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Abbreviations 

 

ACR4 : Arabidopsis crinkly 4 

AFB : auxin-related F-box 

AHK : Arabidopsis histidine kinase 

AHP : Arabidopsis histidine phosphotransfer 

ARF : auxin response factor 

ARR : Arabidopsis response regulator 

ATM : ataxia telangiectasia mutated 

ATR : ataxia telangiectasia and Rad3 related 

Aux/IAA : auxin/indole-3-acetic acid 

BA : benzyladenine 

BIR : break-induced repair 

CDK : cyclin-dependent kinase 

CHASE : cyclases/histidine kinases associated sensory extracellular  

CKX1 : cytokinin oxidases/dehydrogenases 1 

CYC : cyclin 

CYP735A1/A2 : cytochrome P450 monooxygenases 735 A1/A2 

DHJ : double holliday junction 

DNA : deoxyribonucleic acid 

DR5 : direct repeat 5 

DSB : double-strand break 

EMS : ethyl methanesulfonate 

GARP : GOLDEN2, ARR-B, Psr1 

GUS : β-glucuronidase 

HR : homologous recombination 

HU : hydroxyurea 

iP : isopentenyladenine 

iPRP : isopentenyl adenosine-5'-phosphate 

IPT : isopentenyl transferase 

LAX3 : like Aux1 3 

LBD/ASL : lateral organ boundaries domain/asymmetric leaves2-like 
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LOG : lonely guy 

LR : lateral root 

LRFC : lateral root founder cell 

LRP : lateral root primordium 

MES : 2-(N-morpholino)ethanesulfonic acid 

MMC : mitomycin C 

MMS : methyl methanesulfonate 

MRN  : Mre11-Rad50-Nbs1 

MS : Murashige and Skoog 

NAC : NAM/ATAF/CUC 

NHEJ : non-homologous end joining 

PIN : pin-formed 

ROS : reactive oxygen species 

SDSA : synthesis-dependent strand annealing 

SE : standard error of the mean 

SIM : siamese 

SMR : siamese-related 

SOG1 : suppressor of gamma response 1 

SSB : single-strand break 

ssDNA : single-stranded DNA 

TIR1 : transport inhibitor response 1 

tZ : trans-zeatin 

tZRP : trans-zeatin ribotide-phosphate 

UV : ultraviolet 
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Plants are inevitably exposed to various stresses throughout their lifetimes. Abiotic 

stresses, such as high salinity, osmotic stress, drought, strong light illumination, and 

heavy metals, produce reactive oxygen species (ROSs) in cells, resulting in the 

breakage of genomic DNA. Furthermore, naturally occurring endogenous by-products 

of cell metabolism and ultraviolet light block replication fork, and ionizing radiation 

and radiomimetic drugs cause DNA lesions, thereby generating DNA single-strand 

breaks (SSBs) and double-strand breaks (DSBs). Because the maintenance of genome 

integrity is crucial for survival under various environmental conditions, plants have a 

signaling pathway that senses DNA lesions and transduces the signal to trigger cellular 

responses to DNA damage. Plants sense DNA damage through the cellular sensor 

kinases ATAXIA-TELANGIECTASIA MUTATED (ATM) and ATM AND RAD3-

RELATED (ATR). ATM is activated by DSBs, whereas ATR responds to SSBs and 

DNA replication fork blocking. ATM and ATR phosphorylate and activate the plant-

specific NAC transcription factor SUPPRESSOR OF GAMMA RESPONSE 1 (SOG1). 

Phosphorylated SOG1 induces the expression of downstream genes involved in DNA 

repair and cell cycle regulation. Root development is controlled in a plastic manner to  
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cope with fluctuating environmental conditions. Since lateral roots (LRs) contribute to 

water and nutrient uptake from soil and account for the majority of plant root mass, 

control of LR formation is crucial in the adaptation of plant growth to environmental 

conditions. However, the underlying mechanism controlling LR formation in response 

to environmental stresses has remained largely unknown. 

 To analyze the response of LR formation to DNA damage, I treated 

Arabidopsis seedlings with the radiomimetic reagent zeocin, which causes DSBs. I 

found that DSBs inhibits LR formation. To reveal whether the inhibition of LR 

formation in response to DNA damage is an active process involving ATM/ATR-SOG1 

pathways, I observed the response of atm-2, atr-2, and sog1-1 mutants. Surprisingly, 

compared with the wild-type, sog1-1 and atm-2, but not atr-2, showed hypersensitivity 

to zeocin in LR formation. Furthermore, zeocin treatment severely inhibits cell division 

for LR primordium (LRP) formation in sog1-1 and atm-2. Since DSB signals are 

transmitted through the ATM–SOG1 pathway, I speculated that DNA damage may be 

highly accumulated in atm-2 and sog1-1 mutants, thereby inhibiting cell division. To 

test this hypothesis, expression of a DNA repair gene was monitored in LRP. 

Interestingly, the expression of several DNA repair genes, RAD51, BRCA1, RAD17, and 

PARP2, was induced by DNA damage in wild-type but not significantly in sog1-1. 

These results suggest that ATM-activated SOG1 is essential for the induction of DNA 

repair genes, thus maintaining genome integrity and allowing continuous cell division 

during LRP development.   
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The phytohormone cytokinin is known to inhibit LR initiation. When wild-

type seedlings were treated with bioactive cytokinins, LR density significantly 

decreased. This tendency was highly similar to that of zeocin-treated seedlings, 

suggesting that DNA damage inhibits LR formation by modulating cytokinin signaling. 

To examine whether the cytokinin signaling is altered in LRP after DNA damage, I 

observed the expression of the cytokinin signaling marker gene ARR5. Zeocin treatment 

dramatically increased ARR5 expression in LRP, indicating that the cytokinin signaling 

is enhanced in LRP in response to DNA damage. Furthermore, I found that zeocin 

induced several cytokinin biosynthesis genes in a SOG1-dependent manner, thereby 

activating cytokinin signaling in the LRP. To determine whether the activation of 

cytokinin signaling is involved in the inhibition of LR formation under DNA damage 

conditions, I observed the zeocin response of plants defective in cytokinin biosynthesis 

or signaling, such as ipt3-2;5-1;7-1, 35S::CKX1 or arr1-3;12-1, respectively. I found 

that reduction of LR density in response to zeocin treatment was observed in ipt3-2;5-

1;7-1, arr1-3;12-1, and 35S::CKX1 less frequently than in the wild-type. Overall, these 

results indicate that an increase in cytokinin signaling is crucial for the inhibition of LR 

formation in response to DNA damage. 

 My data demonstrate that SOG1-mediated regulation of DNA repair and 

cytokinin signaling plays a key role for maintenance of genome integrity in LRP and 

inhibition of LR formation under genotoxic stress. Both DNA repair and cytokinin 

signaling can be crucial for maintaining the ability of plants to produce LR after 
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recovery from genotoxic stress. It is known that various environmental stresses often 

produce ROS and cause the breakage of genomic DNA, implying that the above 

mechanism also underlies programmed response to other stresses in controlling overall 

root growth. 
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Introduction 

 

DNA damage and genotoxic stress 

Plants constantly suffer DNA damage throughout their lifetime. DNA damage 

(e.g., breakage in DNA sugar-phosphate backbone, nucleotide mismatch, base losses and 

chemical modifications) introduces mutations in genetic information and causes genome 

instability (Aguilera & García-Muse 2013). In plants, DNA damage is caused by 

exogenous factors from the environment such as UV and gamma ray irradiations, and 

various kind of genotoxic substances, such as DNA alkylating, crosslinking and 

radiomimetic agents (Britt 1996; Tuteja et al. 2001). In addition, DNA damage is also 

generated by endogenous factors such as the faulty of DNA polymerase during replication, 

spontaneous DNA depurination and the naturally occurring metabolic by-products in the 

form of reactive oxygen species (ROS) and various reactive intermediates (Britt 1996; 

Møller et al. 2007; Tripathy & Oelmüller 2012). Furthermore, environmental stresses 

such as osmotic stress, high salinity, metal toxicity, pollutant, heat and high light stress, 

nutrient deprivation and pathogen attacks have been also shown to cause overproduction 

of ROS to a level beyond the scavenging capacity of the cell (Mittler 2002). Elevated 

reactive oxygen radicals pose a threat to genomic integrity since they can oxidize and 

damage genomic DNA, resulting in serious consequences for the cell (Apel & Hirt 2004). 

By-products of cellular metabolism in the form of ROS and natural alkylating 

agents such as S-adenosylmethionine and N-nitrosamines can cause modification in DNA 

bases (Britt 1996; Fu et al. 2012). ROS-induced oxidative lesions such as 8-
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hydroxyguanine and uracil are mutagenic, while other lesions such as thymine glycol and 

its degradation product, urea, block DNA synthesis (Britt 1996). In contrast, alkylating 

agents modify DNA base by transferring alkyl group to the nitrogen and the extracyclic 

oxygen atoms of the base (Fu et al. 2012).  

Based on the number of its reactive sites, alkylating agent is divided into two 

categories, monofunctional and bifunctional agents. Monofunctional alkylating agents 

such as methylmethanesulfonate (MMS) and ethylmethanesulfonate (EMS) contain one 

active site that can react with DNA base, resulting in formation of a simple alkylated 

adduct (Manova & Gruszka 2015; Kurowska et al. 2011; Sikora et al. 2011, Fu et al. 

2012). Simple alkylated adducts, such as N7-methylguanine is prone to spontaneous 

depurination and subsequent mutagenesis, meanwhile N3-methyladenine is highly toxic, 

as it blocks DNA replication (Shrivastav et al. 2010; Fu et al. 2012). Bifunctional 

alkylating agents including nitrogen mustards and mitomycin C (MMC), contain two 

reactive groups that can bind to separate DNA bases (Fu et al. 2012). When a base from 

one strand is covalently bond to another base on the opposing strand of the DNA duplex, 

DNA interstrand crosslink formed (Noll et al. 2006). Covalent linkage between the 

interstrand-crosslinked bases prevents DNA strands separation during replication and 

transcription (Noll et al. 2006; Deans & West 2011).  

