, 
into siz1-3. As shown in Fig. 4-12D, the siz1-3 WIND1-SRDX explants regenerate a 
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significantly reduced number of shoots compared to siz1-3, and additionally, 
regenerate shoots at levels greater than WT. This suggests that enhanced shoot 
regeneration in siz1 mutants is partially dependent on WIND1 but may also act on 
pathways downstream of WIND1 to repress shoot regeneration. To further explore 
whether SIZ1 acts in the same pathway with WIND1, I compared genes upregulated 
in 35S:WIND1 plants (Iwase et al., 2011) with our dataset. Around 12% of genes 
upregulated in siz1-2 after cut (163 of 1375 genes) and 23% of genes upregulated in 
siz1-2 at 4 days on CIM (43 of 187 genes) are also overexpressed in 35S:WIND1 
seedlings (Fig. 4-12E). Genes upregulated in siz1-2 on SIM also included a significant 
but relatively smaller number of WIND1-mediated genes (Fig. 4-12E). This indicates 

that SIZ1- and WIND1-mediated pathways regulate a significantly overlapping set of 
genes. Taken together, these results show that the hyperactive wound response in 
siz1 mutants contributes to their enhanced ability to regenerate shoots. 
 

4.6 The auxin response is minimally affected in the siz1 mutant 

When performing GO analysis on the 187 genes up-regulated in siz1-2 explants 
compared to WT after a 4-day incubation on CIM, I observed a lower degree of 
functional enrichment compared to other time points, suggesting that SIZ1 plays a 
minimal role during CIM incubation (Fig. 4-5). Given that auxin is primarily responsible 
for cell cycle re-entry and acquisition of regeneration competency during CIM 
incubation (Fan et al., 2012; Ikeuchi et al., 2013), I further examined whether a 
transcriptional response to auxin is altered in siz1-2. Among the 6935 genes in my 
RNA-seq dataset that are significantly induced in WT explants after 4 days of CIM 
incubation compared to after cut, 716 genes are induced by auxin according to 
previously published transcriptome datasets (Nemhauser et al., 2006; Goda et al., 
2008; Omelyanchuk et al., 2017) (Fig. 4-13A). As shown in Fig. 4-13B, more than 50% 
of these auxin-induced genes are specifically expressed on CIM according to my 
dataset, although a substantial proportion of genes also continue to be expressed after 
transfer to SIM. Importantly, only 10 of these genes are differentially expressed in siz1-
2 (Fig. 4-13B), suggesting that the overall transcriptional response to auxin is not 

altered in the siz1 mutants on CIM. Most of these differentially expressed genes 



 54 

appeared specifically induced upon CIM incubation and are clustered in the heat map 
(Fig. 4-13B). 

In addition to the RNA-seq data, which does not account for spatial and explant 
to explant variation, I also investigated the auxin response during regeneration by 
observing a line expressing a synthetic auxin-responsive fluorescent reporter 
DR5rev::GFP (DR5-GFP). After introgression of the DR5-GFP into the siz1-3 mutant 
I observed the DR5-GFP signal by confocal microscopy. After 4 days of CIM 
incubation, DR5-GFP was expressed in the vasculature in both WT and siz1-3, and 
the signal generally appeared stronger in siz1-3 mutant (Fig. 4-14). After transfer to 
SIM and further incubation for 4 days, the DR5-GFP signal became stronger than in 

explants on CIM. Interestingly, however, WT and siz1-3 were visibly indistinguishable 
at this stage (Fig. 4-14). The siz1-3 mutant produced bigger callus after 9 days on CIM 
and as expected, produced a larger surface area of DR5-GFP expressing cells 
although the intensity of the signal was visibly indistinguishable (Fig. 4-14). DR5-GFP 
analysis thus revealed no clear difference between WT and siz1 during shoot 
regeneration, however, further analysis at the CIM 4-day time point may help clarify 
whether siz1 mutants display locally enhanced auxin response. Based on both 
fluorescent marker observation and RNA-seq analysis, mutation of SIZ1 does not alter 
the spatial pattern on auxin response or the overall expression levels of auxin 
responsive genes.  

