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ABBREVIATIONS  

ANAC071, ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN 71 

ARF, AUXIN RESPONSE FACTOR 

cDNA, complementary deoxyribonucleic acid 

D.W., sterile distilled water  

GUS, β-glucuronidase 

IAA, indole-3-acetic acid 

Km
r
, Kanamycin resistance gene 

MS medium, Murashige and Skoog’ s medium 

NAC, NAM, (no apical meristem), ATAF, (Arabidopsis transcription factor activator), CUC, 

(cup-shaped cotyledon)  

PCR, polymerase chain reaction  

PIN1, PIN FORMED 1  

QRT-PCR, quantitative reverse transcription-polymerase chain reaction 

RT-PCR, reverse transcription–PCR  

SRDX, EAR motif repression domain 

35S pro, cauliflower mosaic virus 35S promoter 

T-DNA, transfer DNA 

TIBA, 2, 3,5-triiodobenzoic acid 

T35S, terminator of 35S promoter 
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X-Gluc, 5-bromo-4-choloro-3-indolyl-β-D-glucuronide   

XTH, xyloglucan endotransglucosylase/hydrolase  
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Tissue reunion is known to be a natural phenomenon in plant which 

occurs during wounding or grafting. To re-connect the vascular system and 

protect themselves from pathogen infection and survive under environmental 

stress, plants have developed some mechanisms to repair wounded tissues. In 

order to understand the tissue reunion process in molecular level, morphological 

and gene expression analysis were performed using the Arabidopsis cut 

flowering stem. In morphological study of wild type plant, the cell division in 

tissue reunion process has been found to start in 3 days after cutting and almost 

complete in 14 days after incision. Microarray analysis showed up-regulation of 

the genes related to cell division, transcription, cell wall metabolism and 

phytohormone, and differential gene expression between incised and not-incised 

inflorescence stems during tissue reunion process was observed. In this study, I 

focused on the genes encoding transcription factor, hormone signaling and cell 

wall modification enzymes.  

Previously, auxin and wound-inducible hormones were revealed to 

contribute to the control of tissue reunion process in upper and lower part of 

incised stem by inducing the expression of ANAC071 and RAP2.6L, respectively. 
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In this thesis, I show how ANAC071 and RAP2.6L expressions are controlled by 

auxin. arf6arf8 double mutant showed inhibition of cell division in pith tissue 

after a week of incision, while no inhibition was observed in each single mutant 

and in the mutants for the other ARFs. The expression of ANAC071 and 

RAP2.6L were suppressed in incised stem of arf6arf8, but RAP2.6L expression 

increased in non-incised stem of arf6arf8. In addition, expression of DAD1 

(DEFECTIVE IN ANTHER DEHISCENCE1), the gene for a jasmonic acid 

biosynthesis enzyme, was induced by the incision in wild type, but was strongly 

suppressed in arf6arf8. From these results, the hypothesis was proposed that 

accumulation of auxin promotes ANAC071 expression via ARF6 and ARF8 in 

upper part of incised stem and decreased auxin level induces RAP2.6L 

expression in lower part of incision by release from the suppression of RAP2.6L 

by auxin via ARF6 and ARF8 in non-incised stem. Moreover, auxin signaling 

via ARF6 and ARF8 is essential for the production of jasmonic acid via 

induction of DAD1 to induce RAP2.6L expression in tissue reunion process.  

Auxin was thought to be the main factor controlling this process, and next 

I revealed that ANAC071, a transcription factor gene, was up-regulated in the 
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upper region of the incised stem. XTH20 and the phylogenetically close XTH19 

were up-regulated in the upper part of the incised stem, similar to ANAC071. 

XTH19 was also expressed in the lower incision region after 3 days or after 

auxin application to the decapitated stem. Horizontal positioning of the plant 

with the incised side up resulted in decreased DR5:GUS, ANAC071, XTH20, 

and XTH19 expression and reduced pith cell proliferation. In incised stems of 

Pro35S:ANAC071-SRDX plants, expression of XTH20 and XTH19 was 

substantially and moderately decreased, respectively. XTH20 and XTH19 

expression and pith cell proliferation were suppressed in anac071 plants and 

were increased in Pro35S:ANAC071 plants. Furthermore, ANAC071 bound to the 

XTH20 and XTH19 promoters to induce their expression, with the xth19xth20 

double mutant showing inhibition of pith cell proliferation. This is the first 

study revealing XTH20 and XTH19 induction by auxin via ANAC071 in the 

upper part of an incised stem and their involvement in cell proliferation in the 

tissue reunion process. 

My research clarified the functions of genes for transcription factor, 

hormone signaling and cell wall related enzymes in tissue reunion process.   
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Injuries caused by wind, herbivores, and chewing insects are one of the 

critical environmental factors affecting plant survival. Therefore, plants have 

developed primary physical barriers such as cuticle, bark, and thorns. Defense 

responses are activated by wound response hormones like ethylene and 

jasmonic acid to prevent further damage when injuries occur (León et al., 2001). 

Unlike other organs, stems provide essential structural support and deliver 

nutrients, water, and physiological and chemical information between organs 

through vascular tissues (Satoh, 2006; Kehr and Buhtz, 2008). Therefore, 

damaged stems need to be repaired as soon as possible to recover their 

physiological functions. This ability has long been used for agricultural grafting. 

The mechanism of the tissue reunion process has been explored to improve 

grafting efficiency and overcome tissue incompatibility. Turnbull et al. (2002) 

developed micro-grafting in young Arabidopsis seedlings to study long-distance 

signaling pathways including flowering, systemic acquired resistance, and 

abiotic stress responses. In mature Arabidopsis, homografts and heterografts 

were used as a model system to study the compatibility and ontogeny of graft 

union formation (Flaishman et al., 2008).  
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Although regeneration of vascular tissue in damaged stems has been 

widely observed (Flaishman et al., 2003), adherence between incised or 

separated tissues is also required for the tissue repair process. Auxin is required 

to heal the hypocotyl graft between the scion and root stock in Arabidopsis (Yin 

et al., 2012). Analysis of partially incised hypocotyls of cucumber and tomato 

also indicates the importance of endogenous gibberellin (GA) and Mn, Zn, and 

B mineral elements for repairing incised hypocotyls (Asahina et al., 2002; 

Asahina et al., 2006). Microarray analysis of Arabidopsis inflorescence stems, 

which was used to better understand the molecular basis of tissue repair, showed 

the up-regulation of genes involved in cell division, cell wall modification, and 

phytohormone synthesis and signaling (Asahina et al., 2011). According to 

analyses of the pin1-1 mutant and decapitated plants with or without indole 

acetic acid (IAA) application, auxin was shown to (i) be a key factor controlling 

cell division in pith tissue during the repair of incised Arabidopsis stems, and 

(ii) induce expression of ANAC071, a NAM, ATAF1/2, CUC2 (NAC)-type 

transcription factor, in the distal region of the incision (Asahina et al., 2011). 

