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Functional analysis of Oryza sativa NAC054 

transcription factor during leaf senescence 

 

 

DAMI KIM 

 

 

ABSTRACT 

 

 

Leaf senescence, the final stage of leaf development, is regulated by complex 

network of senescence associated genes (SAGs). Several NAC transcription factors 

have been found to regulates leaf senescence in Arabidopsis, but only a few 

senescence associated NAC TFs have been identified in rice. In this study, we 

identified new senescence-associated NAC TF in rice, OsNAC054. We found 

OsNAC054 expression increased during senescence. osnac054-1 T-DNA KO 

mutants stayed green during dark-induced and natural senescence condition, 

suggesting OsNAC054 acts as senescence promoting NAC TF. By microarray and 

qRT-PCR analysis, several SAGs (OsORE1.1, OsNAP, OsEIL1) and Chl 

degradation associated genes (OsSGR, OsNYC1, OsPAO) were down-regulated in 

osnac054-1 under DIS condition. Furthermore, we found that OsNAC054 

expression is induced by ABA, and osnac054-1 mutants showed stay-green 

phenotype during ABA induced senescence, strongly indicating that OsNAC054 

regulates leaf senescence through ABA-signaling pathway. Also, OsNAC054 is 

Membrane bound TFs (MTFs) that have a transmembrane (TM) domain at its C-

terminus. By transient expression assay using epidermal onion cell, we identified 

TM region of OsNAC054. We found that TM deleted OsNAC054 localized only in 
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the nucleus, while full length OsNAC054 localized both inside and outside of 

nucleus. Thus, it is possible that TF activity of OsNAC054 is controlled by 

proteolytic cleavage of TM. Our data suggest that OsNAC054 is involved in the 

promotion of leaf senescence through ABA-signaling pathway. 

 

Keywords: rice, leaf senescence, NAC, Transcription factor, 

Transmembrane, OsNAC054, Alternative splicing, Stay-green 
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INTRODUCTION 

Leaf senescence is final stage of leaf development, which actively 

destabilizes intercellular organellas, including decomposition of 

macromolecules, to translocate nutrients into developing tissues and strage 

organs. Although leaf senescence occurs autonomously in an age-

dependent manner, it is also regulated by various external factors, like 

drought, cold, and high salinity stresses [1-3], and internal factors, like 

phytohormone level, and the state of photosynthesis [4]. And then, these 

factors affect expression level of senescence-associated transcription 

factors [5], leading to the downstream leaf senescence cascade [4, 5]. 

NAM, ATAF1, 2 and CUC2 (NAC) TFs is one of the largest plant-TF family 

and regulates various plant process including senescence in many species, 

such as soybean [6], wheat [7, 8], rice [9, 10], and Arabidopsis [11, 12]. In 

Arabidopsis, some senescence-induced NACs (senNACs) have been 

identified. For example, ORESARA1 (ORE1/ANAC092) and AtNAP 

(ANAC029) play a positive regulator of leaf senescence [13, 14]. Mutation 

of ORE1 and AtNAP delays leaf senescence, while overexpression of 

ORE1 and AtNAP promotes leaf senescence, indicating that ORE1 and 

AtNAP playing important role in leaf senescence. 

On the other hand, JUNGBRUNNEN1 (JUB1/ANAC042) and VND-

INTERACTING2 (ANAC083/VNI2) have been identified as negative 

regulator of leaf senescence; Overexpressing plants of JUB1 and VNI2 
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showed delayed senescence phenotype [15, 16]. In addition, both JUB1 

and VNI2 overexpression plants showed salt tolerance phenotype. VNI2 

expression was induced by ABA-treatment, but reduced in the ABA-

deficient aba3-1 mutant at high salinity condition. Thus, probably VNI2 acts 

as a molecular link that integrates ABA-dependent salt stress signals into 

leaf senescence by regulating salt-stress responsive COR and RD genes 

[15]. As described above, several NAC TFs regulate leaf senescence 

positively or negatively. 

In rice, however, only a few senNACs have been characterized. One of the 

leaf senescence positive regulator is OsNAP. OsNAP overexpressing plants 

showed early leaf senescence, while osnap mutant exhibits delayed leaf 

senescence [10, 17]. OsNAP is involved in JA-related leaf senescence 

pathway through regulation of JA-biosynthesis genes expression [10]. The 

other group reported that OsNAP expression is up-regulated in salt and 

drought stress condition and OsNAP overexpression plants showed salt and 

drought tolerance phenotype [18]. In addition, OsNAP expression induced 

by ABA and reduced in ABA biosynthesis mutants [17]. Thus, OsNAP 

functions as an important link among JA signaling, ABA signaling, and leaf 

senescence. 