In contrast to interstrand crosslinks, DNA intrastrand crosslinks are formed when 

the bases in the same strand of a DNA double helix covalently crosslink each other (Deans 

& West 2011). Cisplatin, an anti-cancer drug, predominantly produces DNA intrastrand 

crosslinks lesions, which account for the drug cytotoxicity (Noll et al. 2006; Rabik & 
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Dolan 2007). In addition, cisplatin produces small proportion of interstrand crosslink 

adducts (Jung & Lippard 2007; Kartalou & Essigmann 2001).  

Despite their much less occurrence than all other type of DNA damage, the 

breakage of DNA backbone either single or double-strand breaks (SSBs or DSBs), causes 

high risk to genome integrity, leading to chromosome rearrangement and loss (Aguilera 

& García-Muse 2011). DNA strand breaks are primarily generated when DNA replication 

encounters obstacles such as various DNA damage lesions, protein barriers, 

heterochromatin, non-B DNA structures, and transcribed genes (Zeman & Cimprich 

2014). Secondly, they are caused by the ROS-induced oxidative damage in sugar 

phosphate backbone of DNA (Lieber, 2010). Thirdly, DNA strand breaks can be induced 

by ionizing radiation. Ionizing radiation exerts high energy transmitted in the form of 

electromagnetic waves such as gamma-rays and X-rays, or particles such as alpha, beta 

and heavy ion particles (Alizadeh et al. 2015).  

 

DNA damage responses 

Because the maintenance of genome integrity is crucial for survival under various 

environmental conditions, plants have a signaling pathway that senses DNA lesions and 

transduces the signal to trigger cellular responses to DNA damage (Figure 1-1) (Ciccia & 

Elledge 2010; Hu et al. 2016). Similar to mammals and yeasts, plants sense DNA damage 

through the sensor kinases ATAXIA-TELANGIECTASIA MUTATED (ATM) and ATM 

AND RAD3-RELATED (ATR) (Garcia et al. 2003; Culligan et al. 2004). ATM is 

activated by DSBs, whereas ATR responds to SSBs and DNA replication fork blocking. 
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ATM and ATR phosphorylate the plant-specific NAC transcription factor SUPPRESSOR 

OF GAMMA RESPONSE 1 (SOG1) (Yoshiyama et al. 2013; Sjogren et al. 2015). 

Phosphorylation on the consensus SQ motifs activates SOG1 to induce the transcription 

of downstream genes, which are associated with cell cycle regulation, DNA repair, and 

programmed cell death (Yoshiyama et al. 2013, Furukawa et al. 2010).  

Rapid transcriptional changes are one of the prominent responses to DNA damage 

in plants. The upregulated genes mainly consist of genes involved in genome maintenance 

and metabolism (e.g., ribonucleotide reductase, DNA polymerases δ and ε, and RPA-like 

genes), chromatin structure and maintenance (e.g., SYN2), and DNA repair (e.g., BRCA1, 

RAD51, RAD17, PARP1 and PARP2). Meanwhile, the downregulated genes are mostly 

involved in mitotic cell cycle regulation (e.g., CYCB1;2, CDKB1;2, CDKB2;1) and 

cytokinesis (e.g., KNOLLE) (Culligan et al. 2006).  

 

DNA repair 

Repair of DSBs has two main mechanisms, homologous recombination (HR) 

and non-homologous end-joining (NHEJ) (Chapman et al. 2012) (Figure 1-2). HR uses 

homologous sequences as the template for repair, while NHEJ-mediated repair does not 

require homologous sequences. Utilization of NHEJ and HR for DSB repair are 

sequential and depend on the cell cycle. Namely, NHEJ is the main mechanism for DSB 

repair in somatic plant cells, and is associated with random integration of DNA segments 

into plant genomes (Puchta & Fauser 2014). In contrast, HR is more prevalent during the 

S-to-G2 phases, since sister chromatids produced during DNA replication are utilized as 
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the homologous template for recombination (Puchta 2005).  

In HR-mediated DSB repair, DSBs are recognized and bound by the Mre11-

Rad50-Nbs1 (MRN) complex. Recently, RAD17 has been shown to facilitate recruitment 

of the MRN complex at DSB sites (Wang et al. 2014). MRN complex catalyzes DSB end 

resection to generate 3’-OH overhang tail (Symington 2014). These single-strand DNAs 

(ssDNAs) are secured by REPLICATION PROTEIN A (RPA) proteins. BRCA2 and 

BRCA1 act as mediator proteins that displace RPA from ssDNA and promote formation 

of RAD51-ssDNA nucleofilament. RAD51-ssDNA nuclueofilament plays a key role in 

homology search and invasion of homologous DNA strand (Heyer et al. 2010). After 

RAD51-dependent strand invasion, an intermediate structures called displacement loop 

(D-loop) is formed between the invading 3' DNA overhang strand and the homologous 

recipient strand. DNA polymerase then proceeds to synthesize new DNA on the invading 

3’ DNA end, and a Holliday junction is formed (Heyer et al. 2010). Following this, DNA 

synthesis occurs on the invading strand, restoring the strand on the homologous 

chromosome that was displaced during strand invasion. 

In contrast to HR, NHEJ pathway directly joins the broken ends of DSB in an 

error-prone manner without homologous sequences, frequently resulting in sequence 

modifications (insertions, deletions or substitutions) and DNA segment translocation 

(Chapman et al. 2012). Despite prone to error, NHEJ is predominantly chosen for DSB 

repair (Manova & Gruszka 2015; Puchta 2005). In NHEJ, heterodimer proteins KU70 

and KU80 bind and bridge the ends of DSB, aligning the DNA ends and at the same time 

protecting them from degradation. DSB ends do not always possess 3' hydroxyl and 5' 
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phosphate termini that are compatible for direct ligation. In fact, most of DSBs have 

chemical modifications at or near the ends that need to be removed or processed so that 

rejoining can proceed (Povirk et al. 2012; Davis & Chen 2013). The KU complex acts as 

scaffolds for the recruitment of DNA-PKc, a phosphoinositide 3-kinase (PI3K) family 

protein, needed for recruitment of various processing proteins (Davis & Chen 2013). 

Artemis, one of the DSB end processing enzyme, possesses a nuclease activity to resect 

DSB overhangs and to generate ligatable ends. Finally, the blunt-end ligation is mediated 

by X-ray repair cross-complementing protein (XRCC)–DNA ligase 4 (LIG4) proteins 

complex (Manova & Gruzska 2015). In addition, discontinuous gaps that remain after 

alignment of DSBs with overhangs are typically filled in by gap-filling DNA polymerases 

µ and λ (Davis & Chen 2013). 

 

Lateral root organogenesis 

Root development is controlled in a plastic manner to cope with fluctuating 

environmental conditions. Since lateral roots (LRs) contribute to water and nutrient 

uptake from soil and account for the majority of plant root mass, control of LR formation 

is a crucial survival strategy for plants under stressful conditions (Malamy 2005). LR 

formation is inhibited in response to salt/osmotic stress (Van der Weele et al. 2000; Deak 

& Malamy 2005; Duan et al. 2013), herbicide-induced oxidative stress and Fe, and Zn 

toxicity (Li et al. 2015; Richard et al. 2011; Jain et al. 2013).  

LRs are formed post-embryonically along the primary root, followed by 

ramification (tertiary, quaternary, and further branching) (Nibau et al. 2008) (Figure 1-3). 
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Oscillation of auxin response in the protoxylem of primary roots controls the regular 

distribution and left-right alternating pattern of LRs (De Smet et al. 2012; Moreno-

Risueno et al. 2010). LRs are originated from the pericycle, which is located between the 

endodermis and the central vasculature of primary roots. When the auxin response 

reaches the maximum oscillation peak, the xylem-pole pericycle cells are primed; local 

auxin accumulation triggers the specification of a subset of pericycle cells into LR 

founder cells (LRFCs) (Dubrovsky et al. 2008). After this specification, LRFC division 

is activated to form LR primordium (LRP). During this initiation step, nuclei in a pair of 

LRFCs migrate toward the common cell wall, leading to asymmetric cell division that 

generates two small daughter cells flanked by two larger cells (Malamy & Benfey 1997; 

Casimiro et al. 2001; De Rybel et al. 2010). This asymmetric cell division is followed by 

a series of anticlinal cell division, resulting in the formation of a single layered first-stage 

LRP. Afterwards, LRP rapidly develops into another seven distinct stages through 

successive cell divisions. The first three rounds of periclinal division form LRPs at stage 

II, III and IV characterized by two, three and four cell layers, respectively (Malamy & 

Benfey 1997). Subsequent periclinal, tangential, and anticlinal divisions generate dome-

shaped LRP at stage V that progressively penetrates into the endodermis and the cortex 

(Malamy & Benfey 1997). From stage VI, LRP acquires a putative vascular cell layer 

surrounded by three outer layers, which correspond to the epidermis, the cortex, and the 

endodermis (Malamy & Benfey 1997). Transition from stage VII to VIII is primarily 

driven by cell expansion, and thereafter, LRs emerge from the epidermis of the primary 

root (Malamy & Benfey 1997). 
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The role of auxin in LR development 

Auxin controls various aspects of plant development. Indole-3-acetic acid (IAA) 

is the common naturally occurring auxin in plants, which can exist in the free active form 

or the conjugated inactive intermediates (Zhao 2012). Auxin response is transcriptionally 

regulated by the AUXIN RESPONSE FACTORs (ARFs) protein family. Under low auxin 

conditions, transcriptional repressors of Auxin/INDOLE ACETIC ACID (Aux/IAA) 

family proteins form a heterodimer with ARFs, thereby blocking ARFs from efficiently 

binding to the promoters of auxin responsive genes. Auxin is perceived by the F-box 

protein, TRANSPORT INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX 

PROTEINS (TIR1/AFBs), which is included in the E3 ligase SKP1–Cul1–F-box (SCF). 

When auxin is abundant, auxin promotes the interaction between TIR1/AFBs and 

Aux/IAAs, leading to ubiquitylation and proteasome-mediated degradation of Aux/IAA. 