The NAC domain was originally characterized from consensus sequences from 
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petunia NAM and from Arabidopsis ATAF1, ATAF2, and CUC2 (Olsen et al., 

2005). NAC family genes are plant-specific transcription factors and are 

expressed in various developmental stages and tissues (Kubo et al., 2005; 

Mitsuda et al., 2005). The control of downstream target genes by NAC has been 

demonstrated in dehydration stress responses (Tran et al., 2004), secondary wall 

biosynthesis (Zhong et al., 2007) and defense responses in Arabidopsis (Bu et 

al., 2008). 

Asahina et al., (2011) revealed two plant-specific transcription factor 

genes, ANAC071 and RAP2.6L, were abundantly expressed. ANAC071 was 

expressed at 1–3 d after cutting exclusively in the upper region of the cut gap, 

with concomitant accumulation of indole-3-acetic acid. In contrast, RAP2.6L 

was expressed at 1 d after cutting exclusively in the lower region, with 

concomitant deprivation of indole-3-acetic acid. Application of methyl 

jasmonate, the expression of RAP2.6L was promoted. In transformants 

suppressing the function of RAP2.6L or ANAC071, the division of pith cells was 

inhibited. Hence, plant-specific transcription factors differentially expressed 

around the cut position were essential for tissue reunion of Arabidopsis 
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wounded flowering stems and were under opposite control by polar-transported 

auxin, with modification by jasmonic acid. 

Theologically, auxin responsive genes should contain auxin-response 

elements (AuxREs:TGTCTC) for specificity binding of ARFs in promoter 

region. In promoter of ANAC071, AuxREs was found in -2654 bp and in frame 

exon 208 bp which is possibility that ARFs may possibly control expression of 

ANAC071 in tissue reunion process while not appear in promoter of RAP2.6L 

(Hagen and Guilfoyle, 2002; Liscum and Reed, 2002). Arabidopsis has 23 

genes encoding ARF proteins. Five Arabidopsis ARFs, ARF5-8 and 19, contain 

a glutamine-rich central domain and are thought to be transcriptional activators, 

whereas the others are thought to be transcriptional repressors (Guilfoyle and 

Hagen, 2007). The functions of each ARFs activator-type have previously been 

characterized. ARF5 is essential for embryonic, flower and vascular patterning 

(Aida et al., 2002; Berleth and Jürgen, 1993; Hardtke and Berleth, 1998; 

Hardtke et al., 2004; Przemeck et al., 1996). The Overlapped function of ARF7 

and ARF19 was demonstrated as inhibition of lateral root formation in arf7arf19 

(Okushima et al., 2005; Wilmoth et al., 2005). Double mutant of ARF6 and 
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ARF8 inhibited inflorescence stem elongation and flower development with 

decreased jasmonic acid production (Tabata et al., 2010; Nagpal et al., 2005). 

The presence of auxin promotes activity of ARFs by ubiquitinated and degraded 

of its repressor through Aux/IAA protein TRANSPORT INHIBITOR 

RESISTANT1 (TIR1) receptor complex which is F-box protein (Ulmasov et al., 

1997; Dharmasiri et al., 2005). 

 IAA5 encoding an Aux/IAA protein was highly up-regulated after 1 day 

of incision in compare with non-incised inflorescence stem revealed by our 

previous microarray analysis (Asahina et al., 2011). The expression of IAA5 

decreased in inflorescence apices of arf6arf8 in compare with wild type after 

application of exogenous auxin and jasmonic acid (Nagpal et al., 2005).  

According to this evidence, I selected ARF6 and ARF8 for the first candidate 

genes which may control auxin response gene in tissue reunion process. 

 I explored how auxin controls tissue reunion process via ARFs by using 

phenotype and expression examination. The results showed strong inhibition of 

cell division in pith tissue of arf6arf8, not in that of either arf6 or arf8 was 

observed. The result suggests the functional redundancy of ARF6 and ARF8 in 
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tissue reunion process. Moreover, expression of both ANAC071 and RAP2.6L 

were suppressed in incised stem of arf6arf8. These results indicate that tissue 

reunion process is controlled by ARF6 and ARF8 dependent auxin signaling. 

Pro35S:ANAC071-SRDX transgenic plants showed that ANAC071 controls 

cell proliferation in pith tissue after an incision is made (Asahina et al., 2011). 

However, the control of downstream targets by ANAC071 remains unknown. 

The target genes should be included in the up-regulated genes reported in our 

previous microarray analysis. Indeed, XTH20 (xyloglucan 

endotransglucosylase/hydrolases20) was up-regulated in the microarray analysis 

of the tissue reunion process (Asahina et al., 2011). The XTH family is 

implicated as having a principal role in the construction and restructuring of 

xyloglucan crosslinking within the cellulose/xyloglucan framework by 

catalyzing molecular grafting and/or hydrolysis of xyloglucans. XTHs are also 

involved in various physiological processes, mainly by participating in cell 

enlargement (Nishitani and Tominaga, 1992; Okazawa et al., 1993; Fry, 2004). 

XTH20 is induced by auxin in roots (Vissenberg et al., 2005; Osato et al., 2006), 

and here same as ANAC071 in decapitated plant with IAA application XTH20 
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was also induced. This indicates that XTH20 may be a downstream target of 

ANAC071 via auxin flow in incised stem.  