Shoot regeneration is thought to require auxin-induced root meristem 
regulators whose expression is largely dependent on AUX/IAA-ARF signaling pathway 
(Fan et al., 2012; Liu et al., 2018a). To test if siz1 mutation promotes shoot 
regeneration by an ARF-dependent pathway, I observed the shoot regeneration 
phenotype of siz1-3 with impaired function of ARF7 and ARF19 either by introducing 
the dominant negative slr-1, which constitutively represses ARF activity, or the loss-
of-function arf7-2 arf19-5 mutant into siz1-3. I found that both of these mutations 
completely abolish the ability to regenerate shoots (Fig. 4-15). Among ARF and auxin-
induced genes are several key regulators of callus formation, such as LBD16, LBD18 
and LBD29 (Fan et al., 2012; Liu et al., 2014; Liu et al., 2018b), as well as regulators 

of pluripotency acquisition, like PLT1, PLT2 and WOX5 (Kareem et al., 2015; Kim et 
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al., 2018). RNA-seq analysis revealed that all of these genes were highly induced on 
CIM but none of these are mis-expressed in siz1-2 explants on CIM (Fig. 4-16).  

In order to further check the expression pattern of WOX5 gene in siz1, I crossed 
the WOX5 marker (pWOX5::ER-GFP) (Billou et al., 2005) into siz1-3 and examined 
its expression in CIM-induced callus. The pattern of the GFP expression  in developing 
callus is comparable between WT and siz1-3 explants after 4 days on CIM (Fig. 4-17), 
though I did observe an increased number of WOX5-expressing cells in siz1-3 by 9 
days on CIM (Fig. 4-17). These results suggest that after 4 days of incubation loss of 
SIZ1 function does not impact the expression of pluripotency and callus genes, thus 
this likely does not explain the enhanced shoot regeneration phenotype of siz1 

mutants. However, after prolonged incubation on CIM, WOX5 expressing domain 
increases in proportion to increased callus observed in the siz1 mutant.  

4.7 Expression of SIM-induced shoot meristem genes is more pronounced in 
siz1 

WT and siz1-2 explants do not show visible greening at 4 days after transfer to SIM 
and similarly microscopic observation revealed that callus is morphologically 
comparable at this time point. However, a clear enrichment of GO categories such as 
shoot system morphogenesis (p = 1.58e-7) and stomatal complex development (p = 
3.74e-6) is already observed among the 593 genes upregulated in siz1-2 at 4 days of 
SIM incubation. These two GO categories become even more strongly over-
represented among the 982 genes upregulated at 6 days (Fig. 4-5A), the timing at 
which siz1 explants appear visibly greener than WT around this time WT (Fig. 4-2C). 
As expected, genes which are upregulated in siz1-2 compared to WT on SIM include 
key regulators of shoot meristem development such as REV, ESR2, STM and WUS 
(Fig. 4-18). In order to further characterize these early transcriptional changes on SIM, 
I crossed  the gWUS-GFP3 marker (Tucker et al., 2008) into siz1-3 and examined its 
expression in explants following SIM incubation. It was previously described that WUS 
expression is broadly distributed in callus cells at 4 days on SIM and it becomes 
spatially confined to form foci by 6 days (Zhang et al., 2017). While WUS-expressing 
foci was observed in hypocotyl explants in both WT and siz1-3 after a 6-day-SIM 

incubation, the number of these foci is greatly increased in siz1-3 explants compared 
to WT (Fig. 4-19). This suggests that the higher level of WUS expression detected in 
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my RNA-seq dataset is due to the higher abundance of WUS-expressing cells rather 
than its elevated expression in individual cells.  

Given that cytokinin induces WUS expression during shoot regeneration on 
SIM, I next investigated whether transcriptional responses to cytokinin are altered in 
siz1-2. Among the 7234 genes that are induced in WT explants at 4 or 6 days on SIM 
compared to after cut, I found 342 genes that are cytokinin-inducible in previously 
published transcriptomic datasets (Nemhauser et al., 2006; Goda et al., 2008; 
Bhargava et al., 2013) (Fig. 4-20A). A subset of these cytokinin-induced genes (22 
genes) are over-induced in siz1-2 explants on SIM (Fig. 4-20B, Table 2-1). In addition, 
I detected 110 genes that are down-regulated in siz1-2 (Fig. 4-20B, Table 2-1). Most 

of these differentially expressed genes are clustered together in my heat map and are 
induced specifically on SIM (Fig. 4-20B).  