Those transcription factor activities are regulated by multiple steps, such as 

transcriptional level regulation, post-transcription modification, translation 

and post-translational modification [19]. 
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Recently, membrane bound transcription factors (MTFs) has been 

identified that regulated by proteolytic cleavage. MTFs are initially made as 

dormant membrane-bound form.  When MTFs recognize any stimuli, 

however, MTFs released from the membranes through proteolytic cleavage 

by intracellular signal and integrate into the nucleus [20]. To date, 12 MTF 

NACs identified in Arabidopsis [1], and the function of several MTF NACs 

have been already studied [1, 21, 22]. These NAC MTFs are involved in 

abiotic stress response and leaf senescence. 

NTL9 expression is increased in osmotic stress condition. Proteolytic 

cleavage of NTL9 also increased in same condition. In addition, 

SAGs(Senescence-Associated Genes) expression up-regulated in pale-

green   overexpressing activated form of NTL9 plants. Leaf senescence is 

delayed in ntl9 mutants. These results suggesting that NTL9 regulates 

osmotic stress response during leaf senescence by proteolytic cleavage of 

NTL9 protein. NTL6 plays a role in the cold induction pathogen resistance 

and ABA-related drought-resistance response [22, 23]. Proteolytic cleavage 

of NTL6 protein triggered by cold, ABA and phosphorylation of active form 

NTL6 by SnRK2.8 is needs for imported into nucleus in drought-resistance 

response [23]. On the other hand, the studies of NAC MTF of rice are still 

considerably limited. 

The physiological function of RICE DWARF VIRUS MULTIPLICATION 1 

(RIM1), one of the rice NAC MTFs, were previously studied. rim1 mutants 
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showed resistance to Rice dwarf virus (RDV), and RDV capsid proteins 

content was reduced in rim1 mutants [24], indicating that RIM1 involved in 

multiplication of RDV in rice. In addition, using Microarray analysis, Yoshii et 

al. (2010) found that several JA-biosynthesis genes expression is reduced 

in rim1 mutants. And these JA-inducible gene expressions was repressed in 

RIM1 overexpressing plants. Also, RIM1 protein is degraded by 26S 

proteasome complex when JA treated condition. These results suggest that 

RIM1 is a transcriptional repressor of JA pathway [25]. In this regards, it is 

possible that RIM1 also has an important role in the leaf senescence 

because MeJA is known as one of the senescence promoting 

phytohormones [26]. However they didn’t mention about the role of 

transmembrane and RIM1 functions in leaf senescence. 

Here we show identified NAC MTF, RIM1/OsNAC054 (hereafter 

OsNAC054) acts as a positive regulator in leaf senescence. osnac054-1 

mutants showed stay-green during DIS and natural senescence condition. 

In microarray analysis, the expression of several SAGs, including OsABI5, 

OsORE1, and OsNAP was down-regulated in osnac054-1 mutants during 

DIS. Expression levels of OsNAC054 and SAGs were up-regulated by ABA, 

indicating that OsNAC054 modulated ABA-mediated leaf senescence 

pathway. Indeed, osnac054-1 leaves showed significant delayed 

senescence phenotype during ABA-mediated leaf senescence. Furthermore, 
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we identified TM domain in C-terminal region of OsNAC054, and probably it 

has an important role in the regulation of OsNAC054 activity.  
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MATERIALS AND METHODS 

 

Plant materials and growth conditions 

osnac054-1 T-DNA insertion mutant was obtained from Kyung-Hee 

University, Korea [27, 28]. Japonica rice cv ‘Dongjin’ was used as WT. WT 

and mutant plants were grown in the paddy field (natural long day in Suwon, 

South Korea, 37N) or growth chamber (12-h light/12-h dark, 500 µmol m-2 s-

1, 30°C). For DIS experiment, detached leaf discs from 4-weeks-old plants 

were incubated in complete darkness. 

 

Chlorophyll (Chl) Quantification 

Total Chl was extracted from the second or third leaves using 80% ice-cold 

acetone at 4°C. Chl was quantified spectrophotometrically as previously 

described [29]. 