Aux/IAA degradation releases ARFs from repressive complex, allowing transcriptional 

regulation of target genes and eventually enhancing auxin response (Wang & Estelle 

2014). Interestingly, different TIR1/AFB–Aux/IAA complexes display different binding 

affinities to auxin. Due to this property, specific Aux/IAAs are degraded at different 

thresholds of auxin concentration (Wang & Estelle 2014).  

Auxin controls LR initiation, LRP development and LR emergence via multiple 

auxin-signaling modules. An auxin signaling module consists of a pair of Aux/IAA and 

ARF proteins which regulate auxin-responsible genes (Lavenus et al. 2013). During LR 

initiation, IAA28–ARF5, –ARF6, –ARF7, –ARF8, and –ARF19 modules are required 

for priming of LR founder cells (Lavenus et al. 2013). The IAA14/SLR–ARF7 and –
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ARF19 modules control the expression of LATERAL ORGAN BOUNDARIES-

DOMAIN/ASYMMETRIC LEAVES2-LIKE (LBD/ASL) family to promote polarization 

and coordinated nuclear migration of two neighboring LR founder cells, and to trigger 

LR initiation (De Rybel et al. 2010; Goh et al. 2012; Fukaki et al. 2002; Fukaki et al. 

2005; Okushima et al. 2005). The IAA12–ARF5 has been also shown to successively 

control LR initiation together with IAA14/SLR–ARF7 and –ARF19 (De Smet et al. 2010). 

Patterned cell division in the early stage is important to establish functional LRPs. 

Leucine-rich repeat receptor-like kinase ARABIDOPSIS CRINCKLY 4 (ACR4), which 

is downstream of the IAA14-dependent auxin signaling pathway, specifies cell identity 

and controls formative division of LRP cells by repressing ectopic division of surrounding 

pericycle cells (De Smet et al. 2008). Another factor PUCHI, an AP2-like transcription 

factor, regulates cell division patterning at the flanks of the LRP through auxin-dependent 

signaling (Hirota et al. 2007). 

Auxin transport conducted by PIN-FORMED (PIN)-mediated auxin efflux, and 

AUXIN RESISTANT 1 (AUX1) and LIKE AUX1 (LAX)-dependent auxin influx shapes 

auxin gradient in the LRP. Proper auxin gradient is crucial for controlling LR 

development and determining LR density and position (Benková et al. 2003; Marchant et 

al. 2002; Laskowski et al. 2008; Swarup et al. 2008). In order to emerge, LRPs must grow 

through three tissue layers of the primary root, namely the endodermis, the cortex and the 

epidermis, thus accommodation to these overlying layers is also crucial for LR 

development. SHY2-dependent auxin perception in the overlying endodermal cells is 

required for biomechanical change in cell shape, size and barrier feature, thus allowing 
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LRP penetration through endodermis (Vermeer et al. 2014). Furthermore, sequential 

induction of PIN3 and LAX3 is instrumental to properly direct the auxin flux to the cortex 

and epidermal cells overlying the LRP. This coordinated auxin focusing is required for 

induction of cell wall remodeling enzymes to loosen the cortex and the epidermis, thereby 

facilitating LRP growth and emergence (Swarup et al. 2008; Peret et al. 2013). 

 

Cytokinins and its function during LR development  

Phytohormone cytokinins play pivotal roles in various aspects of plant growth and 

development, including cell proliferation, cell differentiation and organogenesis, as well 

as in plant immunity and stress response (Hwang et al. 2012). Cytokinins are adenine 

derivatives with distinct substitutions attached to the N6 position of the adenine ring 

(Kieber & Schaller 2014). In Arabidopsis, N6-(∆2-isopentenyl) adenine (iP) and trans-

zeatin (tZ) free bases are known as major bioactive cytokinins (Sakakibara 2006). In 

addition, inactive cytokinin conjugates exist in the form of cytokinin ribosides, ribotides, 

and glucose derivatives (Sakakibara 2006). The initial step of cytokinin biosynthesis is 

N6-prenylation of adenosine 5 ′ -phosphates catalyzed by adenosine phosphate-

isopentenyltransferase (IPT), which produces iP-riboside 5 ′ -phosphates (iPRPs; 

Kakimoto 2001; Takei et al. 2001). The trans-hydroxylation of the prenyl side chain of 

iPRPs is catalyzed by the cytochrome P450 enzymes CYP735A1 and CYP735A2, 

producing tZ-riboside 5 ′ -phosphates (tZRPs). The cytokinin-activating enzyme 

LONELY GUY (LOG) then converts iP- and tZ-riboside 5′-monophosphate to iP and tZ, 

respectively (Kurakawa et al. 2007; Kuroha et al. 2009).  
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In Arabidopsis thaliana, cytokinin signal transduction occurs via multi-step 

phosphotransfer system which consists of membrane-localized sensor kinase 

ARABIDOPSIS HISTIDINE KINASE (AHK), histidine-containing phosphotransfer 

protein ARABIDOPSIS HISTIDINE-CONTAINING PHOSPHOTRANSFER (AHP), 

and type-B ARABIDOPSIS RESPONSE REGULATOR (ARR) (Hwang et al. 2012; 

Kieber & Schaller 2014). Cytokinin receptors AHKs are hybrid kinases that contain the 

N-terminal histidine kinase domain and the C-terminal receiver domain. Cytokinin 

binding to the transmembrane CHASE domain of AHKs induces autophosphorylation at 

the histidine residue in the kinase domain, which subsequently triggers transfer of the 

phosphoryl group from the kinase domain to the aspartic acid residue in the receiver 

domain (Kieber & Schaller 2014). AHPs act downstream of AHKs to relay the 

phosphoryl group from AHKs to type-B ARRs. AHPs move from the cytosol to the 

nucleus and relay the phosphoryl group to nuclear-localized type-B ARRs. The 

phosphorylated type-B ARRs bind to the cis element in cytokinin-responsive genes and 

regulate their expression. Type-B ARRs are characterized by the N-terminal receiver 

domain, which perceives the phosphosignal from AHPs, and the large C-terminal 

extension consisting of Myb-like DNA binding domain (GARP domain), activation 

domain, and putative nuclear localization signal. The function of type-B ARRs is 

regulated by the interplay between the DNA binding domain and the receiver domain. 

The receiver domain negatively regulates the activity of type-B ARRs, whereas the 

phosphorylation of the receiver domain releases this inhibition (Kieber & Schaller 2014).  

It has been known that exogenous cytokinin application results in fewer LRs, 
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while mutants or transgenic plants with reduced cytokinin level and signaling have an 

increased number of LRs (Li et al. 2006; Miyawaki et al. 2006; Mason et al. 2005; Werner 

et al. 2003; Laplaze et al. 2007). Fine-tuning of the expression of cytokinin biosynthesis 

genes in the LR founder cells regulates the distance between primordia (Chang et al. 

2015). Cytokinins antagonize auxin function during LR development. While proper auxin 

gradient formation is essential not only for LR initiation but also for LR development and 

emergence (Benkova et al. 2003; Swarup et al. 2008), cytokinins negatively regulate LR 

development by interfering the transcription of the auxin efflux carrier PIN genes and by 

promoting lytic degradation of the PIN proteins, thereby disrupting the formation of an 

auxin gradient around LR founder cells and LRP (Laplaze et al. 2007; Marhavý et al. 

2011). Moreover, cytokinins have an inhibitory effect on LRP development in a stage-

dependent manner; namely, young primordium is more sensitive to cytokinins than that 

of advanced stages. In the early stage, auxin gradient is easily disrupted by exogenous 

cytokinin application. On the other hand, as the LRP develops into more advanced stages, 

stable and robust auxin gradient is getting established, thus LRP is less affected by 

cytokinins (Bielach et al. 2012). The role of cytokinins in regulating cell division and 

organogenesis by controlling the PIN expression has been a recurrent theme both in 

primary and lateral root (Dello loio et al. 2008; Pernisová et al. 2009; Ruzicka et al. 2009; 

Zhang et al. 2011; Marhavý et al. 2011).  

 

Objectives of the research 

DNA damage is relevant problem to plant productivity. For instance, aluminum 
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(Al) toxicity which severely affects crop production all over the world is known to cause 

DNA damage (Kochian et al. 2015; Larsen et al. 1997; Sjogren et al. 2015). Furthermore, 

environmental stresses are well known to cause over-accumulation of ROS, which is also 

detrimental to DNA integrity (Mittler et al. 2002; Apel & Hirt 2004). However, our 

understanding on how the DNA damage signal is interpreted by plant cell and manifested 

biologically as growth and developmental response is still very limited. 

In this study, I found that DNA damage not only inhibited primary root growth 

but also suppressed LR formation, indicating that DNA damage response may regulate 

overall root system. Plant root system is determined by primary root growth and LR 

formation. Primary root growth is mainly driven by the cell division in the pre-existing 

root apical meristem, while LR development is a post-embryonic organogenesis event 

involving the formation of new meristem from a subset of pericycle cells in the primary 

root (Petricka et al. 2012; De Smet et al. 2006). LRs constitute the majority of plant root 

system and their formation is highly influenced by environmental factors, thus the control 

of LR formation hold a great importance in determining root system architecture in 

response to ever changing external conditions (Nibau et al. 2008; Benková et al. 2010). 

Given this pivotal role of LR formation and the relevance of DNA damage as a real 

problem to plant productivity, it is important to study the DNA damage response in LR 

formation. I aim to reveal the molecular mechanism of inhibition of LR formation in 

response to DNA damage and to understand the biological importance of such response 

during LR organogenesis. 

In this study, I investigated the LR response of model plant Arabidopsis 
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thaliana. I revealed that DSB, DNA alkylation and crosslinks damage inhibits LR 

formation. Furthermore, I revealed that SOG1-dependent DNA damage signaling is 

involved in the induction of cytokinin biosynthesis genes. LR formation was less 

inhibited by DSBs in cytokinin biosynthesis and signaling mutants, suggesting that plants 

actively elevate cytokinin levels to inhibit LR formation in response to DNA damage. In 

parallel, SOG1-mediated signaling pathway induced DNA repair genes independently 

from that of cytokinin biosynthesis genes. Based on these findings, I propose that DNA 

damage signaling separately controls DNA repair and cytokinin level, thereby 

maintaining genome integrity during LR development. 
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Figure 1-1. DNA damage response in plants 

DNA damage activates DNA damage signaling. SSBs and replication stress activate ATR-

dependent signaling, while DSBs activate ATM-mediated pathway. Both ATM and ATR 

upregulate WEE1 expression and in turn, WEE1 phosphorylates CDK to arrest cell cycle. 