I analyzed the molecular basis of the early repair process in partially 

incised stems through induction of specific transcription factors by auxin in the 

distal region of the incision. Auxin-induced ANAC071 controlled the expression 

of two targeted downstream genes, XTH20 and XTH19, which were redundantly 

involved in cell proliferation in pith tissue. The results indicate the involvement 

of XTH in cell proliferation in plant tissue. 

   

 

 

 

 

 

 

 

 

 

 

 

 



13 

 

 

 

 

 

 

 

 

 

 

 

 

 

  MATERIALS AND METHODS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



14 

 

Plant Materials and Growth Conditions 

The Arabidopsis T-DNA insertion mutants arf7arf19 (CS24629), arf2 

(CS24600), anac071 (SALK_012841), xth20 (SALK_066758), and xth19 

(GABI Kat 369E06) were obtained from the Arabidopsis Biological Resource 

Center at Ohio State University. The homozygous lines were selected by PCR 

using specific primers (Table 1), and expression levels of the relevant genes 

were confirmed as compared with wild-type. 

To generate the transgenic plants, the amplified fragments were cloned 

into pENTER-D topo vector (Invitrogen; pENTR
TM

 Direction TOPO
®
 Cloning 

Kits) (see Table 1 for primer sequences). The inserts from entry clones were 

then integrated into binary vectors pKGWFS7 for promoter:GUS and pK2GW7 

for over-expression using LR Clonase (Invitrogen), and the constructed 

plasmids were used for Agrobacterium-mediated transformation of Arabidopsis 

(Col-0). Transformants were selected by kanamycin, and the expression levels 

of the relevant genes were confirmed as compared with wild-type plants. 

Arabidopsis seed materials were vernalized in sterilized distilled water at 

4°C for 3 days and then germinated on half-strength MS medium at 22°C under 
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continuous light conditions (32 µmol m
–2

 s
–1

). After 3 weeks of germination, the 

plants were transferred to soil and grown under the same conditions until 

bolting. 

To generate incised plants, the first internode of the inflorescence stem 

was incised to half of its diameter under a stereomicroscope using a 

microsurgery knife (Surgical Specialties Co.) and grown for an additional 7 

days under conditions as described (Asahina et al., 2011).  

 

Microscopic Analysis 

Incised inflorescence stem samples were immersed overnight in fixative 

solution (2.5% [v/v] glutaraldehyde and 1% [w/v] paraformaldehyde in 0.1 M 

phosphate buffer, pH 6.8–7.4). After fixation, samples were washed twice in the 

same buffer, dehydrated with an ethanol series, and embedded in Technovit 

7100 resin (Heraeus Kulzer). Tissue sections (2.0 μm thick) were prepared using 

an ultra-microtome glass knife (Reichert EM-ULTRACUT, Leica). The sections 

were stained with 0.1% (w/v) toluidine blue O for 10 min. The tissue reunion 

region was observed with a light microscope (DMRB, Leica).  
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Decapitation and Application of Phytohormone 

After each plant bolted, the distal region of the first internode was removed, and 

10
–3

 M IAA or distilled water as a mixture with lanolin (1:1, v/v) was 

immediately applied. The remainder of the first internode was incised 24 h after 

application as described in Asahina et al., (2011).  

Histochemical Staining with 5-Bromo-4-Chloro-3-indolyl-β-D-Glucuronide 

(X-Gluc)  

Plant tissues were softened with 90% (v/v) acetone on ice for 20 min and then 

immersed in staining solution [100 mM phosphate buffer (pH 7), 10 mM EDTA, 

1 mM K3Fe(CN)6, 1 mM K4Fe(CN)6·3H2O, 0.1% (w/v) TritonX-100, and 0.1 M 

X-Glu] under vacuum for 30 min. The plant tissue samples were then incubated 

at 37°C for 8 h (Jefferson, 1987) and cleared with 70% (v/v) ethanol for 

approximately 12 h. Expression positions were observed using a 

stereomicroscope (Leica MCSLIII). 

 

RNA Preparation and Quantitative RT-PCR 
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Total RNA was extracted from Arabidopsis incised and non-incised flowering 

stems by RNAqueous RNA isolation kit with plant RNA Isolation aid (Ambion). 

Complementary DNA was synthesized from total RNA (50 μg) by the 

QuantiTect Reverse Transcription Kit (Qiagen). Real-time PCR using TaqMan 

technology or SYBR Green I reagents (Qiagen) was performed using cDNA as 

a template on a sequence detector system (model 7000; Applied Biosystems, 

Foster, CA) with specific primers (Table 1). To normalize and confirm 

expression levels among various stages of incision treatment, ACT7 was used as 

an internal standard with three biological replications per sample.  

 

EMSA 

The coding region of ANAC071 was amplified by PCR using specific primers 

(EcoRI sense and SalI antisense; see primer sequences in Table 1). The PCR 

product was digested with EcoRI and SalI and introduced into EcoRI- and 

SalI-digested pCold ProS2 (Takara). The His-tag fusion protein was produced in 

E. coli (Origami (DE3); Novagen) and purified using His-Accept resin (Nacalai 

Tesque Inc.). Oligonucleotides (see primer sequences in Figure 9C and 9D) 
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were labeled with biotin using Biotin 3’ End DNA Labeling Kit (Thermo Fisher 

Scientific). To make double-stranded biotin-labeled probes, the complementary 

oligonucleotide pairs were annealed at 95°C for 5 min and slowly cooled to 

room temperature overnight. Double-stranded unlabeled oligonucleotides were 

made using the same method. The labeled probes were incubated for 1 h at 28°C 

with 2 μg of purified His-ANAC071 protein using the Light Shift 

Chemiluminescent EMSA kit (Thermo Fisher Scientific) and were 

supplemented with 25 μg/mL poly (dI-dC), 0.1 μg/mL BSA, 2 mM EDTA, and 

1% (w/v) NP-40. The protein-probe mixtures were separated in 6% (w/v) 

polyacrylamide native gels in 0.5 TBE buffer and transferred to Biodyne 

membrane (PALL Gelman Laboratory). Migration of the biotin-labeled probes 

was visualized with the Chemiluminescent Nucleic Acid kit (Thermo Fisher 

Scientific) and a detection module (LAS-4000 mini biomolecular imager; 

Fujifilm). 
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ARF6 and ARF8 contribute to tissue reunion in Arabidopsis incised 

inflorescence stem 

I compared the tissue reunion phenotypes of arf6, arf8, arf6 arf8, arf7 

arf19 (activator-type ARFs), and arf2 (repressor-type ARF as a negative 

control) mutants with that of the wild-type control 7 days after incision. Single 

mutants in ARF2, ARF6, and ARF8, and the double mutant in ARF7 and ARF19, 

exhibited pith tissue cell proliferation that did not differ from that in wild type, 

but proliferation in the ARF6/ARF8 double mutant was strongly inhibited 7 days 

after incision (Figure 2). These results suggest that ARF6 and ARF8 act 

redundantly to control cellular proliferation in pith tissue after incision.  