An alternative method of observing the transcriptional output of cytokinin 
signaling is with the synthetic reporter TCSn::GFP (TCS-GFP) (Zürcher et al., 2013). 
I crossed this reporter into the siz1-3 mutant and observed the GFP fluorescence by 
confocal microscopy after incubation on CIM for 4 days and then incubation on SIM. 
After 4 days of incubation on SIM the domain of TCS-GFP expression appeared 
enlarged in siz1-3 compared to WT. The TCS-GFP signal became less uniformly 
distributed in siz1-3 after 6 days on SIM (Fig. 4-21). As siz1-3 forms promeristem 
earlier than WT (Fig. 4-19), it is possible that these changes in the TCS-GFP 
expression are correlated with the altered spatial distribution of cytokinin-responding 
cells. To further examine the level of cytokinin response in WT and siz1 mutants, I 
incubated hypocotyl explants on Gamborg B5 media that contain 0 to 500 ng/ml 6-
benzylaminopurine (BA). As shown in Fig. 4-22, siz1 hypocotyl explants, but not WT, 
display increased callus growth in response to BA. These data together suggest that 
cytokinin response is altered in siz1, which may contribute to the enhanced expression 
of shoot meristem regulators. 

4.8 Global SUMOylation is decreased in siz1-3 

As SIZ1 catalyzes the conjugation of SUMO to target proteins, I wanted to investigate 
how SUMOylation was affected in the mutant after wounding and during incubation on 

hormone-containing media. Using an antibody that targets SUMO1 protein (Ishida et 
al., 2009), I performed western blot analysis with whole protein extracted from 
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seedlings incubated at 37°C as heat stress induces dramatic accumulation of 
SUMOylated proteins (Kurepa et al., 2003). As expected, SUMOylated protein 
accumulates after 1 hour and is sustained at 3 hours of heat stress (Fig. 4-23A). The 
siz1-3 mutant displayed a dampened response to heat stress. This confirmed previous 
reports (Kurepa et al., 2003) and verified that the antibody indeed reacts with proteins 
SUMOylated by SIZ1. To investigate if wounding induces sustained changes in 
SUMOylation, protein from whole seedlings cut multiple times with a razor and 
incubated on MS was probed with the anti-SUMO1 antibody. In both WT and siz1-3 I 
did not detect a substantial change in SUMOylated protein levels from 2.5 to 25 hours 
after cutting. However, the siz1-3 mutant had consistently lower levels of SUMOylated 

proteins compared to WT (Fig. 4-23B). Similarly, SUMOylation was impaired in siz1-3 
hypocotyl explants incubated on CIM or SIM and interestingly, hypocotyl explants 
incubated on only CIM displayed higher levels of SUMOylation than those incubated 
on CIM followed by SIM (Fig. 4-23C). Together these results demonstrate that the siz1 
mutant accumulates less SUMOylated protein than WT, however, more analysis is 
required to demonstrate if wounding or application of hormones can induce an 
accumulation of SUMOylated proteins in WT.  
 