ATM and ATR phosphorylation activate SOG1 transcription factor which is important for 

transcriptional regulation of downstream genes involved in cell cycle arrest, 

endoreplication, DNA repair and programmed cell death.  

  



 24 

Figure 1-2. DSB repair pathway 

DSBs induce ATM activation, and ATM phosphorylates H2AX, generatingγH2AX foci 

that facilitate recruitment of multiple DNA repair proteins. DSBs are repaired through 

NHEJ or HR-mediated pathway. NHEJ pathway directly joins the broken ends of DSB 

without homologous sequences. In NHEJ pathway, DSB ends are bound and secured by 

KU complex. The DSB ends are then processed and ligated. In HR-mediated repair 

pathway, DSB ends are resected into 3’OH single-stranded overhangs. RPA binds and 

secures the ssDNA. BRCA2 mediates the replacement of RPA with RAD51 protein, 

leading to formation of RAD51-ssDNA nucleofilaments. RAD51 catalyzes homology 

search and strand invasion of homologous chromosome/sister chromatid. HR pathway 

branches into several routes, namely double holiday junction (DHJ), synthesis-dependent 

strand annealing (SDSA) and break-induced replication (BIR) sub-pathways. Figure is 

modified from Chowdury et al. 2013 and Heyer et al. 2010.  
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Figure 1-3. LR organogenesis  

LR organogenesis in Arabidopsis consists of three major events, LR initiation, LRP 

development, and LR emergence. LRP initiated from a subset of pericycle cells undergoes 

a series of patterned cell divisions that progressively develop from stage I up to stage VIII 

primordium and eventually emerges as mature LR. Local auxin accumulation in LRP 

(indicated as blue color in this figure) is crucial for proper LR development. In contrast, 

cytokinin inhibits this process by affecting auxin accumulation. Figure is modified from 

Péret et al. 2009. 
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Materials and Methods 

 

Plant growth conditions 

 Arabidopsis thaliana (ecotype Columbia-0) plants were grown vertically under 

continuous light conditions at 22°C on Murashige and Skoog (MS) plates (0.5 × MS salts, 

0.5 g/L 2-(N-morpholino)ethanesulfonic acid (MES), 1% sucrose, and 1.2% phytoagar, 

pH 6.3). For DNA damage and cytokinin experiments, five-day-old seedlings were 

transferred onto medium containing DNA-damaging agents: zeocin (Invitrogen), 

bleomycin, MMC, cisplatin, HU (Wako), or MMS (Nacalai Tesque); or cytokinins: 

kinetin (Sigma) or benzyladenine (Wako).  

 

Plant materials and constructs 

tir1-1 (Ruegger et al. 1998), sog1-1 (Yoshiyama et al. 2009), atm-2 (Garcia et 

al. 2003), atr-2 (Culligan et al. 2004), ipt3-2;5-1;7-1 (Miyawaki et al. 2006), arr1-3;12-

1 (Mason et al. 2005), 35S::CKX1 (Werner et al. 2003), ARR5::GUS (D’Agostino et al. 

2000), and DR5::GUS (Ulmasov et al. 1997) have been described previously.  

The promoter sequence of RAD51 was amplified from Arabidopsis genomic 

DNA by polymerase chain reaction (PCR) with 5 ′ -

AAAAAGCAGGCTTTAGCGTCAAGTAGTTGG-3 ′  and 5 ′ -

AGAAAGCTGGGTTTCTCTCAATCAGAGC-3 ′  primers and cloned into the 

pDONR™221 (Invitrogen) entry vector by BP recombination reaction according to the 

manufacturer’s instructions (Invitrogen). To generate the pRAD51:GUS construct, the 
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entry clone was mixed with the pGWB3 destination vector (Nakagawa et al. 2009) and 

was subjected to LR recombination reaction according to the manufacturer’s instructions 

(Invitrogen). All constructs were transferred into the Agrobacterium tumefaciens 

GV3101 strain harboring plasmid pMP90. The obtained strains were used to generate 

stably transformed Arabidopsis with the floral dip transformation method (Clough & Bent 

1998). 

 

Quantitative RT-PCR 

 Total RNA was extracted from Arabidopsis root with a Plant Total RNA Mini 

Kit (Favorgen Biotech Corp.). First-strand complementary DNA (cDNA) was prepared 

from total RNA with ReverTra Ace® (Toyobo) according to the manufacturer’s 

instructions. For quantitative PCR, a THUNDERBIRD SYBR qPCR Mix (Toyobo) was 

used with 100 nM primers and first-strand cDNAs. PCR was performed on a LightCycler 

480 Real-Time PCR System (Roche) with the following conditions: 95°C for 5 min; 45 

cycles at 95°C for 10 sec, 60°C for 10 sec, and 72°C for 15 sec. ACTIN2 (At3g18780) 

was used as a reference gene. Primer sequences are listed in Table 2-1. 

 

GUS staining 

 Seedlings were incubated in GUS staining solution (100 mM sodium phosphate, 

1 mg/mL 5-bromo-4-chloro-3-indolyl β-D-glucuronide, 0.5 mM ferricyanide, and 0.5 

mM ferrocyanide [pH 7.4]) in the dark at 37°C. The samples were cleared with a clearing 

solution (chloral hydrate, glycerol, and water [8 g:1 mL:1 mL]) and observed under a 
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light microscope (Olympus). 

 

Root growth analysis 

 For root growth experiments, seedlings were grown vertically on square plates. 

Root tips were marked on the plates every 24 h. The plates were photographed, and root 

growth was measured with ImageJ software (http://rsb.info.nih.gov/ij/) by calculating the 

distance between successive marks along the root axis. 
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Table 2-1. Primers used for qRT-PCR 

 

Genes Primer sequences 

ACT2 
5’- CTGGATCGGTGGTTCCATTC -3’ 

5’- CCTGGACCTGCCTCATCATAC -3’ 

IPT2 
5’- AGGCTCCTTCGTCGTCAA -3' 

5’- CCATGATTCTTCAGATTTGCTTAATA -3' 

IPT3 
5’- CGGGTTCGTGTCTGAGAGAG -3’ 

5’- CTGACTTCCTCAACCATTCCA -3’ 

IPT5 
5’- AGTTACAGCGATGACCACCA -3’ 

5’- GGCAGAGATCTCCGGTAGG -3’ 

IPT7 
5’- ACTCCTTTGTCTCAAAACGTGTC -3’ 

5’- TGAACACTTCTCTTACTTCTTCGAGT -3’ 

IPT9 
5’- TGGATTGTATCTGCGATGGTT -3’ 

5’- TGGGCCTCAGCGATAACTT -3’ 

LOG1 
5’- GAACTCGGAACCGAACTGG -3’ 

5’- TCAAACCCATTAAACCAATGC -3’ 

LOG2 
5’- TTTGAAGAGTTGTTGGAAGTCATC -3’ 

5’- TCCATCCACGTTCAATAGTCC -3’ 

LOG3 
5’- TGATGCTTTTATTGCCTTACCA -3’ 

5’- CCACCGGCTTGTCATGTAT -3’ 

LOG4 
5’- GTTTGATGGGTTTGGTTTCG -3’ 

5’- CACCGGTCAACTCTCTAGGC -3’ 

LOG5 
5’- ATGGGTTTGGTCTCACAAGC -3’ 

5’- CTCCGGTTATCTCTTTGTCCA -3’ 

LOG6 
5’- CAATGGGAACAAAGCTAGTTATCAA -3’ 

5’- AAGATCAATCTTCCTCATCATCACCA -3’ 
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LOG7 
5’- CATGTTCTAGGGGTCATTCCA -3’ 

5’- CTCCGATGGTCTCACCAGTT -3’ 

LOG8 
5’- ATTGCACTCCCTGGAGGTTA -3’ 

5’- CCCATCAACATTCAATAGACCA -3’ 

CYP735A1 
5’- GGCCTTCCCTCAGTCGAT -3’ 

5’- TTCAAATGCCATCCTTGGTAG -3’ 

CYP735A2 
5’- GAACAGCTCTCAAGTCTTACTTCGT -3’ 

5’- TCAAATGCCATTCTTGGTAAAA -3’ 

RAD17 
5’- CTAGTGCGACTCAAGAAGAC -3’ 

5’- GCCTGTATTTGTCAACCCAC -3’ 

RAD51 
5’- GATCACGGGAGCTCGATAAA -3’ 

5’- GCGGAACTCACCATATAACTCTG -3’ 

BRCA1 
5’- TCTTGCTCAGGGCTCACAGTTGAAG -3’ 

5’- TTTCCCCTCCAAGATTGCCATCATG -3’ 

PARP2 
5’- AGCCTGAAGGCCCGGGTAACA -3’ 

5’- GCTGTCTCAGTTTTGGCTGCCG -3’ 
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Results 

 

DNA damage inhibits LR formation 

 To observe the response of LRs to DNA damage, I treated Arabidopsis 

seedlings with the radiomimetic reagent zeocin, which causes DSBs (Huang et al. 1981). 

When 5-day-old seedlings were transferred onto zeocin-containing medium and grown 

for seven days, primary root growth was retarded (Figure 3-1 A, B) as reported previously 

(Adachi et al. 2011), but LR formation was also inhibited compared with that in the 

untreated control (Figure 3-1 C). The reduction in LR density (the number of emerged 

LRs per primary root length) was dependent on zeocin concentration (Figure 3-1 D). This 

result indicates that DSBs inhibit LR formation.  