 

Measurement of Ion Leakage 

Ion leakage was measured as described previously [30] with minor 

modifications. Membrane leakage was determined by measurement of 

electrolytes (or ions) leaking from rice leaf disc (1 cm2). Three leaf discs 

from each treatment were immersed in 10 mL of 0.4 M mannitol at room 

temperature with gentle shaking for 3 h, and conductivity of the solution 

measured with a conductivity meter (CON6 METER, LaMOTTE Co.) Total 



7 

 

conductivity was determined after sample incubation at 85℃ for 20 min. 

The ion leakage is expressed as the percentage of initial conductivity 

divided by total conductivity. 

 

SDS-PAGD and immunoblot analysis 

Protein extracts were prepared from leaf tissues. To extract total proteins, 

leaf tissues from 2-month-old rice plants grown in the growth chamber (14 h 

light/ 10 h dark) were ground in liquid nitrogen and 10 mg aliquots were 

homogenized with 100 μL of sample buffer (50 mM Tris, pH 6.8, 2 mM 

EDTA, 10% glycerol, 2% SDS, and 6% 2-mercaptoethanol). Homogenates 

were centrifuged at 10,000 × g for 3 min, and supernatants were denatured 

at 80°C for 5 min. 4 μL of each sample was subjected to 12% (w/v) 

polyacrylamide SDS-PAGE and resolved proteins were electroblotted onto a 

Hybond-P membrane (GE Healthcare). Antibodies against photosystem 

proteins (Lhca1, Lhca2, Lhcb2, Lhcb4, PsaA, and CP43) were used. And 

their secondary antibody activities were visualized using the WEST SAVE 

chemiluminescence detection kit (AbFRONTIER). 

 

Transmission electron microscopy (TEM) analysis 

TEM analysis was performed as described previously [31] with minor 

modifications. Segments of leaf tissues were fixed with a modified 

Karnovsky’s fixative (2% paraformaldehyde, 2% glutaraldehyde and 50mM 
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sodium cacodylate buffer, pH 7.2) and washed three times with 50 mM 

sodium cacodylate buffer (pH 7.2), at 4℃ for 10 min. The samples were 

fixed with 1% osmium tetroxide in 50 mM sodium cacodylate buffer (pH 7.2) 

at 4℃ for 2 h, and briefly washed twice with distilled water at 25℃. Samples 

were stained with en bloc in 0.5% uranyl acetate at 4℃ for a minimum of 30 

min, dehydrated in a gradient series of ethanol and propylene oxide, and 

finally embedded in Spurr’s resin. After polymerization at 70℃ for 24 h, 

ultrathin sections were prepared with a diamond knife on an ultramicrotome 

(MT-X) and mounted on Formvarcoated copper grids. The sections on the 

grids were stained with 2% uranyl acetate for 5 min and with Reynolds’ lead 

citrate for 2 min at 25℃ and then examined using a JEM-1010 EX electron 

microscope (JEOL). 

 

Measurement of Fv/Fm ratio  

Maximal photochemical efficiency of photosystem II (Fv/Fm), and minimum 

(F0) and maximum fluorescence (Fm) of photosystem II were measured 

using a PAM 2000 fluorometer (Heinz Walz, Germany). Plants were dark-

adapted for 10 min and the Fv/Fm ratios of the second or third leaves were 

measured. 
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Microarray analysis  

Total RNA was extracted from the leaves of 4-week-old soil-grown wild 

type plants and osnac054-1 mutants using the TRIzol Reagent, according to 

the manufacturer’s protocol (Invitrogen). Total RNA quality was checked 

using a 2100 Bioanalyzer (Agilent Technologies). Microarray analysis was 

performed using the Rice Gene Expression Microarray, design identifier 

015241 (Agilent), containing 43,803 rice gene. Total RNA (150 ng) was 

used to prepare Cy3-labeled probes, using the low-RNA-input linear 

amplification kit PLUS (Agilent). Labeled RNA probes were fragmented 

using the Gene Expression Hybridization buffer kit (Agilent). All microarray 

experiments, including data analysis, were performed according to the 

manufacturer’s manual (http://www.chem.agilent.com/Scripts/PCol.asp?lPag 

e=494). The arrays were air-dried and scanned using a high-resolution array 

scanner (Agilent) with the appropriate settings for two-color gene expression 

arrays. GeneSpring GX (Agilent) was used to calculate the intensity ratio 

and fold changes. 