Figure 4-2. SIZ1 negatively regulates shoot regeneration in vitro.
(A) Representative images showing shoot regeneration phenotypes in hypocotyl 
explants of siz1-2, siz1-3 and siz1-2 pSIZ1::SIZ1 compared to Col-0 wild type. 
Explants were incubated on CIM for 4 days then on SIM for 14 days. Scale bar = 1 mm. 
(B) Time series quantification of shoot regeneration in hypocotyl explants of siz1-2, 
siz1-3, and siz1-2 pSIZ1::SIZ1 compared to wild type. Explants were incubated on 
CIM for 4 days followed by SIM for the indicated number of days. Sample sizes are WT 
(n = 68), siz1-2 (n = 103), siz1-3 (n = 99), siz1-2 pSIZ1::SIZ1 (n = 47).  (C) 
Representative images showing greening of hypocotyl explants is accelerated in 
siz1-2 and siz1-3 compared to wild type and siz1-2 pSIZ1::SIZ1. Explants were 
incubated on CIM for 4 days followed by SIM for 7 days. Scale bar = 1 mm. (D) 
Representative images showing shoot regeneration phenotypes in root explants of 
siz1-2, siz1-3 and siz1-2 pSIZ1::SIZ1 compared to Col-0 wild type. Explants were 
incubated on CIM for 4 days then on SIM for 17 days. Scale bar = 1 mm. (E) Barplot 
of number of shoots regenerated in (D). Explants were incubated on CIM for 4 days 
followed by SIM for 17 days. Sample sizes are WT (n = 13), siz1-2 (n = 13), siz1-3 (n 
= 11), siz1-2 pSIZ1::SIZ1 (n = 19). Error bars in (B, E) represent +/- standard error 
(SE) of the mean. *, P < 0.05  (one-way ANOVA and post-hoc Tukey’s HSD). 
Arrowheads in (A, D) indicate regenerated shoots. 
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Figure 4-12. Elevated shoot regeneration in siz1 is partially dependent on 
WIND1
(A) Heatmap showing relative expression, based on our RNA-seq analysis, of tran-
scription factors identified as wound-inducible and involved in cellular reprograming 
(Ikeuchi et al., 2017). Normalized expression was calculated for each gene across all 
time points, using data from both genotypes. (B) WIND1 and WIND2 are upregulated 
in siz1-2 after cutting. Line plots show relative expression from RNA-seq analysis. 
Error bars represent +/- SE. *, P < 0.05 (edgeR comparative analysis between WT 
and siz1-2). (C) qRT-PCR analysis showing the expression of wound-induced tran-
scription factors in WT, siz1-2, NahG and siz1-2 NahG hypocotyl explants after cut. 
Gene expression levels are normalized to PP2A (n = 3, biological replicates). Error 
bars represent +/- SE. Different letters indicate significant differences between geno-
types for each gene based on one-way ANOVA and post-hoc Tukey test (P < 0.05). 
(D) Representative images (left) and quantification (right) of shoot regeneration from 
hypocotyl explants of WT, siz1-3, WIND1-SRDX (pWIND1::WIND1-SRDX), and 
siz1-3 WIND1-SRDX. All explants were incubated on CIM for 4 days then on SIM for 
14 days. Values represent mean number of shoots produced per explant, and error 
bars represent +/- SE. Sample sizes are WT (n = 36), siz1-3 (n = 34), WIND1-SRDX 
(n = 36), siz1-3 WIND1-SRDX (n = 38). Different letters indicate significant differences 
based on one-way ANOVA and post-hoc Tukey test (P < 0.05). (E) Overlap between 
genes upregulated in siz1-2 at each time time point and 35S:WIND1 seedlings (Iwase 
et al., 2011). P-value was calculated by hypergeometric test and the representation 
factor is shown in brackets. 
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Figure 4-22. Callus formation induced by exogenously supplied BA. 
A) Images of hypocotyl explants incubated on Gamborg B5 media containing 0 to 500 ng 
mL-1 6-benzylaminopurine (BA) for 27 days. Scale bar = 5 mm.
B) Boxplot showing the projected area of callus forming explants in (A). Sample sizes for 
each condition are  (n = 12 - 16). Statistical difference of the mean between WT and each 
genotype within each concentration is indicated with an asterisk *, P < 0.05 (Wilcoxon 
rank sum test).
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AT2G28510 AT2G28510 Dof-type zinc finger DNA-binding family protein 
AT2G36295 AT2G36295 hypothetical protein 
AT2G43470 AT2G43470 zinc finger CCCH domain protein, putative (DUF3755) 
AT2G44230 AT2G44230 hypothetical protein (DUF946) 
AT3G05770 AT3G05770 hypothetical protein 
AT3G08030 AT3G08030 DNA-directed RNA polymerase subunit beta (Protein of unknown function, DUF642) 
AT3G15810 AT3G15810 LURP-one-like protein (DUF567) 
AT3G20370 AT3G20370 TRAF-like family protein 
AT3G45070 AT3G45070 P-loop containing nucleoside triphosphate hydrolases superfamily protein 
AT3G45080 AT3G45080 P-loop containing nucleoside triphosphate hydrolases superfamily protein 
AT3G46690 AT3G46690 UDP-Glycosyltransferase superfamily protein 
AT3G50300 AT3G50300 HXXXD-type acyl-transferase family protein 
AT3G50400 AT3G50400 GDSL-like Lipase/Acylhydrolase superfamily protein 
AT3G61930 AT3G61930 hypothetical protein 
AT4G03610 AT4G03610 Metallo-hydrolase/oxidoreductase superfamily protein 