LR is developed from LRP through a series of cell divisions according to well-

defined processes (Casimiro et al. 2003; Péret et al. 2009). After its initiation, LRP rapidly 

develops through successive cell divisions. The first three rounds of periclinal division 

form LRPs at stage II, III and IV, which are characterized by two, three and four cell 

layers, respectively (Malamy & Benfey 1997). Subsequent periclinal, tangential, and 

anticlinal divisions generate dome-shaped LRP at stage V that progressively penetrates 

into the endodermis and the cortex (Malamy & Benfey 1997). From stage VI onward, 

LRP already possesses a putative vascular cell layer surrounded by three outer layers, 

which correspond to the epidermis, the cortex, and the endodermis (Malamy & Benfey 

1997). Transition from stage VII to VIII is primarily driven by cell expansion, and 

thereafter, LRs emerge from the epidermis of the primary root (Malamy & Benfey 1997). 
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To gain insight into how DSBs affect LRP development, I observed the distribution of 

each LRP stage after zeocin treatment (Figure 3-2). In the absence of zeocin, more than 

50% of the observed events were in emerged stage. Zeocin treatment reduced the ratio of 

emerged LR by half, while that of LRP at the first stage increased more than twofold 

(Figure 3-2). Furthermore, frequency of LR initiation was reduced upon zeocin treatment 

(data not shown). These results indicate that DSBs inhibit the progression of LRP 

development at stage I and LR initiation, while about 80% of LRP still progress into later 

stages. 

To examine whether other types of DNA damage also inhibit LR formation, 

seedlings were treated with bleomycin, methyl methanesulfonate (MMS), cisplatin, 

mitomycin C (MMC), or hydroxyurea (HU). Bleomycin, a radiomimetic drug belonging 

to the same class as zeocin, causes DSBs (Povirk 1996). MMS is an alkylating agent that 

methylates guanine and adenine bases, causing base mispairing and replication blocks 

(Beranek 1990; Llorente et al. 2008). MMC generates interstrand cross-links on DNA, 

whereas cisplatin preferentially forms intrastrand cross-links (Eastman 1985; Rink et al. 

1996). HU inhibits deoxyribonucleotide production, thereby causing stalled replication 

fork (Wang & Liu 2006; Saban & Bujak 2009). These DNA damaging agents inhibited 

primary root growth in a concentration-dependent manner (Figure 3-3). Interestingly, 

bleomycin, MMS, cisplatin, and MMC inhibited LR formation (Figure 3-4 A–D), 

whereas HU treatment had no significant effect on LR density although primary root 

growth was retarded (Figure 3-3 E, Figure 3-4 E). These results suggest that DSBs, DNA 

alkylation, and DNA cross-links, but not DNA replication stress, inhibit LR formation. 
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DNA damage up-regulates cytokinin signaling in LRP  

Phytohormone auxin and cytokinins antagonistically regulate LR  

development. Auxin promotes LR initiation and LRP development, whereas cytokinin 

inhibits those processes (Lavenus et al. 2013; Laplaze et al. 2007; Marhavy et al. 2011). 

I therefore investigated the involvement of these two phytohormones in LR inhibition in 

response to DNA damage. As for auxin, I assessed LR response of the TIR1-defective 

mutant. TIR1 is an F-box protein that perceives auxin and functions in complex with an 

SCF E3 ligase to promote proteasome-mediated degradation of the auxin signaling 

repressor Aux/IAAs, thereby activating auxin signaling (Wang & Estelle 2014). The tir1 

mutant showed less LR density compared with the wild-type under control conditions 

(Figure 3-5 B). Following zeocin treatment, tir1 showed even more reduction in LR 

density compared with that of wild-type (Figure 3-5 A, B). For instance, upon 5 µM 

zeocin treatment, the LR density in wild-type was only reduced by 59%, while that of tir1 

was more severely reduced by 73%, indicating that tir1 is hypersensitive to zeocin (Figure 

3-5 B). This result suggests that auxin plays a role in LR inhibition in response to DNA 

damage.  

I then examined the effects of cytokinins on LR formation. When wild-type 

seedlings were treated with bioactive cytokinins, such as 300 nM kinetin or 40 nM 

benzyladenine (BA), LR density significantly decreased (Figure 3-6), supporting 

previous observations (Laplaze et al. 2007). Detailed analysis of LRP development 

showed that compared with the untreated control, cytokinin-treated seedlings showed a 

greater than twofold increase in the ratio of LRP arrested at stage I (Figure 3-6 C). Note 
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that this tendency is highly similar to that of zeocin-treated seedlings (Figure 3-6), 

suggesting that DNA damage inhibits LR formation by modulating cytokinin signaling.  

To examine whether the cytokinin signaling is altered in LRP after DNA 

damage, I observed the expression of the cytokinin signaling marker gene ARR5. It has 

been shown that cytokinin treatment activates the GUS reporter gene expression driven 

by the ARR5 promoter (D’Agostino et al. 2000). As shown in Figure 3-7, pARR5::GUS 

expression was detected in the central cylinder, but not in LRP, in the absence of zeocin. 

However, zeocin treatment dramatically increased GUS expression in LRP, indicating 

that the cytokinin signaling is enhanced in LRP in response to DNA damage. 

 

DNA damage actively induces cytokinin biosynthesis genes  

Although cytokinin signaling was activated in LRP under DNA damage, 

previous microarray data showed that the expression of genes involved in cytokinin signal 

transduction was not altered by DSBs-inducing gamma ray irradiation (Table 3-1). 

Therefore, I hypothesized that cytokinin biosynthesis is up-regulated in response to DNA 

damage. I used qRT-PCR to measure the expression levels of cytokinin biosynthesis genes 

IPTs (IPT2, 3, 5, 7, 9), LOGs (LOG1, 2, 3, 4, 5, 6, 7, 8) and CYP735As (CYP735A1, 2). 

The results showed that transcript levels of IPT2, IPT7, IPT9, LOG2, LOG3, LOG4, 

LOG5, LOG7, and LOG8 were increased in roots after treatment with 5 µM or 10 µM 

zeocin (Figure 3-8).  

ATM is activated by DSBs, whereas ATR responds to SSBs and DNA 

replication stress (Garcia et al. 2003; Culligan et al. 2004). ATM and ATR then 
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phosphorylate and activate the plant-specific transcription factor SOG1 (Yoshiyama et al. 

2013; Sjogren et al. 2015). The ATM-SOG1 pathway regulates hundreds of genes 

involved in cell cycle arrest, stem cell death, early onset of endoreplication, and DNA 

repair (Culligan et al. 2006; Yoshiyama et al. 2009). To determine whether the SOG1-

mediated pathway is required for upregulation of cytokinin biosynthesis genes, I 

examined the expression of IPT2, IPT7, IPT9, LOG3, and LOG4 which are upregulated 

in wild-type upon zeocin treatment, in the sog1-1 mutant carrying a missense mutation in 

the NAC domain (Yoshiyama et al. 2009). The qRT-PCR results showed that the induction 

of the expression of these genes by zeocin treatment was suppressed in sog1-1 (Figure 3-

9 A, B), indicating that the induction of cytokinin biosynthesis genes is a programmed 

response to DNA damage through the SOG1-dependent pathway.  

Induction of cytokinin biosynthesis genes leads to an increase in cytokinin level 

(Sun et al. 2003; Sakakibara et al. 2005). Indeed, measurement of the content of bioactive 

cytokinins, iP and tZ, revealed that zeocin treatment significantly increased the iP level 

in wild-type, whereas such an increase was absent in sog1-1 (Supplemental Figure 3-1; 

data was taken by Dr. H. Sakakibara in RIKEN). Altogether, these results indicate that 

DNA damage actively upregulates cytokinin biosynthesis in the root tip. 

 

Elevated cytokinin signaling is crucial for the inhibition of LR formation in response 

to DNA damage 

To determine whether the activation of cytokinin signaling is involved in the 

inhibition of LR formation under DNA damage conditions, I observed the zeocin response 
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of plants defective in cytokinin biosynthesis or signaling. ipt3-2;5-1;7-1 has mutations in 

three major IPT genes, and is known to produce a very low amount of cytokinins 

(Miyawaki et al. 2006). I used this mutant because IPT7 is one of the cytokinin 

biosynthesis genes induced by zeocin treatment (Figure 3-8, Figure 3-9). As a cytokinin 

signaling mutant, arr1-3;12-1 was used in which type-B response regulators ARR1 and 

ARR12 are defective, thus signaling through the two-component pathway is weakened 

(Mason et al. 2005). I also used a transgenic line overexpressing cytokinin oxidase-

dehydrogenase 1 (CKX1) under the cauliflower mosaic virus 35S promoter (35S::CKX1), 

in which endogenous active cytokinins are actively degraded by CKX1 (Werner et al. 

2003). As shown in Figure 3-10, reduction of LR density in response to zeocin treatment 

was observed less frequently in ipt3-2;5-1;7-1, arr1-3;12-1, and 35S::CKX1 than in the 

wild-type. In ipt3-2;5-1;7-1 and 35S::CKX1, LR density was not reduced further at zeocin 

concentrations higher than 2.5 µM (Fig. 3-10 D, E). However, in arr1-3;12-1, it was 

reduced dependently on zeocin concentration up to 7.5 µM (Fig. 3-10 F). Arabidopsis 

possesses eleven type-B response regulators, and at least several of them have similar 

activities in cytokinin signaling (Hill et al. 2013). Therefore, it is likely that not only 

ARR1 and ARR12 but also other type-B response regulators are involved in transmitting 

the cytokinin signal enhanced by DNA damage. As a result, compared with ipt3-2;5-1;7-

1 and 35S::CKX1, arr1-3;12-1 displays more sensitive phenotype to zeocin. Overall, my 

results indicate that an increase in cytokinin production and subsequent signaling is 

crucial for the inhibition of LR formation in response to DNA damage. 
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Cell division during LR formation is severely inhibited in sog1 and atm mutants  

I have shown that the upregulation of cytokinin biosynthesis genes is an active 

response to DSBs in roots. However, it is still unknown whether inhibition of LR 

formation in zeocin-treated wild-type plants is an outcome of this active response to DNA 

damage. As mentioned above, DNA damage signaling in plants is mediated by the 

ATM/ATR-SOG1 pathway. Therefore, to reveal whether the inhibition of LR formation 

is a programmed response to DSBs, I first observed the LR response of sog1-1 mutant to 

zeocin treatment. Surprisingly, compared with the wild-type, sog1-1 showed 

hypersensitivity to zeocin in LR formation (Figure 3-11 A, B), whereas primary root 

growth was tolerant to zeocin (Figure 3-12) as reported previously (Adachi et al. 2011).  