 

RT-PCR and qPCR Analysis 

For RT-PCR analysis, total RNA was isolated from leaves using the TRIzol 

Reagent according to the manufacturer’s protocol (Invitrogen). First-strand 

cDNAs were prepared with 2 μg of total RNA in a 25 μl reaction volume 

using M-MLV reverse transcriptase and oligo(dT)15 primer (Promega), and 

http://www.chem.agilent.com/Scripts/PCol.asp?lPag%20e=494
http://www.chem.agilent.com/Scripts/PCol.asp?lPag%20e=494
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diluted with water to 100 μl. The qPCR mixture contained 2 µl of cDNA 

template, 10 µl of 2X SYBR Green PCR Master Mix (Qiagen) and 0.25 mM 

of the forward and reverse primers for each gene. Primer sequences for 

each gene are listed in (Table 1). qPCR was performed using the Light 

Cycler 480 (Roche Diagnostics). Transcript levels of each gene were 

normalized to ubiquitin 5 (UBQ 5). 
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Table 1. Information of primers used in this study 

Primer name Forward (5' - 3') Reverse (5' - 3') 

A. Primers for verification of OsNAC054 T-DNA insertion 

PFG_3A-
07241.L 

ATGGCGCCCGTGAGTTTGCCT TTAGTGATCGCACTCAGCT 

B. Primers used for gene cloning 

OsNAC054 ATGGCGCCCGTGAGTTTGCCT TTAGTGATCGCACTCAGCT 

OsNAC054△TM1 ATGGCGCCCGTGAGTTTGCCT TTAGACGTCAACCTTCTCGTACAG 

OsNAC054△TM2 ATGGCGCCCGTGAGTTTGCCT TTATGTGGTTTCTTTGCTGCC 

OsNAC054△TM3 ATGGCGCCCGTGAGTTTGCCT TTAGCTGGAAATGCCCTTCCC 

C. Primers used for qRT-PCR 

OsNAC054 CCCCGTTACGACCAAAGTTA CAGTAGGGCAGCCATTGATT 

OsORE1.1 CTGGTGCAAXTCCTGGAGAG AGATCTCCGGGTTCACGTC 

OsNAP AACCATTTCATCGCGAACAAC CAGTGACGATCCCTGCAAGG 

OsSGR GGAGTGGAAGAAGGTGCA CCTTGCGGAAGATGTAGTAG 

OsPAO GTGTTGCCTTCCACTGTCCT ACTGAACATCCGCAGGAATC 

OsNYC1 GAATCCGTAATTGGGCTGAA CTGGAAGAGGTCCACCTGAG 

OsEIL1 ATCTTCCCGGCAACCTACAA CATGATCGTGGCATTGTCGT 

OsABI5 ATGGCATCGGAGATGAGCAAGAAC GCTTCTTTGTCAGTAGAACCGTCTTC 

OsABF2 GCTGAGGTGGCAAAACTGAA ATGGACCAGTCAGTGTTCGT 

UBQ5 ACCACTTCGACCGCCACTACT ACGCCTAAGCCTGCTGGTT 
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Phytohormone and Abiotic stress treatments 

For hormone and abiotic stress treatments, the second leaves of 4-weeks-

old WT plants were detached and floated on 3 mM MES (pH5.8) buffer 

solution in the presence and absence of 100 μM ABA or 100 μM MeJA, 500 

μM ACC, 200 mM NaCl. Hormone and salt stress treatments were 

performed at 23°C under continuous light for 2 days. For cold stress 

treatment, leaves were incubated at 4°C for 2 days under continuous light 

condition. 

 

Subcellular localization of OsNAC054 proteins 

PCR amplified OsNAC054 cDNA was ligated into pCR8/GW/TOPO 

plasmid (Invitrogen). OsNAC054 cDNA was inserted into vector pMDC43 

with two CaMV 35S promoter and GFP coding sequence by LR 

recombination reaction (Invitrogen). For subcellular localization analysis, 

GFP-OsNAC054 vector bombarded into onion epidermal cells using a DNA 

particle delivery system (Biolistic PDS-1000/He, BioRad). 16-24h after 

bombardment, epidermal cells were analyzed using a Confocal Laser 

Scanning Microscope II (LSM710, Carl Zeiss).  
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RESULTS 

 

OsNAC054 is senescence associated NAC TF 

In Arabidopsis, several senescence associated NAC TFs (senNAC TFs), 

including ORE1, NAP, JUB1 and NAC016 have been reported [1, 13, 14, 

16]. On the other hand, in rice the studies of senNACs are still limited. To 

find rice senNACs, we constructed phylogenic tree using all of Arabidopsis 

and rice NAC genes (Fig. 1). In this phylogenic tree, we found OsNAC054 is 

phylogenetically close to Arabidopsis senNACs like JUB1 and ORE1. 