 

Expression of ARF6 and ARF8 in Arabidopsis incised inflorescence stem 

A microarray analysis revealed that ARF6 and ARF8 are expressed at 

various stages of flower development (Schmid et al. 2005) and a promoter GUS 

analysis indicated that the expression patterns of ARF6 and ARF8 in flowers are 

similar (Nagpal et al. 2005). In the present study, I used quantitative RT-PCR to 

measure the expression levels of ARF6 and ARF8 in various Arabidopsis organs, 
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including incised (1 day after incision) and non-incised stems. ARF6 and ARF8 

were predominantly expressed in flowers, but were also substantially expressed 

in incised stems at levels significantly higher than in non-incised stems (Figure 

3). This suggests that ARF6 and ARF8 are involved in tissue reunion in incised 

stems. 

 

ARF6 and ARF8 control expression of ANAC071, RAP2.6L and JA 

biosynthesis gene in Arabidopsis incised inflorescence stem  

 The expressions of two selected TFs from previous microarray analysis, 

ANAC071 and RAP2.6L (Asahina et al., 2011), were observed in non-incised 

and incised stem of wild type and arf6arf8 1 day after incision. ANAC071 

expression showed strongly decrease in both non-incised and incised stem of 

arf6arf8 (Figure 4A). RAP2.6L expression showed increase in non-incised but, 

decrease in incised stem of arf6arf8 (Figure 4B). Further, expression of DAD1, 

one of JA biosynthesis genes and strongly reduced in flower bud of arf6arf8 

(Tabata et al. 2010), was observed. DAD1 showed strongly decrease expression 

both non-incised and incised stem of arf6arf8 (Figure 4C). These results 
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indicated that ARF6 and ARF8 control expression of ANAC071 and RAP2.6L 

via JA biosynthesis gene.   

 

Spatial and Temporal Expression of ANAC071, XTH20, and XTH19 in 

Incised Arabidopsis Inflorescence Stems 

The expression levels of ANAC071, XTH20, and XTH19 which is 

phylogenetically closest to XTH20 in various organs of Arabidopsis were 

determined by quantitative RT-PCR. These genes were highly expressed in 

incised inflorescence stems. XTH20 and XTH19 were also highly expressed in 

roots, but the concomitant expression of ANAC071 was observed only in incised 

stems (Figure 5A, 5B, and 5C). The tissue-specific expression of ANAC071, 

XTH20, and XTH19 was examined in more detail using promoter-reporter 

markers. The 1.5-kb upstream region of each gene was fused with the 

β-glucuronidase (GUS) reporter gene and introduced into Arabidopsis. 

ProANAC071:GUS was highly expressed in the distal region 1 and 3 days after the 

incision was made (Figure 5D and 5E), confirming our previous quantitative 

RT-PCR results showing that ANAC071 is specifically expressed in the distal 
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region of incised inflorescence stems  (Asahina et al., 2011). The expression of 

XTH20 and XTH19 was higher in the distal than proximal regions of the 

incision at 1 day (Figure 5P, and 5Q), but expression of XTH19 was similar in 

both regions at 3 and 5 days (Figure 5Q). In ProXTH20:GUS and ProXTH19:GUS 

transgenic plants, GUS activity was higher in the distal than the proximal region 

for ProXTH20:GUS (Figure 5H-5K), but expression was similar in both regions 

for  ProXTH19:GUS (Figure 5H–5O). XTH19 was also expressed in the siliques 

and flowers of intact plants (Figure 5C). These results indicated that the 

expression of ANAC071 and the expression of XTH20 are highly correlated.  

       

Induction of ANAC071, XTH20, and XTH19 by Auxin in Arabidopsis 

Incised Inflorescence Stems  

The expression of ProANAC071:GUS in response to auxin was higher in the distal 

part of the incision (Figure 5D-5G). The expression of XTH20 and XTH19 was 

also induced by IAA application (Figure 6A and 6B). In ProXTH20:GUS 

transgenic plants, GUS activity was high in the distal region of the incision after 

IAA application, which was similar to the pattern with ProANAC071:GUS (Figure 
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6D and 6F). In ProXTH19:GUS transgenic plants, GUS activity was detected in 

both the distal and proximal regions of the incision, but the level of  

ProXTH19:GUS  was higher in the distal region (Figure 6H). These results 

indicated that ANAC071, XTH20, and XTH19 are auxin-inducible genes in 

incised Arabidopsis stems and that the expression of XTH20 is more well 

correlated with that of auxin-induced ANAC071 than is XTH19.   

 

Effect of Gravity on Tissue Repair in Arabidopsis Incised Inflorescence 

Stems  

Auxin is a gravity-responsive hormone, and thus the effect of the gravity 

response on the tissue repair process was examined.  After incision of the 

stems, the plants were incubated in a horizontal position with the incision site 

facing either downward or upward, in the same or opposite direction as the 

gravity vector, respectively. Pith cell number 7 days after the incision was made 

did not increase at the cut surface for those plants grown with an upward-facing 

incision (Figure 7A–7D). In addition, GUS activity in ProANAC071:GUS, 

ProXTH20:GUS, ProXTH19:GUS, and ProDR5:GUS (to monitor the auxin response) 
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transgenic plants decreased when the incision sites were upward facing as 

compared with downward-facing incisions and control (i.e. vertical) stems 

(Figure 7E–7P). All of these results indicated a good correlation between the 

auxin response and ANAC071, XTH20, and XTH19 expression. 