Even though zeocin-induced inhibition of LR formation is an active response to 

DNA damage, the sog1-1 mutation might cause the accumulation of DNA damage, 

thereby masking suppression of the LR phenotype. To gather hints about this scenario, I 

observed the distribution of LRP stages in wild-type and sog1-1. In wild-type seedlings, 

zeocin treatment reduced the ratio of emerged LR by half, while that of LRP at the first 

stage increased more than twofold (Figure 3-13 A), indicating that even though LR 

development was inhibited at early stages, many LRP can develop into mature stage. By 

contrast, most LRP formation was arrested from stage I to IV in sog1-1 mutant, and no 

emerged LR was observed (Figure 3-13 B). This result suggests that zeocin treatment 

severely inhibits cell division for LRP formation in sog1-1. Indeed, when sog1-1 was 

treated with zeocin, periclinal and anticlinal divisions did not occur uniformly during LRP 

development (Figure 3-14). The cells constituting the zeocin-treated LRP in sog1-1 were 
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irregular in size and shape. Furthermore, the boundaries between each cell layers in those 

primordia are not clearly defined, resulting in abnormally shaped LRP (Figure 3-14).  

I also observed the response of atm-2 and atr-2 knockout mutants to zeocin. 

Similar to sog1-1, atm-2 showed zeocin-induced arrest of LRP development at early 

stages (Figure 3-13 C). On the contrary, I observed emerged LR in atr-2 mutant (Figure 

3-13 D), suggesting that cell division was not inhibited as severely as that in sog1-1 or 

atm-2 mutants. In contrast to the wild-type, zeocin treatment increased the ratio of LRP 

at stage III to VIII, rather than stage I, in atr-2, implying that ATR may be participated in 

the inhibition of LRP development upon DNA damage. 

 

SOG1-mediated control of genome integrity is important for LR formation 

The above results indicate that zeocin-induced DSBs severely inhibit cell 

division during LRP development in sog1-1 and atm-2 mutants. Since DSB signals are 

transmitted through the ATM–SOG1 pathway (Yoshiyama et al. 2013), DNA damage may 

be highly accumulated in atm-2 and sog1-1 mutants, thereby inhibiting cell division. To 

test this hypothesis, expression of a DNA repair gene was monitored in LRP. RAD51 

participates in DSBs repair via HR, and its expression is up-regulated by DNA damage 

(Osakabe et al. 2002; Abe et al., 2005). In wild-type seedlings carrying the pRAD51::GUS 

reporter gene, zeocin treatment increased β-D-glucuronidase (GUS) expression in LRP 

(Figure 3-15 A). By contrast, a trace level of GUS expression was observed in sog1-1 

even in the presence of zeocin (Figure 3-15 A). Measurement of RAD51 transcripts with 

quantitative reverse transcription-polymerase chain reaction (qRT-PCR) supported the 
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results of the GUS expression experiments (Figure 3-15 B, C). Similarly, the expression 

of other DNA repair genes, BRCA1, RAD17, and PARP2 (Block-Schmidt et al. 2011; 

Heitzeberg et al. 2004; Jia et al. 2013), was induced by DNA damage in wild-type but not 

significantly in sog1-1 (Figure 3-15 B, C). These results suggest that ATM-activated 

SOG1 is essential for the induction of DNA repair genes, thus maintaining genome 

integrity during LRP development. Note that primary root growth in sog1-1 was not 

inhibited, rather faster than that in the wild-type, in the presence of zeocin (Figure 3-12), 

suggesting that compared with the LRP, the primary root meristem is more resistant to 

accumulating DNA damage for unknown reasons. 

 To examine whether the zeocin-treated LRPs still retain the ability to develop 

into LRs, 2.5 or 5 µM zeocin-treated seedlings were transferred onto medium without 

zeocin and measured the number of emerged LR. In wild-type, LR density was gradually 

increased after transfer to zeocin-free medium; about 20 % increase in LR density was 

observed within five days after transfer (Figure 3-16 A). In sog1-1 mutant, however, LR 

formation was not recovered within five days (Figure 3-16 B), suggesting that irregularly 

formed LRP in sog1-1 could not restart cell division even in the absence of zeocin. These 

data indicate that SOG1-mediated maintenance of genome integrity plays a key role in 

preserving LRPs. 

While sog1-1 was hypersensitive to zeocin, cytokinin-related mutants were 

tolerant to zeocin (Figure 3-10) although cytokinin biosynthesis genes are induced via the 

SOG1-mediated pathway (Figure 3-9). To resolve this paradox, I hypothesized that SOG1 

differentially regulates genes for DNA repair and cytokinin biosynthesis, and that 
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enhanced cytokinin production inhibits LR formation but not affects DNA repair. I tested 

this hypothesis by measuring the expression levels of DNA repair genes in ipt3-2;5-1;7-

1. As shown in Figure 3-17, RAD51, BRCA1, PARP2, and RAD17 were induced by zeocin 

treatment to a similar extent as that in wild-type. This result suggests that, in cytokinin-

related mutant, damaged DNA is properly repaired, thereby exhibiting a tolerant 

phenotype to zeocin. 
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Figure 3-1. DNA damage inhibits LR formation.  

(A) wild-type Arabidopsis thaliana (Col-0) seedlings grown in the absence or presence 

of zeocin. Five-day-old seedlings were transferred onto control medium (control) or 

medium containing 2.5 µM zeocin (+ zeocin) and grown for an additional seven days. 

Black lines indicate the positions of the root tips when the seedlings were transferred onto 

each medium. Bar = 2 cm. (B) Primary root growth of wild-type seedlings grown on the 

media containing the indicated concentration of zeocin. (C) LR phenotype of wild-type 

seedlings grown on control medium (control) or medium containing 2.5 µM zeocin (+ 

zeocin). Arrowheads indicate the positions of the LR along the primary roots. Bar = 0.5 

cm. (D) LR density of wild-type seedlings grown on the media containing the indicated 

concentration of zeocin. Data are presented as means ± standard error (SE; n > 20). 

Significant differences between treated seedlings and the untreated control were 

determined with the Student’s t-test: ***, P < 0.001.  
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Figure 3-2. Stage distribution of LRP in response to zeocin treatment 

Five-day-old DR5::GUS seedlings were transferred onto control medium or medium 

containing 2.5 µM zeocin (+ zeocin) and grown for an additional seven days. Data are 

presented as means ± SE (n > 10). Significant differences between treated seedlings and 

the untreated control were determined with the Student’s t-test: *, P < 0.05; **, P < 0.01; 

***, P < 0.001. 
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Figure 3-3. Growth of primary root treated with various DNA damaging agents.  

Five-day-old wild-type seedlings were transferred onto control medium or medium 

containing the indicated concentrations of bleomycin (A), methyl methanesulfonate 

(MMS) (B), cisplatin (C), mitomycin C (MMC) (D), or hydroxyurea (HU) (E), and 

primary root length was measured. Data are presented as means ± SE (n = 14). 
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Figure 3-4. DNA double-strand breaks, alkylation, and cross-links, but not DNA 

replication stress, inhibit LR formation.  

LR density after transfer onto medium containing various DNA-damaging agents. Five-

day-old seedlings were transferred onto control medium or medium containing the 

indicated concentrations of bleomycin (A), methyl methanesulfonate (MMS) (B), 

cisplatin (C), mitomycin C (MMC) (D), or hydroxyurea (HU) (E) and grown for an 

additional seven days. Data are presented as means ± SE (n = 14). Significant differences 

between treated seedlings and the non-treated control were determined with the Student’s 

t-test: **, P < 0.01; ***, P < 0.001. 
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Figure 3-5. tir1 mutant is hypersensitive to zeocin 

(A) LR phenotype of tir1 mutant seedlings. Five-day-old wild-type (WT) and tir1 

eedlings were transferred onto control medium (control) or medium containing 2.5 µM 

zeocin (+ zeocin), and grown for an additional seven days. Arrowheads indicate the 

positions of the LR along the primary roots. Bar = 0.5 cm. (B) LR density of WT and tir1 

after transfer onto control medium or medium containing the indicated concentrations of 

zeocin. Data are presented as means ± SE (n > 20). Significant differences between treated 

seedlings and the WT control were determined with the Student’s t-test: **, P < 0.01; 

***, P < 0.001. 
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Figure 3-6. Cytokinin inhibit lateral root formation  

(A) LR phenotype of zeocin- or cytokinin-treated seedlings. Five-day-old wild-type 

seedlings were transferred onto control medium (control) or medium containing 2.5 µM 

zeocin (+ zeocin), 300 nM kinetin (+ kinetin), or 40 nM benzyladenine (+ BA) and grown 

for an additional seven days. Arrowheads indicate the positions of the LR along the 

primary roots. Bar = 0.5 cm. (B) LR density after transfer onto control medium or medium 

containing 2.5 µM zeocin (+ zeocin), 300 nM kinetin (+ kinetin), or 40 nM benzyladenine 

(+ BA). Data are presented as means ± SE (n > 20). Significant differences between 

treated seedlings and the untreated control were determined with the Student’s t-test: ***, 

P < 0.001. (C) Stage distribution of LRP in response to zeocin and cytokinin treatments. 

Five-day-old DR5::GUS seedlings were transferred onto control medium (control) or 

medium containing 2.5 µM zeocin (+ zeocin), 300 nM kinetin (+ kinetin), or 40 nM 

benzyladenine (+ BA) and grown for an additional seven days. Data are presented as 

means ± SE (n > 15). Significant differences between treated seedlings and the non-

treated control were determined with the Student’s t-test: *, P < 0.05; **, P < 0.01; ***, 

P < 0.001. 
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Figure 3-7. Cytokinin signaling is up-regulated in LRP in response to DNA damage. 