Because it was previously reported that senescence associated NAC genes 

expression significantly increased during senescence [1, 13, 16], we 

checked OsNAC054 expression levels in different regions of the 

senescenced flag leaf of WT at 50 days after heading (DAH) in the paddy 

field.  

OsNAC054 expression was comparatively higher in the yellowish top area 

of flag leaf than in the yellow green bottom area (Fig. 2A). We also checked 

expression of OsNAC054 during dark-induced senescence (DIS) condition. 

We incubated detached leaves of WT plants in complete darkness from 0 to 

4 days. Before dark incubation (0 DDI), OsNAC054 expression was 

considerably lower, and increased gradually until 4 DDI as detached leaves 

turned yellow (Fig. 2B). Taken these results together, OsNAC054 
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expression was increased during both natural senescence and DIS, 

indicating that OsNAC054 is related with leaf senescence. 
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Fig. 1 Phylogenic tree of all of Arabidopsis and rice NAC genes. 

The sequences of NAC domain in Arabidopsis and rice NAC TFs were used 

for constructing phylogenic tree. Phylogenic tree was constructed using 

MEGA5 software. 
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Fig. 2 The expression pattern of OsNAC054 during senescence.  

The expression level of OsNAC054 in senescent leaves (A) and during dark 

induced senescence (B) were determined by normalizing the expression 

level of UBQ5. Mean and SD were obtained from more than three biological 

replicates. 
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OsNAC054 T-DNA insertion knockout mutant shows delayed 

senescence phenotype 

To examine the function of OsNAC054 in the leaf senescence, we 

obtained one possible T-DNA insertion knockout lines. (PFG_3A-07241.L) 

has a single T-DNA fragments inserted in the 6th exon OsNAC054 (Fig. 3A). 

By semi quantitative RT-PCR, we confirmed that OsNAC054 transcripts did 

not accumulate in this T-DNA line leaves (Fig. 3B), indicating that this T-

DNA insertion line is osnac054 knockout (KO) mutant allele (hereafter, 

osnac054-1). At first, we checked leaf phenotype of osnac054-1 during DIS. 

At vegetative stage, leaf color of osnac054-1 is almost the same as WT (Fig. 

3C, 0 DDI). At 4 DDI, however, osnac054-1 exhibited strong stay-green 

phenotype while WT became completely yellow (Fig. 3C).  

Consistent with visible phenotype, total Chl and most photosystem 

proteins, including Photosystem I complex subunits (Lhca1, Lhca2, and 

PsaA) Photosystem II complex subunits (Lhcb2, Lhcb4 and CP43) highly 

retained in osnac054-1 (Fig. 4A & 4B). We also found that ion leakage rate, 

an indicator of membrane disintegration, was considerably lower in 

osnac054-1 compared with WT during DIS (Fig. 4C). 

Subsequently, we compared chloroplast structure of the WT and 

osnac054-1 before and after 4 days of dark incubation (4 DDI). It was 

previously reported that in many stay-green plants chloroplast structure and 
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grana thylakoid structure retained during DIS (Park et al. 2007; Kim et al. 

2013). Before dark treatment, WT and osnac054-1 leaves have similar 

chloroplast structure (Fig. 5A, B, upper panels). At 4 DDI, however, 

chloroplasts in osnac054-1 leaves retained thick grana thylakoid structure, 

while it was hardly detected in WT leaves (Fig. 5A, B, lower panels). 

Taken these results together, mutation of OsNAC054 delays leaf 

senescence by maintaining the balance of photosystem complexes and the 

persistence of cell membrane integrity much longer than in WT under DIS 

conditions. 
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Fig. 3 Characterization of osnac054-1 T-DNA insertion KO mutant 

(A) Gene structure of OsNAC054 and T-DNA insertion point (inverted closed 

triangle) in the sixth exon of OsNAC054 (PEG_3A-07241.L). Exons are 

shown as black boxes and introns are shown as connecting lines. (B) The 

absence of OsNAC054 transcripts in osnac054-1 was confirmed by RT-PCR. 