 

Control of the Expression of XTH20 and XTH19 by ANAC071 in Incised 

Arabidopsis Stems 

As described above, the expression of ANAC071, XTH20, and XTH19 was 

correlated with the incision response (Figure 5) and with the auxin response 

(Figures 6 and 7). Thus, ANAC071 is a key auxin-response factor that controls 

tissue reunion (Asahina et al., 2011). Hence, the expression levels of XTH20 and 

XTH19 were examined in incised stems of Pro35S:ANAC071-SRDX transgenic 

plants to determine whether XTH20 and XTH19 were controlled by ANAC071. 

The expression level of XTH20 in incised stems significantly decreased in 

Pro35S:ANAC071-SRDX transgenic plants as compared with the wild-type 

incised plants (Figure 8A). Moreover, the expression level of XTH19 in incised 

stems of Pro35S:ANAC071-SRDX transgenic plants moderately decreased as 
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compared with the wild-type incised plants (Figure 8B). Furthermore, decreased 

expression of XTH20 and XTH19 in anac071 T-DNA insertion mutant and 

increased expression in Pro35S:ANAC071 transgenic plants were observed as 

compared with wild type (Figure 8C and 8D). These results indicated that 

XTH20 and XTH19 may be downstream genes under the control of ANAC071 in 

incised Arabidopsis stems.  

 

Binding of ANAC071 to XTH20 and XTH19 Promoters 

The Arabidopsis NAC protein family targets the recognition sequence CATGT 

and the core binding site CACG to bind with promoters of downstream genes 

(Bu et al., 2008). The promoters of XTH20 and XTH19 at –923 bp and –102 bp 

upstream from their respective coding sequences (Figure 9A and 9B) had 

sequences similar to the recognition site (CATG) and core binding site (CACC) 

(Figure 9C and 9D). Hence, I examined whether ANAC071 binds to the 

promoters of XTH20 and XTH19 using an electrophoretic mobility shift assay 

(EMSA). Purified His-ANAC071 fusion protein was incubated with labeled 

DNA probes, and an EMSA was performed. A high-affinity DNA-protein 
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complex was detected (Figure 9E and 9F; lane 2 arrowhead), and DNA-binding 

was reduced by the addition of an excess of unlabeled oligonucleotide probes 

corresponding to the XTH20 or XTH19 promoter, which acted as specific 

competitors (Figure 9E and 9F; lane 3 and 4). These results indicated that 

ANAC071 was likely to control XTH20 and XTH19 expression by binding to 

each promoter.   

 

ANAC071, XTH19, and XTH20 Control Cell Proliferation in Pith Tissue of 

Incised Arabidopsis Stems  

Because XTH20 and XTH19 were controlled by ANAC071, the tissue reunion 

phenotype was examined in the anac071 mutant and Pro35S:ANAC071 

transgenic plants, as well as in the xth19 and xth20 mutants. The anac071 

mutant had fewer pith cells as compared with wild type (Figure 10B and 10I), 

as was previously described for Pro35S:ANAC071-SRDX transgenic plants 

(Asahina et al., 2011). Introduction of Pro35S:ANAC071 into the anac071 

background restored cell division in pith tissue (Figure 10C and 10I). Moreover, 

two lines of Pro35S:ANAC071 transgenic plants showed higher cell numbers in 
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pith tissue than in wild-type control plants (Figures 10A, 10D, 10E, and 10I) as 

well as slight increase in rosette leaf number, length and width (Figure 11). 

These results suggested that ANAC071 controls the tissue reunion process by 

controlling cell proliferation in the pith tissue. 

To study the function of XTH20 in the tissue reunion process, I examined 

the xth20 T-DNA insertion mutant. In the xth20 single mutant 7 days after the 

incision was made, the number of pith cells was not significantly different as 

compared with wild type (Figure 10A, 10F, and 10I). I hypothesized that XTH20 

may act redundantly with XTH19. The single mutant of XTH19 had similar pith 

cell numbers as wild-type control plants (Figure 10A, 10G, and 10I). 

Furthermore, I generated the xth20xth19 mutant, which exhibited fewer pith 

cells 7 days after the incision was made as compared with wild type (Figure 

10H and 10I). In addition, the primary root length of xth20xth19 was 

significantly decreased as compared with that of xth20, xth19, and wild-type 

plants 5 and 10 days after sowing (t-test, P < 0.05) (Figure 12A and 12B), which 

may be related to the expression of XTH20 and XTH19 in intact roots (Figure 

5B and 5C). These results support our hypothesis that XTH20 and XTH19 are 
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functionally redundant and are involved in the cell proliferation of pith tissue 

during the tissue reunion process. 
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ARF6 and ARF8 were predominantly expressed in flowers, but were also 

substantially expressed in incised stems at levels significantly higher than in 

non-incised stems (Figure 3A, B). This suggests that ARF6 and ARF8 are 

involved in tissue reunion in incised stems. As cell proliferation in pith tissue 

was inhibited in the arf6 arf8 mutant, I measured the expression levels of two 

transcription factors, ANAC071 and RAP2.6L (Figure 4A, B). ANAC071 

expression levels were reduced in both incised and non-incised stems of the arf6 

arf8 mutant, suggesting that an increased auxin level in the upper part of an 

incision induces ANAC071 expression mainly via ARF6 and ARF8 activity. 

However, some level of ANAC071 expression was induced in incised stem of 

arf6 arf8 compared to non-incised stem indicating, involvement of the other 

unknown transcription factors in this process. In contrast, the RAP2.6L level 

was elevated in non-incised stems of the arf6 arf8 mutant, consistent with the 

finding that RAP2.6L expression in intact stems is suppressed by auxin (Asahina 

et al. 2011). However, RAP2.6L expression in wild-type plants was enhanced by 

stem incision. This may be attributable to expression of RAP2.6L in the lower 

part of the incision (Asahina et al. 2011). In this thesis, RAP2.6L expression was 



32 

 

not strongly induced in incised stem compared with that in previous work 

(Asahina et al. 2011) possibly because 1 cm-long stem sections were used for 

the analysis (0.5 cm-long stem sections were used in the previous work). 