LRP of wild-type seedlings harboring pARR5:GUS. Five-day-old seedling were 

transferred onto control medium (control) or medium containing 5 µM zeocin (+ zeocin), 

and GUS staining was conducted after 7 days. Bar = 50 µm. 
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Figure 3-8. DNA damage induces cytokinin biosynthesis genes.  

Transcript levels of cytokinin biosynthesis genes in roots. Five-day-old wild-type 

seedlings were transferred onto control medium or medium containing 5 or 10 µM zeocin 

for seven days. Total RNA was extracted from roots. The mRNA levels were normalized 

to that of ACTIN2, and are indicated as relative values, with that of the control set to 1. 

Data are presented as means ± SE (n = 3). Significant differences between treated 

seedlings and the control were determined with the Student’s t-test: *, P < 0.05; **, P < 

0.01; ***, P < 0.001. 
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Figure 3-9. SOG1 is required for the induction of cytokinin biosynthesis genes. 

Transcript levels of IPT2, IPT7, IPT9, LOG3, and LOG4 in roots. Five-day-old wild-type 

(WT) (A) and sog1-1 (B) seedlings were transferred onto control medium or medium 

containing the indicated concentrations of zeocin for seven days. Total RNA was 

extracted from roots. The mRNA levels were normalized to that of ACTIN2 and are 

indicated as relative values, with that of the control set to 1. Data are presented as means 

± SE (n = 3). Significant differences between treated seedlings and the control were 

determined with the Student’s t-test: *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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Figure 3-10. Cytokinin signaling is important for inhibition of LR formation in response 

to DNA damage. 

(A–C) LR phenotype of cytokinin mutant seedlings. Five-day-old wild-type (WT), ipt3-

2;5-1;7-1 (A), 35S::CKX1 (B), and arr1-3;12-1 (C) seedlings were transferred onto 

control medium (control) or medium containing 2.5 µM zeocin (+ zeocin), and grown for 

an additional seven days. Arrowheads indicate the positions of the LR along the primary 

roots. Bar = 0.5 cm. (D–F) LR density of wild-type (WT), ipt3-2;5-1;7-1 (D), 35S::CKX1 

(E), and arr1-3;12-1 (F) after transfer onto control medium or medium containing the 

indicated concentrations of zeocin. Data are presented as means ± SE (n > 20). Significant 

differences between treated seedlings and the WT control were determined with the 

Student’s t-test: **, P < 0.01; ***, P < 0.001. 
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Figure 3-11. LR formation in sog1-1 is hypersensitive to zeocin. 

(A) LR phenotype of zeocin-treated sog1-1 seedlings. Five-day-old wild-type (WT) and 

sog1-1 seedlings were transferred onto control medium (control) or medium containing 

2.5 µM zeocin (+ zeocin) and grown for an additional seven days. Arrowheads indicate 

the positions of the LR along the primary roots. Bar = 0.5 cm. (B) LR density of wild-

type (WT) and sog1-1 after transfer onto control medium or medium containing the 

indicated concentrations of zeocin. Data are presented as means ± SE (n > 20). Significant 

differences between treated seedlings and the WT control were determined with the 

Student’s t-test: ***, P < 0.001.  
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Figure 3-12. Primary root growth in sog1-1 is tolerant to zeocin.  

(A) Phenotype of zeocin-treated sog1-1 seedlings. Five-day-old wild-type (WT) and 

sog1-1 seedlings were transferred onto control medium (control) or medium containing 

2.5 µM zeocin (+ zeocin) and grown for an additional seven days. Black lines indicate 

the positions of the root tips when the seedlings were transferred onto each medium. 

Yellow lines indicate the position of primary root tips. Bar = 2 cm. Root length of wild-

type (WT) (B) and sog1-1 (C) seedlings after transfer onto control medium or medium 

containing the indicated concentrations of zeocin. Data are presented as means ± SE (n > 

20).   
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Figure 3-13. Stage distribution of LRP in sog1, atm and atr mutants 

Five-day-old DR5::GUS seedlings in wild-type (WT) (A), sog1-1 (B) atm-2 (C), and atr-

2 (D) backgrounds were transferred onto control medium (control) or medium containing 

5.0 µM zeocin (+ zeocin), and grown for an additional seven days. Data are presented as 

means ± SE (n > 10). Significant differences between treated seedlings and the untreated 

control were determined with the Student’s t-test: *, P < 0.05; **, P < 0.01; ***, P < 

0.001. 
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Figure 3-14. LRPs of zeocin-treated wild-type (WT) and sog1-1 plants.  

Five-day-old seedlings were transferred onto medium containing 2.5 µM zeocin and 

grown for an additional seven days. Bar = 25 µm.  
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Figure 3-15. SOG1 is essential for the induction of DNA repair genes.  

(A) LRP of wild-type (WT) and sog1-1 seedlings harboring pRAD51:GUS. Five-day-old 

seedlings were transferred onto control medium (control) or medium containing 5 µM 

zeocin (+ zeocin), and GUS staining was conducted after 24 h. Bar = 50 µm. (B, C) 

Transcript levels of RAD51, BRCA1, PARP2, and RAD17 in roots. Five-day-old wild-type 

(WT) (B) and sog1-1 (C) seedlings were transferred onto control medium or medium 

containing the indicated concentrations of zeocin and grown for seven days. Total RNA 

was extracted from roots. The mRNA levels were normalized to that of ACTIN2, and are 

indicated as relative values, with that of the control set to 1. Data are presented as means 

± SE (n = 3). Significant differences between treated seedlings and the control were 

determined with the Student’s t-test: *, P < 0.05; **, P < 0.01; ***, P < 0.001.  
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Figure 3-16. The zeocin-treated LRP in sog1-1 has no ability to develop into LR. 

LR density of zeocin-treated wild-type (WT) (A) and sog1-1 (B) seedlings after transfer 

onto control medium. Five-day-old seedlings were transferred onto control medium 

(control) or medium containing 2.5 µM zeocin or 5.0 µM zeocin for five days, then 

transferred onto a control medium and grown for additional five days. LR density was 

normalized to that of the control and is indicated as a relative value, with that of the 

control set to 1.0. Data are presented as means ± SE (n > 20). Significant differences 

between values obtained before and after the plants were transferred to the control 

medium (day 0) were determined with the Student’s t-test: *, P < 0.001. 
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Figure 3-17. The induction of DNA repair genes upon zeocin treatment is not depend on 

cytokinin signaling. 

Five-day-old wild-type (WT) (A) and ipt3-2;5-1;7-1 (B) seedlings were transferred onto 

control medium or medium containing 2.5 or 5.0 µM zeocin and grown for seven days. 

Total RNA was extracted from roots. The mRNA levels were normalized to that of 

ACTIN2, and are indicated as relative values, with that of the control set to 1. Data are 

presented as means ± SD (n = 3). Significant differences between treated seedlings and 

the control were determined with the Student’s t-test: *, P < 0.05; **, P < 0.01; ***, P < 

0.001. 
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Table 3-1. Transcript levels of cytokinin signaling genes after gamma ray irradiation 

 

AGI Description Culligan et al. (2006) Yoshiyama et al. (2009) 

AT1G27320 AHK3 0.79 0.84 

AT3G29350 AHP2 1.16 1.03 

AT5G39340 AHP3 1.11 1.14 

AT3G16360 AHP4 1.01 1.06 

AT1G03430 AHP5 1.72 1.31 

AT3G16857 ARR1 0.83 0.61 

AT4G16110 ARR2 0.94 0.88 

AT4G31920 ARR10 0.79 0.91 

AT1G67710 ARR11 0.98 0.63 

AT2G25180 ARR12 0.92 0.76 

AT2G01760 ARR14 0.88 0.94 

 

Five-day-old wild-type seedlings were irradiated at 100 Gy and harvested 1.5 h after the 

end of the irradiation period. The numbers shown are normalized fold changes with 

respect to unirradiated plants. Data were obtained from Culligan et al. (2006) and 

Yoshiyama et al. (2009). 
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Supplemental Figure 3-1. Cytokinin level in root transition zone upon zeocin treatment 

(data was taken by Dr. H. Sakakibara in RIKEN). 

Five-day-old wild-type (WT) atm-2, atr-2, and sog1-1 seedlings were transferred onto 

control medium or medium containing 10 µM zeocin (+ zeocin) for 24 h. Cytokinins were 

extracted and determined from about 100 mg of primary root transition zone tissues as 

described previously using ultra-performance liquid chromatography–tandem mass 

spectrometry (AQUITY UPLC System/XEVO-TQS; Waters) with an octadecylsilyl 

column (AQUITY UPLC BEH C18, 1.7 µm, 2.1 × 100 mm; Waters). Data are presented 

as means ± SD (n = 3). Significant differences between treated seedlings and the control 

were determined with the Student’s t-test: *, P < 0.05. 
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Discussion 

 

LRs are an important organ for water uptake and the absorption of nutrients from 

soil. Thus, precise control of LR formation is crucial for plants to adapt their growth to 

environmental conditions. In this study, I showed that DNA damage inhibited LR 

formation. My data demonstrated that SOG1-mediated DNA damage signaling elevated 

the expression of genes involved in DNA repair and cytokinin biosynthesis (Figure 4-1). 

Since LRP development was severely impaired by DNA damage in the sog1-1 mutant, 

SOG1-mediated activation of DNA repair machineries seems crucial for maintaining 

genome integrity in LRP, thus for enabling LR formation after removal of genotoxic stress 

(Figure 3-16). Furthermore, my results indicated that SOG1-dependent enhancement of 

cytokinin signaling is required for the inhibition of LR formation under DNA damage 

conditions. There still remains a possibility that factors associated with cytokinin 

signaling respond to DNA damage, but my data clearly showed that genes for cytokinin 

biosynthesis are actively induced by zeocin treatment, suggesting that cytokinin content 

itself increased in LRP under DNA damage conditions. I found that induction of DNA 

repair genes was independent from that of cytokinin biosynthesis genes (Figure 3-17). 