AT4G18630 AT4G18630 hypothetical protein (DUF688) 
AT4G20390 AT4G20390 Uncharacterized protein family (UPF0497) 
AT4G22230 AT4G22230 defensin-like protein 
AT4G23420 AT4G23420 NAD(P)-binding Rossmann-fold superfamily protein 
AT4G24130 AT4G24130 DUF538 family protein (Protein of unknown function, DUF538) 
AT4G24140 AT4G24140 alpha/beta-Hydrolases superfamily protein 
AT4G25410 AT4G25410 basic helix-loop-helix (bHLH) DNA-binding superfamily protein 
AT4G36610 AT4G36610 alpha/beta-Hydrolases superfamily protein 
AT4G37409 AT4G37409 hypothetical protein 
AT5G07475 AT5G07475 Cupredoxin superfamily protein 
AT5G08250 AT5G08250 Cytochrome P450 superfamily protein 
AT5G12420 AT5G12420 O-acyltransferase (WSD1-like) family protein 
AT5G13900 AT5G13900 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein 
AT5G14650 AT5G14650 Pectin lyase-like superfamily protein 
AT5G16030 AT5G16030 mental retardation GTPase activating protein 
AT5G19110 AT5G19110 Eukaryotic aspartyl protease family protein 
AT5G23820 AT5G23820 MD-2-related lipid recognition domain-containing protein 
AT5G23830 AT5G23830 MD-2-related lipid recognition domain-containing protein 
AT5G26290 AT5G26290 TRAF-like family protein 
AT5G37690 AT5G37690 SGNH hydrolase-type esterase superfamily protein 
AT5G38020 AT5G38020 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein 
AT5G38030 AT5G38030 MATE efflux family protein 
AT5G47980 AT5G47980 HXXXD-type acyl-transferase family protein 
AT5G51780 AT5G51780 basic helix-loop-helix (bHLH) DNA-binding superfamily protein 
AT3G13790 ATBFRUCT1 Glycosyl hydrolases family 32 protein 
AT5G48850 ATSDI1 Tetratricopeptide repeat (TPR)-like superfamily protein 
AT3G10960 AZG1 AZA-guanine resistant1 
AT1G78950 BAS Terpenoid cyclases family protein 
AT2G44460 BGLU28 beta glucosidase 28 
AT3G13380 BRL3 BRI1-like 3 
AT2G17770 BZIP27 basic region/leucine zipper motif 27 
AT4G39070 BZS1 B-box zinc finger family protein 
AT4G39950 CYP79B2 cytochrome P450, family 79, subfamily B, polypeptide 2 
AT4G37400 CYP81F3 cytochrome P450, family 81, subfamily F, polypeptide 3 
AT4G37410 CYP81F4 cytochrome P450, family 81, subfamily F, polypeptide 4 
AT5G23190 CYP86B1 cytochrome P450, family 86, subfamily B, polypeptide 1 
AT1G12740 CYP87A2 cytochrome P450, family 87, subfamily A, polypeptide 2 
AT4G39980 DHS1 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase 1 
AT3G01420 DOX1 Peroxidase superfamily protein 
AT1G69530 EXPA1 expansin A1 
AT2G03090 EXPA15 expansin A15 
AT3G06020 FAF4 FANTASTIC four-like protein (DUF3049) 
AT3G44540 FAR4 fatty acid reductase 4 
AT3G44550 FAR5 fatty acid reductase 5 
AT1G62570 FMO GS-OX4 flavin-monooxygenase glucosinolate S-oxygenase 4 
AT3G11430 GPAT5 glycerol-3-phosphate acyltransferase 5 
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AT3G09270 GSTU8 glutathione S-transferase TAU 8 
AT4G30850 HHP2 heptahelical transmembrane protein2 
AT5G62630 HIPL2 hipl2 protein precursor 
AT5G58910 LAC16 laccase 16 
AT1G55020 LOX1 lipoxygenase 1 
AT2G32510 MAPKKK17 mitogen-activated protein kinase kinase kinase 17 
AT1G34670 MYB93 myb domain protein 93 
AT3G18400 NAC058 NAC domain containing protein 58 
AT2G22770 NAI1 basic helix-loop-helix (bHLH) DNA-binding superfamily protein 
AT3G44320 NIT3 nitrilase 3 
AT4G19030 NLM1 NOD26-like major intrinsic protein 1 
AT5G09530 PELPK1 hydroxyproline-rich glycoprotein family protein 
AT5G09520 PELPK2 hydroxyproline-rich glycoprotein family protein 
AT2G38060 PHT4;2 phosphate transporter 4;2 
AT3G29670 PMAT2 HXXXD-type acyl-transferase family protein 
AT3G49120 PRXCB peroxidase CB 
AT1G26820 RNS3 ribonuclease 3 
AT3G48100 RR5 response regulator 5 
AT1G13420 ST4B sulfotransferase 4B 
AT4G23430 Tic32-IVa NAD(P)-binding Rossmann-fold superfamily protein 
AT5G65140 TPPJ Haloacid dehalogenase-like hydrolase (HAD) superfamily protein 
AT5G13930 TT4 Chalcone and stilbene synthase family protein 
AT2G26480 UGT76D1 UDP-glucosyl transferase 76D1 
AT4G15500 UGT84A4 UDP-Glycosyltransferase superfamily protein 
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explants. Further analysis of mutants of ABI5 or ABA-RESPONSIVE ELEMENT 
BINDING (AREB) transcription factors, which are major regulators of ABA signaling 
(Yoshida et al., 2010), could help elucidate the role of ABA in response to wounding.  
Although SUMOylation of proteins is known to accumulate in response to various 
stresses such as drought, hydrogen peroxide and heat (Kurepa et al., 2003; Catala et 
al., 2007; Castro et al., 2012; Miller et al., 2013), it is unclear if wounding can induce 
SUMOylation. Given that the transcript level of SIZ1 does not change markedly under 
my experimental conditions (Fig. 4-6), SIZ1-mediated SUMOylation is likely activated 
by post-transcriptional mechanisms. My data suggest that level of SUMOylated protein 
is stable over several hours after wounding, however, as wound stress generally elicits 