RAP2.6L expression was suppressed in the incised stem of the arf6 arf8 mutant 

compared to the wild type. These results initially appear to be inconsistent in 

terms of auxin action. I had supposed up-regulation of RAP2.6L in the incised 

stem of the arf6 arf8 mutant compared to that of wild type because its 

suppression by auxin is released by arf6 arf8 mutation. However, RAP2.6L is 

induced by JA, and LOX2, an enzyme involved in JA biosynthesis, is 

abundantly expressed (along with RAP2.6L) in the lower part of the incised 

stem (Asahina et al. 2011). Tabata et al. (2010) reported that in the arf6 arf8 

mutant the JA level was reduced, and, of several JA biosynthetic genes studied, 

only the expression of DAD1 was significantly decreased compared to wild type. 

This shows that ARF6 and ARF8 are both required for JA biosynthesis during 

flower development. Therefore, I used quantitative RT-PCR with primers that 

were previously described (Tabata et al. 2010), to explore DAD1 expression 

further. 
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In wild-type plants, DAD1 expression was strongly induced after stem 

incision. However, DAD1 expression levels were dramatically decreased in the 

arf6 arf8 mutant (Figure 4C). These results suggest that auxin promotes JA 

production to stimulate DAD1 expression, and this may explain the observed 

reduction in RAP2.6L expression in the incised stem of the arf6 arf8 mutant 

(Figure 4B).  

My results suggest a role of auxin during tissue reunion in incised stems. 

Auxin that accumulates in the upper part of incised stems is the principal factor 

promoting ANAC071 expression. In intact stems, auxin usually suppresses 

RAP2.6L expression, but, after incision, the reduced amount of auxin allows 

RAP2.6L expression in the lower part of the incision. Concomitantly, auxin, 

even at a reduced level in the lower part of the incision, plays an essential role 

in JA production by promoting DAD1 expression, and JA induces RAP2.6L 

expression in the lower part of the incision.  Further work on the control of JA 

biosynthesis in incised stems is required. 

Auxin is produced in the apical meristem and is transported to all plant 

organs (Robert and Friml, 2009). Auxin plays an important role in cell 



34 

 

proliferation and vascular differentiation (Berleth et al., 2000; Flaishman et al., 

2003; Teala et al., 2006). Histochemical analysis of ProDR5:GUS transformants, 

which can monitor auxin accumulation, showed high GUS activity in the distal 

region of the incision 3 days after the incision was made (Figure 7E). Tissue 

reunion is strongly inhibited by decapitation or TIBA (an inhibitor of auxin 

polar transport) application to wild-type plants and on pin1-1 mutants, whereas 

the application of 10
–3

 M IAA to decapitated plants leads to the recovery of the 

reunion process (Asahina et al., 2011). These results indicate that auxin is a 

main factor in the regulation of tissue repair in the Arabidopsis incised 

inflorescence stem. Xie et al. (2000) reported that NAC1 is inducible by auxin 

and promotes lateral root formation. Previous studies suggest that some XTH 

genes, including XTH20 and XTH19, are regulated by auxin in the roots 

(Vissenberg et al., 2005; Osato et al., 2006). Application of auxin to decapitated 

stems increased both XTH20 and XTH19 expression (Figure 6A and 6B), and 

the direction of gravity controlled their expression (Figure 7L and 7O) as well 

as the expression of ANAC071 (Figure 7I). However, XTH19 was also expressed 

in the proximal region of the incision (Figure 5M, 5Q, Figure 6H) and was 



35 

 

constitutively expressed in the silique and flower (Figure 5C). Thus ANAC071, 

XTH20, and XTH19 were induced by auxin in the tissue reunion process, but 

XTH19 may also be controlled by other factors.  

The plant-specific NAC transcription factor family, with 105 members 

predicted in the Arabidopsis genome (Ooka et al., 2003), is important for 

various physiological processes such as lateral root formation, auxin signaling, 

the defense response to abiotic stress (Olsen et al., 2005), xylem formation 

(Kubo et al., 2005), and thickening of the secondary wall (Mitsuda et al., 2005).  

Previous work reported the use of Pro35S:ANAC071-SDRX to show that 

ANAC071 controls the tissue reunion process in incised inflorescence stems 

(Asahina et al., 2011). Here I showed that the expression levels of ANAC071 in 

the anac071 mutant and in Pro35S:ANAC071 transgenic plants and the 

expression of Pro35S:ANAC071-SRDX were correlated with the expression of 

XTH20 and XTH19 (Figure 8A–8D). The anac071 mutant showed strong 

inhibition of the reunion process (Figure 10B and 10I). Complementation of 

anac071 with ANAC071 also showed recovery of cell proliferation in pith tissue 

(Figure 10C and 10I). Moreover, wild-type plants that over-expressed ANAC071 
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had more cell proliferation than did wild-type control plants (Figure 10A, 10D, 

10E and 10I). These results suggested that ANAC071 is an important 

transcription factor that controls its downstream genes and pith cell proliferation 

in the tissue reunion process. 

The expression of XTH20 and XTH19 in both incised and non-incised 

tissue decreased in Pro35S:ANAC071-SRDX plants (Figure 8A and 8B). The 

expression of XTH20 and XTH19 decreased in anac071 plants, particularly 3 

days after the incision was made, but substantially increased in Pro35S:ANAC071 

transgenic plants (Figure 8C and 8D). These results suggested that ANAC071 

controls the expression of XTH20 and XTH19 in the tissue reunion process. Bu 

et al. (2008) demonstrated the direct binding of ANAC019 to the VSP1 

promoter, which contains the recognition site (CATGT) and core binding site 

(CACG) for the NAC protein family. The promoters of XTH20 and XTH19 also 

contain a similar recognition site (CATGT and CATG) and core binding site 

(CACC), which differs from the usual core binding site (CACG) for NAC 

proteins (Figure 9C and 9D). EMSA assays revealed that the ANAC071 protein 

bound to the promoters of XTH20 and XTH19 and that the CACC sequence was 
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important for recognition by ANAC071 (Figure 9E and 9F). The expression 

pattern of XTH20 (Figure 5I and 5P) was different from that of XTH19 (Figure 

5M and 5Q), suggesting that some unknown factor(s) participates in the 

expression of XTH19 in the proximal region of the incised stem.  