This result explains that even though LR inhibition is an active process through the 

SOG1-mediated activation of cytokinin signaling, the impairment of the transcriptional 

activation of DNA repair genes in sog1-1 mutant conceals the suppression of CK-

dependent LR inhibition response. It is known that various environmental stresses often 

produce ROS and cause the breakage of genomic DNA (Mittler 2002; Apel & Hirt 2004). 
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Mutant and transgenic plants with reduced cytokinin content exhibit root growth 

resistance to salt stress (Nishiyama et al. 2011). These observations suggest that the 

SOG1-mediated mechanism might also underlies programmed response to other stresses 

in controlling plant root growth. 

In this study, I found that in the wild-type, the primary roots growth is more 

tolerant to DNA damage than the LR formation. Under 2.5 µM zeocin treatment, LR 

density was severely reduced (about 47% reduction), while primary roots is relatively less 

inhibited (15% reduction) by the zeocin treatment (Figure 3-1 B, D). I also found that 

zeocin treatment severely perturbed LR formation in sog1-1 mutant, whereas primary 

roots grew rather faster in the mutant than in the wild-type after zeocin treatment. It is 

likely that DNA damage was highly accumulated both in primary roots and LRP; 

therefore, dividing cells in the primary root meristem are more tolerant to DNA damage 

as compared to cells constituting LRP. Dividing cells in the primary root tip are already 

organized in a well-established root apical meristem. In contrast, developing LRP cells 

are still in a process to establish a functional LR meristem. Furthermore, primary root 

meristem is known to possess a stable auxin with its maximum in the QC and young 

columella cells (Sabatini et al. 1999), In contrast, in a developing LRP, an auxin 

maximum is still being established gradually toward the tip of that newly formed LRP 

(Benková et al. 2003). Recently, Takahashi et al. (unpublished data) found that auxin 

plays a role in the genome maintenance under genotoxic stress condition. Although 

zeocin causes DNA damage, exogenous auxin application suppresses the accumulation 

of DNA damage and cell death upon zeocin treatment (Takahashi et al. unpublished data). 
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Furthermore, auxin signaling mutant plt1 exhibits severe cell death in the root meristem 

upon DNA damage, while iaa5 iaa29 mutant which is defective in the inhibition of auxin 

signaling displays tolerance to DNA damage (Takahashi et al. unpublished data). In 

agreement with this notion, I found that auxin receptor mutant tir1 showed 

hypersensitivity in LR formation (Figure 3-5). Therefore, high accumulation of auxin in 

the primary root meristem might suppress DNA damage effects more effectively than the 

one in the LRP. This difference in auxin accumulation in LR and primary root meristem 

may explain the differential sensitivity of the two tissues to DNA damage. It has been 

reported that osmotic stress, which is known to cause DNA damage (Balestrazzi et al. 

2011), also severely inhibits LR formation, while primary root growth is not retarded 

(Deak & Malamy 2005). This result indicates that stress-induced DNA damage signals 

are interpreted differentially between primary roots and LRs, allowing changes in root 

architecture. It is interesting to study the differences in DNA damage signaling between 

the two root tissues and their physiological roles in survival under changing 

environmental conditions.  

ATM is activated by DSBs, whereas ATR responds to SSBs and DNA replication 

stress (Garcia et al. 2003; Culligan et al. 2004). Here, I demonstrated that zeocin-induced 

DSBs, but not HU-triggered DNA replication stress, inhibit LR formation. Moreover, I 

showed that compared with the wild type, atm-2 and sog1-1, but not atr-2, exhibited 

hypersensitivity to zeocin in terms of LRP development. These results suggest that DSBs, 

which can represent fatal damage accompanied by a loss of chromosome arms, have a 

higher impact on accumulating DNA damage as compared with replication stress, and the 
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ATM–SOG1 pathway, rather than the ATR–SOG1 pathway, plays a major role in 

provoking DNA repair in LRP. Previous microarray data indicate that the expression of 

several DNA repair genes is upregulated by gamma ray irradiation in the atr mutant, but 

not in the atm or sog1 mutants, at a level comparable to that in the wild-type (Table 4-1) 

(Culligan et al. 2006; Yoshiyama et al. 2009), supporting the idea that ATM–SOG1 

mainly participates in repairing damaged DNA. Recently, it has been shown that high 

aluminum stress specifically activates the ATR–SOG1 pathway and inhibits root growth 

(Sjogren et al. 2015); therefore, ATM and ATR may respond differentially to external 

cues and control primary and LR growth. 

It has been shown that exogenous cytokinins inhibit the auxin-induced 

expression of PIN genes during LR development, indicating that cytokinins prevent the 

PIN-dependent establishment of the auxin gradient required for LR initiation (Laplaze et 

al. 2007). In addition to the transcriptional repression of PINs, cytokinin promotes protein 

degradation of PIN1 in LRP at stage I, leading to inhibition of LRP development 

(Marhavý et al. 2011). In this study, I demonstrated that zeocin treatment increases the 

expression of cytokinin biosynthesis genes and arrests LRP development at a very early 

stage. Therefore, DSBs likely inhibit LR formation by increasing cytokinin levels, which 

in turn down-regulating PIN gene expression and protein accumulation.  

In the transition zone of primary roots, cytokinins induce the expression of 

SHY2/IAA3, one of the Aux/IAA auxin signaling repressors, and inhibit PIN expression. 

This promotes the transition from cell division to cell differentiation, restricting the size 

of the root meristem (Dello Ioio et al. 2008). Since multiple Aux/IAAs-ARFs auxin 
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response modules play a central role during LR development, the DNA-damage induced 

cytokinin biosynthesis may also promote expression of the relevant Aux/IAA genes, 

thereby repressing auxin signaling and inhibiting LR development. 

We previously reported that DSBs promote an early transition from cell division 

to cell differentiation in the root meristem (Adachi et al. 2011). Furthermore, we recently 

found that DSBs upregulate the level of bioactive cytokinin iP in root transition zone 

(Supplemental Figure 3-1). In addition, de novo cytokinin synthesis inhibits the 

expression of PINs, thereby disturbing downward auxin flow (Takahashi et al. 

unpublished data). These data indicate that cytokinin-mediated inhibition of cell division 

is commonly used mechanism for stress response in roots.  

In contrast to the increase of cytokinin content in root, we recently find that 

cytokinin contents are decreased in shoots under DNA damage (Takahashi et al. 

unpublished data). Furthermore, it has been reported that the content of bioactive 

cytokinins is reduced in shoot in response to other stresses, such as drought and salt 

stresses (Nishiyama et al. 2011). Therefore, it is likely that cytokinin biosynthesis is 

downregulated in shoots under stress conditions. Cytokinins are known to promote cell 

proliferation in shoots, while in root, it restricts the meristem zone where mitotic cell 

division occur (Schaller et al. 2014; Dello Ioio et al. 2008; Moubayidin et al. 2010). Thus, 

plants may respond to stress by reducing endogenous cytokinin contents to retard shoot 

growth, although cytokinin biosynthesis is activated in roots. This implies that stress 

signals converge on the regulatory mechanisms of cytokinin biosynthesis and suppress 

overall growth, thus it is important to uncover the molecular mechanisms of how 
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cytokinin biosynthesis is differentially regulated in shoots and roots of plants. 

SOG1 govern the plant DNA damage response through the transcriptional 

induction of hundreds of genes involved in DNA repair, cell cycle arrest, early onset of 

endoreplication, and stem cell death in response to DNA damage (Mannuss et al., 2012; 

Yoshiyama et al., 2009; Adachi, et al., 2011; Furukawa, et al., 2010). Previous study 

revealed that SOG1 directly induces the expression of CDK inhibitor genes SIAMESE-

RELATED 5 (SMR5) and 7 (SMR7) in vivo (Yi, et al., 2014). It has been reported that 

cytokinins reduce the expression of mitotic cyclins (e.g. CYCB1;1, CYCB2;1, CYCB2;3, 

and CYCA2;1) and CDKs (CDKA;1, CDKB1;1, and CDKB2;2) genes during LR 

initiation to inhibit cell division, although the expression of G1 to S transition and S 

phase-specific cyclin genes is not affected by exogenous cytokinin application (Li et al., 

2006). This result suggests that in addition to upregulation of CDK inhibitory factors, 

SOG1-activated cytokinin biosynthesis differentially inhibits cell division during LR 

initiation through the reduction of mitotic genes under DNA damage, resulting in 

reduction of CDK activity. Since DNA repair mechanism is activated in LRPs upon DNA 

damage, the decrease in CDK activity would be important for the maintenance of genome 

integrity in LRP. 
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Figure 4-1. Model for ATM/SOG1-mediated maintenance of genome integrity in LRP.  

DSBs activate the ATM sensor kinase, which then phosphorylates and activates SOG1. 

Activated SOG1 differentially induces the expression of DNA repair genes and cytokinin 

biosynthesis genes, thereby repairing damaged DNA and inhibiting cell division in LRPs. 

DSBs, DNA double-strand breaks; LRPs, lateral root primordium. 
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Table 4-1. Overview of the transcriptionally induced core DNA repair genes in wild-type, 

atm-2, atr-2, and sog1-1 after gamma ray irradiation 

 

  Culligan et al. (2006) Yoshiyama et al. (2009) 

AGI Description WT atr-2 atm-2 WT sog1-1 

AT4G21070 AtBRCA1 250.79 226.01 3.16 57.79 0.97 

AT5G20850 AtRAD51 58.10 54.70 1.57 31.20 1.38 

AT3G19210 AtRAD54 2.12 2.29 0.95 2.36 1.20 

AT5G40840 SYN2 56.90 62.41 1.63 27.47 1.06 

AT5G24280 GMI1 58.51 47.33 1.18 42.83 1.18 

AT2G31320 AtPARP1 24.60 22.69 1.16 9.97 1.07 

AT4G02390 AtPARP2 70.35 55.26 1.44 59.32 1.52 

 

Five-day-old seedlings were irradiated at 100 Gy and harvested 1.5 h after the end of the 

irradiation period. The numbers shown are normalized fold changes with respect to 

unirradiated plants. Data were obtained from Culligan et al. (2006) and Yoshiyama et al. 

(2009). 
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