a local and transient response in plants (Bogre et al., 1997; Mousavi et al., 2013; Gilroy 
et al., 2014), it is possible that my experimental setup was not sensitive enough to 
detect subtle but physiologically relevant changes. Exposure to a short period of heat 
stress, for example, induces a transient accumulation of SUMOylated protein within 
minutes (Kurepa et al., 2003). A reduction of basal SUMOylation levels in siz1 mutant 
may be relevant, as a number of wound-induced genes are already upregulated in 
intact siz1 seedlings (Fig. 4-7B). SIZ1 may negatively regulate stress-associated 
genes under non-stressed conditions as well as dampening the response to stress.  
 

5.3 Roles of SIZ1 in shoot regeneration 

Various developmental phenotypes in siz1 have been reported, including early 
flowering  (Jin et al., 2008; Kong et al., 2017), reduced secondary cell wall thickening 
(Liu et al., 2019), reduced germination (Kim et al., 2016), and short hypocotyl growth 
(Lin et al., 2016; Hammoudi et al., 2018; Zhang et al., 2019b). In this study I find that 
the siz1 mutation also causes enhanced shoot regeneration in tissue culture. I 
dissected the effect of siz1 at each step of the procedure by RNA-seq analysis. 
Interestingly, prominent misexpression of distinct genes is observed immediately after 
cutting and upon incubation on SIM. This observation has led me to hypothesize that 
SIZ1 may act in suppressing the wound stress response and that the exaggerated 
wound response upon cutting in siz1 may promote subsequent shoot regeneration. 

Part of the exaggerated response includes upregulation of genes related to stress-
induced defense hormones SA, JA and ABA as well as many HSR genes. The role of 
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SIZ1 in suppressing SA response is well established and some aspects of siz1 
phenotype is due to the hyper-activation of SA (Lee et al., 2007; Miura et al., 2010). I 
provide genetic evidence, by expressing the SA-degrading enzyme NahG in siz1-2 
background, that the enhanced shoot regeneration phenotype of siz1 is not due to 
accumulation of SA. This is also the case for the hypocotyl elongation phenotype and 
thermotolerance phenotype of siz1 (Yoo et al., 2006; Lin et al., 2016). JA signaling is 
also negatively regulated by SUMOylation (Srivastava et al., 2018), and it is recently 
reported that pretreatment of JA before cutting and incubating explants on hormone-
supplemented media promotes shoot regeneration, with coi1 mutants showing 
reduced regeneration efficiency (Park et al., 2019). The importance of the SUMO-