XTH20 was selected from a previous microarray analysis (Asahina et al., 

2011). The function of XTHs is to split and reconnect xyloglucan molecules in 

plant cell walls, thereby affecting cell enlargement (Nishitani and Tominaga, 

1992; Okazawa et al., 1993; Fry, 2004). Hyodo et al. (2003) suggested the 

involvement of XTH9 in cell elongation in the flowering stem. Rose et al. 

(2002) revealed the gene structure and phylogenetic tree of the Arabidopsis 

XTH family, showing that XTH20 and XTH19 are close homologs. Vissenberg et 

al. (2005) reported the differential expression of XTH17, XTH18, XTH19, and 

XTH20, which have highly conserved sequences in the promoter region. In my 

experiment, the xth20 single mutant did not show an inhibition of the reunion 

process (Figure 10F). Thus, XTH20 may act redundantly with other genes that 

regulate this process. Therefore, I made a double mutant of XTH20 and XTH19. 

xth20xth19 showed strong inhibition of the reunion process (Figure 10H) and a 
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lower pith cell number (Figure 10I). In addition, primary root elongation in 

xth20xth19 was also inhibited (Figure 12A and 12B). These results indicated 

that XTH20 and XTH19 act redundantly to control cell proliferation in the 

reunion process as well as primary root elongation. As far as I know, this is the 

first report showing that XTH is involved in cell proliferation in plant tissue. 

During cytokinesis, the nascent cell wall produces a cell plate that fuses 

to the pre-existing cell wall of the mother cell. This process involves the 

restructuring of xyloglucan cross-links in the cellulose/xyloglucan framework, 

possibly including a role for XTH20 and XTH19.  Yokoyama and Nishitani 

(2001) and Yokoyama et al. (2004) have also hypothesized a function for XTHs 

in cell plate formation during cytokinesis by showing the localization of XTH in 

the cell plates of BY-2 cells. During cell plate formation, xyloglucan molecules 

that are produced and transported from the Golgi apparatus may be required as 

materials for cell plates and nascent cell walls (Moore and Staehelin, 1988). The 

molecular grafting between xyloglucan molecules by XTHs may be involved in 

the generation of high-molecular-weight xyloglucan chains in the cell plate, and 

this may regulate rheological properties of the cell plate (Yokoyama et al., 2004). 
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Arabidopsis XTH9 is expressed in the meristematic region where cell division 

actively occurs (Hyodo et al., 2003), which supports data presented in this 

report. Future research will elucidate how XTHs control cell proliferation 

and/or cytokinesis by modulating the xyloglucan molecules and the 

cellulose/xyloglucan framework in the cell plate and/or cell wall. 
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Figure 1. Photographs and illustration of how Arabidopsis flowering stem 

was cut  

Arabidopsis was used as a plant model to study tissue reunion process (A). The 

first inter node of flowering stem was cut with microsurgery knife (B and C). 

The cutting treatment was done by cut half of its diameter (D).     
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Figure 2. Tissue reunion phenotypes of the mutants for ARFs    

(A)-(F) Tissue reunion phenotypes of arf6, arf8, arf6arf8, arf7arf19 and arf2 in 

compared with wild type were observed 7 days after incision. Arrowheads 

indicate the position of the incision. pi, pith; co, cortex; vb, vascular bundle. 

Bar=100 µm.   
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Figure 3. Expression of ARF6 and ARF8 in various organs.  

(A and B) The expression of ARF6 and ARF8 were examined by quantitative 

RT-PCR in root, rosette leaves, cauline leaves, non-incised, incised (one day 

after incision) inflorescence stem, silique and flower, in wild type plants. Actin7 

was used as an internal control. Error bars represent ± SD (n=3). 
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Figure 4. The expression of ANAC071, RAP2.6L and DAD1in arf6arf8. 

(A-C) Expression of ANAC071, RAP2.6L and DAD1 were examined in 

non-incised and incised inflorescence stem of wild type and arf6arf8 1 day after 

incision by quantitative RT-PCT. Gray and black column represent the 

expression of non-incised and incised stem, respectively. Actin7 was used as an 

internal control. Error bars represent ± SD (n=3). 
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Figure 5. Tissue-specific expression of ANAC071, XTH20, and XTH19. 

(A–C) The expression of ANAC071 (A), XTH20 (B), and XTH19 (C) was 

examined by quantitative RT-PCR in roots, rosette leaves, cauline leaves, 

incised and non-incised inflorescence stems, siliques, and flowers in wild-type 

plants. Actin7 was used as an internal control. 

(D–O) Promoter activity of ANAC071, XTH20, and XTH19. GUS activities 

were detected in incised inflorescence stems of ProANAC071:GUS, ProXTH20:GUS, 

and ProXTH19:GUS transgenic plants. The photographs were taken 1 day (D, H, 

and L), 3 days (E, I, and M), 5 days (F, J, and N), and 7 days (G, K, and O) after 

the incision was made (indicated by arrowhead). Bar = 0.5 mm.  

(P) and (Q) The expression of XTH20 and XTH19 in non-incised and distal and 

proximal regions of incised inflorescence stems at 1, 3, and 5 days after the 

incision was made. Mean ± SD (n = 3).  
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Figure 6. Effect of auxin on the induction of ANAC071, XTH20, and XTH19 

in the tissue reunion process.  

(A) and (B) Expression levels of XTH20 (A) and XTH19 (B) in incised (black 

bar) and non-incised (gray bar) stems. The expression levels of XTH20 and 

XTH19 were examined by quantitative RT-PCR in non-decapitated plants and in 

decapitated plants 1 day after incision was made 1 day the application of 

distilled water (D.W.) or 10
–3

 M IAA at the top of the cut stems. Mean ± SD (n = 

3).  

(C–H) Promoter activity of ANAC071, XTH20, and XTH19. GUS activity was 

detected 1 day after an incision was made in inflorescence stems of 

ProANAC071:GUS, ProXTH20:GUS, and ProXTH19:GUS transgenic plants after 

decapitation followed by application of distilled water (D.W.) (C, E, and G) or 

10
–3

 M IAA (D, F, and H). Bar = 0.5 mm. 