UBQ5 was used as a loading control. (C) The phenotype WT and osnac054-

1 leaf discs during dark-induced senescence (DIS) condition. Detached 

leaves from 1-month-old WT and osnac054-1 plants were used.  
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Fig. 4 Characterization of stay-green phenotype of osnac054-1 

(A, B) Changes in total Chl levels (A) and ion leakage rate (B) in WT and 

osnac054-1 during DIS condition. For these analysis, detached leaves from 

1-month-old WT and osnac054-1 plants were used. Mean and SD values 

were obtained from more than three biological replicates. (C) Immunoblot 

analysis of photosystem proteins in detached leaves of 2-month-old WT and 

osnac054-1 plants at 0, 2, 4 DDI. Antibodies against PSI complex subunits 

(Lhca1, Lhca2, and PsaA) PSII complex subunits (Lhcb2, Lhcb4 and CP43) 

were used for detection. RbcL (Rubisco large subunit) protein was 

visualized by Coomassie Brilliant Blue staining. 
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Fig. 5 Transmission electron microscopy of WT and osnac054-1 leaves 

under DIS conditions.  

(A) Morphological changes in the chloroplasts of detached leaves of WT and 

osnac054-1 leaves before and after 3 DDI. Bars = 0.5 μm. DDI, days of dark 

incubation. (B) The structure of grana thylakoids in chloroplasts of WT and 

osnac054-1 leaves before and after 3 DDI. G, granum; PG, plastoglobule. 

Bars = 200 nm.  
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The osnac054-1 mutants exhibit a functional stay-green 

phenotype during natural senescence 

Stay-green mutants are divided into two groups, functional and 

nonfunctional mutants. The differences between two groups are retention of 

green color and photosynthetic activity. Nonfunctional stay-green mutants 

showed green leaf color without photosynthetic activity during senescence, 

while functional stay-green mutants retain both green color of leaves and 

photosynthetic activity [32, 33]. Thus delaying senescence of functional 

stay-green mutants is positively affect plant yield [18, 34]. To determine 

whether osnac054-1 stay-green phenotype is functional or nonfunctional 

mutant during natural senescence condition, we checked phenotype of WT 

and osnac054-1 in the paddy field under natural long day conditions. At 60 

days after heading, during grain filling period, osnac054-1 showed delayed 

leaf senescence (Fig. 6A, B). Subsequently, we examined total Chl levels in 

second leaves of osnac054-1 and WT at 40 days after heading (DAH). Total 

Chl levels in osanc054-1 mutant were significantly higher than those in WT 

(Fig. 6C). We also checked photosynthetic capacity in WT and osnac054-1 

by measuring Fv/Fm ratio after heading. The Fv/Fm ratio in WT and 

osnac054-1 were almost same before heading. During grain filling stage, 

Fv/Fm ratio in WT was decreased while it was not much altered in 

osnac054-1 (Fig. 6D). These results strongly suggest that osnac054-1 is the 

functional stay-green mutant. 
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Fig. 6 Phenotype of osnac054-1 during natural senescence 

(A) Phenotype of WT and osnac054-1 at 60 days after heading (DAH). (B) 

Phenotype of flag leaves in WT and osnac054-1 at 60 DAH. (C) Total Chl 

levels of WT and osnac054-1 at 0 (black bars) and 40 DAH (white bars). (D) 

Temporal changes of Fv/Fm ratio in WT and osnac054‐1. The second 

leaves were used. Filled and opened circles indicate WT and osnac054-1, 

respectively. Mean and SD values were obtained from three biological 

replicates. 
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Analysis of regulatory network of OsNAC054 dependent leaf 

senescence pathway 

To identify downstream target genes and pathways regulated by 

OsNAC054 during leaf senescence, we checked differentially expressed 

genes (DEGs) between WT and osnac054-1 plants at 0DDI and 2DDI using 

the Agilent Rice Gene Expression Microarray. Linkage map analysis 

revealed that compared with 0DDI a large portion of genes were 

differentially expressed at 2DDI (Fig. 7A), indicating that OsNAC054 has a 

important role in the induction of leaf senescence. In these DEGs, 757 and 

2605 genes were up-regulated at 0DDI and 2DDI respectively, and 283 

genes were shared by two datasets (osnac054-1/WT; >2-fold, Fig. 7B). On 

the other hand, 336 and 1511 genes were down-regulated at 0DDI and 

2DDI respectively, and 61 genes were shared by two datasets (osnac054-

1/WT; < 2-fold, Fig. 7C). In this microarray analysis, we found several SAGs, 

including one of the rice homologs of Arabidopsis senescence associated 

NAC TFs ORESARA1 (OsORE1.1; [13, 35]) and OsNAP  [14], and 

Chlorophyll catabolism associated genes OsSGR [36] and 

PHEOPHORBIDE A OXYGENAGE (OsPAO; [37]), OsNYC1 [38] were also 

differentially expressed in osnac054-1. 