dependent regulation of COI1 in shoot regeneration would thus be worth investigating 
in further studies. Likewise, whether ABA is involved in shoot regeneration is not well 
established, though it does promote shoot regeneration from embryo explants for 
example (Paulraj et al., 2014). It is plausible that the shoot regeneration phenotype in 
siz1 mutants is partially dependent on ABA or JA signaling. 

It was previously reported that WIND1 regulates shoot regeneration via 
transcriptional activation of ESR1 which is required for the induction of several shoot 
meristem regulators such as its paralog ESR2, WUS and STM (Matsuo et al., 2011; 
Iwase et al., 2017). Indeed, the expression levels of WIND1, ESR2, WUS and STM 
are elevated in siz1 although I could not detect significantly different expression of 
ESR1 between WT and siz1 at the time points I tested. Since ESR1 expression is 
generally very low and declines after several days on SIM (Iwase et al., 2017), further 
expression analysis at different time points may be necessary to detect a possible 
upregulation of ESR1 in siz1. Genetic evidence nevertheless shows that WIND1 partly 
mediates the enhanced shoot regeneration phenotype observed in siz1. How SIZ1 
regulates WIND1 expression is not clear at this point but,  

 
. Another possibility is through the ABA-mediated pathway since SIZ1 

negatively regulates ABA signaling (Miura et al., 2009) and ABA induces WIND1 
expression within 30 minutes of application (Winter et al., 2007). Since incorporation 

of WIND1-SRDX does not fully suppress the shoot regeneration phenotype in siz1, I 
predict that SIZ1 additionally regulates other pathways that function in parallel to the 
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WIND1-mediated pathway. It is also possible that some factors acting downstream of 
WIND1 are repressed by SIZ1-dependent mechanisms since WIND1-SRDX plants 
regenerate shoots in the siz1-3 background. 

Transcriptome analysis and cytokinin-response marker analysis suggest many 
cytokinin-induced regulators of the shoot meristem are altered in siz1. Some type-B 
response regulators that are responsible for cytokinin signaling such as ARR1 and 
ARR2 have been identified as candidates of SUMOylation by proteomics (Rytz et al., 
2018), thus the possibility that SIZ1 directly regulates cytokinin response should be 
further explored. These data demonstrated that auxin response is only marginally 
affected by siz1 mutation during my time course RNA-seq experiment. Other studies 

have demonstrated that SUMOylation regulates auxin response in the context of 
nutrient deficiency  (Miura et al., 2011) and water-induced lateral root formation 
(Orosa-Puente et al., 2018), suggesting that SIZ1 and SUMO regulation of auxin is 
context dependent. Although auxin-induced callus is enhanced in siz1 mutant after 
prolonged incubation on CIM, it is unlikely the enhanced-shoot-regeneration 
phenotype of siz1 is a result of increased callus growth. Future studies using inducible 
complementation of SIZ1 at stage-specific manner would reveal whether SIZ1 only 
regulates initial wound response which affects shoot regeneration afterwards or SIZ1 
regulates both wound response and shoot formation on SIM. 
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shoot regeneration.  
 
5.5 Summary and significance  

Previous studies in several model systems of organ regeneration have shown the 
molecular mechanism of cellular reprograming in plants involves a coordination of 
stress-responsive transcriptional regulators with phytohormones cytokinin and auxin 
signaling. In this study I investigated the role of two important stress-response 
regulators during in vitro shoot regeneration in Arabidopsis.  
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As SUMO plays an important role in 
modulating activity of many transcription factors, I also investigated the role of SUMO 
E3 ligase SIZ1 in shoot regeneration. I showed that SIZ1 negatively regulates shoot 
regeneration, partially by repressing the expression of wounding-induced 

reprograming genes WIND1 and WIND2.  
 These results thus expand our 

understanding of the stress-induced cellular reprograming in the context of de novo 
organ regeneration. These new regulators of shoot regeneration provide a putative 
target for improvement of organ regeneration in important crop species. 
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