 

 

 

 



63 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



64 

 

Figure 7. Effects of gravity on the tissue reunion process. 

(A–C) Tissue reunion phenotypes observed 7 days after an incision was made in 

plants grown vertically (A) or horizontally with upward-facing (B) and 

downward-facing (C) incisions. Arrowheads indicate the position of the incision. 

g, gravity; pi, pith; co, cortex; vb, vascular bundle. Bar = 100 µm. (D) Cell 

density in pith tissues calculated from sectioned samples as grown in (A–C). 

Mean ± SD (n = 7). *P < 0.05 (t-test). (Calculation is described in Figure 14). 

(E–P) Promoter activity of DR5, ANAC071, XTH20, and XTH19. GUS activity 

was detected in incised inflorescence stems of ProDR5:GUS, ProANAC071:GUS, 

ProXTH20:GUS, and ProXTH19:GUS  transgenic plants 3 days after an incision 

was made. Immediately after the incision was made, plants were oriented 

vertically as a control (E, H, K, and N) or horizontally with upward-facing (F, I, 

L, and O) or downward-facing (G, J, M, and P) incisions. Bar = 0.5 mm.     
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Figure 8. Control of the expression of XTH20 and XTH19 by ANAC071 

during the tissue reunion process. 

(A) and (B) Expression of XTH20 (A) and XTH19 (B) was examined by 

quantitative RT-PCR in inflorescence stems of wild-type (incised = blue; 

non-incised = red) and Pro35S:ANAC071-SRDX transgenic (incised = green; 

non-incised = purple) plants 0–7 days after the incision was made. Mean ± SD (n 

= 3). 

(C) and (D) Quantitative RT-PCR analysis of XTH20 (C) and XTH19 (D) in 

incised (black) and non-incised (gray) inflorescence stems of wild-type, 

anac071, and Pro35S:ANAC071 transgenic plants 3 days after the incision was 

made. Mean ± SD (n = 3). 
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Figure 9. Binding of ANAC071 to XTH20 and XTH19 promoters. 

(A) and (B) Illustration of selected oligonucleotides containing the cis-elements 

of the NAC recognition site (CATGT and CATG) and a presumed core binding 

site (CACC) in the promoters of XTH20 (A) (–923 bp) and XTH19 (B) (–102 

bp). Black boxes indicate exons. 

(C) and (D) Oligonucleotides used in the EMSA. The probes for XTH20 (C) 

and XTH19 (D) (pXTH20 and pXTH19, respectively) contained the cis-element 

of the NAC recognition site (CATGT and CATG) and the presumed core 

binding site (CACC) in the XTH20 and XTH19 promoter regions.  

(E) and (F) The EMSA showed binding of His-ANAC071 to the CATGT, 

CACC, and CATG motifs in XTH20 (E) and XTH19 (F) promoters. 

Protein-DNA complexes were detected when His-ANAC071 fusion protein was 

incubated with labeled pXTH20 or pXTH19 probes (lane 2). Unlabeled 

pXTH20 or pXTH19 (lanes 3 and 4) were used for 100-fold (lanes 3) and 

200-fold (lanes 4) excess levels of competitors. Arrowheads indicate the 

position of the protein-DNA complex.  
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Figure 10. Phenotypes of anac071, xth20, and xth19 single mutants and the 

xth20xth19 double mutant and the effect of ANAC071 overexpression on 

cell division in pith tissue.  

(A–H) Tissue reunion phenotype observed 7 days after the incision was made. 

Pro35S:ANAC071 was introduced into anac071 mutant (Pro35S:ANAC071 

(anac071)) or into wild type two lines (Pro35S:ANAC071 #2-3 and #4-1). 

Arrowheads indicate the position of the incision. pi, pith; co, cortex; vb, 

vascular bundle; WT, wild type. Bar = 100 µm.  

(I) Cell density in pith tissue was calculated from sectioned samples. Mean ± SD 

(n = 7). *P < 0.05 (t-test compared with WT). 
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Figure 11. Morphology of plants. 

(A) Photograph of wild-type, anac071, Pro35S:ANAC071 transgenic wild-type 

lines (#2-3 and #4-1), Pro35S:ANAC071 in the anac071 background, xth20 and 

xth19 single mutants, and the xth19xth20 double mutant (from left to right). Bar 

= 5 cm. 

(B) Rosette leaf number in mature plants (3 weeks after transfer to soil). Mean ± 

SD (n = 12) 

(C) Leaf length (black bar) and width (gray bar) of the sixth rosette leaf. Mean 

± SD (n = 12) 
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Figure 12. Primary root length of the xth mutants. 

(A) Ten days after sowing plants in half-strength MS medium. Arrowheads 

indicate root tips.  

(B) Primary root length of wild-type (white circle), xth19 (white diamond), 

xth20 (black square), and xth19xth20 (black diamond) plants 5, 10, and 15 days 

after sowing. Mean ± SD (n = 12). 
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Figure 13. Tissue reunion phenotypes at 1, 3, and 5 days after the incision 

was made. 

(A–X) Tissue reunion phenotype of wild type (A, I, Q), anac071 (B, J, R), 

Pro35S:ANAC071 in the anac071 background (C, K, S), Pro35S:ANAC071 

transgenic lines #2-3 (D, L, T) and #4-1 (E, M, U), xth20 (F, N, V) and xth19 

(G, O, W) single mutants, and the xth19xth20 double mutant (H, P, X) 1 day 

(A–H), 3 days (I–P), and 5 days (Q–X) after incision. Arrowheads indicate 

positions of the incision. pi, pith; co, cortex; vb, vascular bundle. Bar = 100 µm. 

Three plants for each genotype were examined, and representative photographs 

are shown. 
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Figure 14. Method for calculation of cell density. 

(A) Selected rectangle of pith tissue around the incision site for cell counting, 

with width (between vascular bundles) and height (width  2). Bar = 100 µm. 

(B) The selected area was measured with ImageJ software. 

(C) Average cell number was counted manually based on the formula shown.  

The partial cells refer to those that were touching an edge of the rectangle. 
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Table 1. List of primers used in this research. 
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