To confirm the result of microarray analysis, we checked several SAG 

genes expression during DIS condition by qRT-PCR analysis. In addition to 

SAGs described above (OsORE1.1, OsNAP, OsSGR, OsPAO, OsNYC1), 
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we checked expression levels of OsEIL1, a rice homolog of Arabidopsis 

ETHYLENE INSENSITIVE3 (EIN3) [39]. Arabidopsis EIN3 is one of the 

major SAGs and it directly promotes the expression of Arabidopsis ORE1 

[40].  At 0 DDI, expression levels of OsORE1, OsNAP, OsSGR, OsPAO, 

OsNYC1 and OsEIL1 in osnac054-1 was almost the same as those in WT, 

while these gene expression was significantly down-regulated in osnac054-

1 at 3 DDI (Fig. 8A-8F). These results suggest that OsNAC054 is involved 

in the leaf senescence by directly or indirectly regulating typical SAGs. 
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Fig. 7 Summary of microarray analysis between WT and osnac054-1 at 0 

and 2 DDI. 

(A) Hierarchical linkage map of the genes that are differently expressed in 

WT and osnac054-1. (B, C) Venn diagram representing the number of 

genes up-regulated (B) and down-regulated (C) at 0DDI and 2DDI in WT 

and osnac054-1. 
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Fig. 8 Expression patterns of SAGs in the OsNAC054 dependent leaf 

senescence pathway 

(A-I) Total RNA was extracted from second leaves of 2-month-old WT and 

osnac054-1 plants before and after dark incubation. Relative expression 

levels of OsORE1.1 (A), OsNAP (B), OsSGR (C), OsPAO (D),  OsNYC1 (E), 

OsEIL1(F) were determined by RT-qPCR and normalized to the transcript 

levels of UBQ5.  Means and SDs were obtained from more than three 

biological replicates. These experiments were replicated at least twice with 

similar results. Student’s t-test was used to calculate statistical significance 

(*P<0.05; **P<0.01). 
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OsNAC054 modulates ABA-mediated leaf senescence pathway 

Leaf senescence is often modulated by senescence associated 

phytohormones and abiotic stresses [4, 41]. To determined OsNAC054 

expression is modulated by phytohormones and abiotic stress treatments, 

Second leaves from one-month-old WT plants were treated by several 

phytohormones, such as Abcisic acid (ABA), 1-aminocyclo-propane-1-

carboxylic acid (ACC, one of the ethylene intermediates), and Methyl 

Jasmonate (MeJA), and abiotic stresses, such as  at salt and cold, and 

OsNAC054 expression levels were examined by qRT-PCR analysis. After 

24h of treatments, OsNAC054 expression was significantly increased up to 

3-fold in ABA-treated WT, while it was hardly changed under other 

treatment conditions (Fig. 9), indicating that OsNAC054 has an important 

role in the ABA signaling responsive pathway. Thus, we subsequently 

checked expression of SAGs (OsNAP, OsORE1, OsSGR, and OsNYC1) 

that down-regulated in osnac054-1 during DIS (Fig. 8). These SAGs 

expression also increased until 48h after ABA treatment (Fig 10A-10D).   

In microarray analysis, we found ABA signaling related genes, such as rice 

homolog of Arabidopsis ABA INSENSITIVE5 (OsABI5; [42]) and Oryza 

sativa ABA-RESPONSIVE ELEMENT BINDING FACTOR 2 (OsABF2; [43]) 

were differently expressed in osnac054-1. We confirmed the expression of 

these genes during DIS condition by qRT-PCR analysis. At 3 DDI, these 

genes expression is down-regulated in osnac054-1 (Fig. 11A & 11B). We 



29 

 

also confirmed that osnac054-1 showed stay-green phenotype with highly 

retaining Chl during ABA induced senescence (Fig. 12). Collectively, these 

results suggest that OsNAC054 controls leaf senescence pathway by 

promoting ABA signaling responsive pathway. 
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Fig. 9 Expression of OsNAC054 under phytohormones and abiotic stress 

conditions.  

Second leaves of one-month-old WT plants were floated in 3 mM MES 

buffer (pH5.8) containing 100 μM ABA, 500 μM ACC, 100 μM MeJA, 200 

mM NaCl, and incubated for 24h under continuous light. The cold treatment 

was performed at 4℃. The expression level of OsNAC054 were determined 

by normalizing the expression level of UBQ5. Mean and SD were obtained 

from more than three biological replicates. Student’s t-test was used to 

calculate statistical significance (*P<0.05; **P<0.01). ABA, Abcisic acid; 

ACC, 1-aminocyclo-propane-1-carboxylic acid; MeJA, Methyl Jasmonate. 
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Fig. 10 The expression level of SAGs under ABA treatment condition. 

Second leaves from one-month-old WT plants were treated by 100 μM ABA 

for 48h under continuous light. The expression level of OsNAP (A), 

OsORE1.1 (B), OsSGR (C), OsNYC1 (D) were determined by normalizing 

the expression level of UBQ5. Mean and SD were obtained from more than 

three biological replicates. Student’s t-test was used to calculate statistical 

significance (*P<0.05; **P<0.01). 
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Fig. 11 The expression pattern of ABA-related genes in osnac054-1 under 

DIS conditions. 

Total RNA was extracted from second leaves of 2-month-old WT and 

osnac054-1 plants before and after dark incubation. Relative expression 

levels of OsABI5 (A), OsABF2 (B) were determined by RT-qPCR and 

normalized to the transcript levels of UBQ5. Means and SDs were obtained 

from more than three biological replicates. These experiments were 

replicated at least twice with similar results. Student’s t-test was used to 

calculate statistical significance (*P<0.05; **P<0.01). 
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Fig. 12 Phenotype characterization of osnac054-1 plants under ABA stress 

condition. 

Phenotype (A) and total Chl levels (B) of WT and osnac054-1 plants before 

(0 DT) and after 5 days of ABA treatment (5 DT). Detached leaves of one-

month-old plants were used. Mean and SD were obtained from more than 

three samples. Student’s t-test was used to calculate statistical significance 

(*P<0.05; **P<0.01). 
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The localization of OsNAC054 is partly regulated by alternative 

splicing 

Recent studies have shown that several NAC TFs are associated with 

membranes and their activity is regulated by proteolytic cleavage of 

transmembrane(TM) domain in C-terminal region [44]. Membrane-bound 

transcription factors (MTFs) have larger size than non-membrane-

associated NAC TFs because of TM domain in C-terminal region [45]. 

We found that protein size of OsNAC054 is much larger than the other rice 

senescence associated NAC TFs (Fig. 13). we analyzed whether 

OsNAC054 have TM domain in C-terminal region using DAS (Dense 

Alignment Surface method) transmembrane prediction site 

(http://www.sbc.su.se/~miklos/DAS/) showing that OsNAC054 contains at 

least 3 TM prediction site at its C-terminus (Fig. 14A). Thus it is possible 

one of the 3 prediction site is TM of OsNAC054 and it control the 

sublocalization on the OsNAC054. To this end, GFP was fused to the N-

terminus of the OsNAC054-FL(OsNAC054a, 1-650aa), 

OsNAC054△TM1(1-480aa), OsNAC054△TM2(1-567aa), OsNAC054△T 

M3(1-626aa) sequences (Fig. 14B). The localization of these fused proteins 

was observed in onion epidermal cells by confocal microscopy (CLSM). We 

found the full length of OsNAC054, OsNAC054△TM2 and 

OsNAC054△TM3 were targeted to both inside and outside of nucleus while 
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OsNAC054△TM1 localized only in the nucleus (Fig.14C), indicating TM1 is 

TM domain of OsNAC054 that controls the localization and TF activity. 

We also found OsNAC054 undergo alternative splicing producing two 

splicing variants. OsNAC054 alternative splicing is mediated by 7 bp the 

retention of intron 6 resulting premature stop codon is introduced into 

OsNAC054 gene, leading to the truncated form lacking the TM domain 

(OsNAC054β, Fig. 15A). Thus, we subsequently checked the subcellular 

localization of OsNAC054β in onion epidermal cells. We found that 

OsNAC054β-GFP was completely targeted to the nucleus (Fig. 15B), as 

well as OsNAC054△TM1-GFP (Figure 14C). Taken these results together, 

OsNAC054 is MTFs which have TM domain in C-terminal region, and 

activation of OsNAC054 is controlled by not only proteolytic cleavage but 

also alternative splicing. 
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Fig. 13 Comparison of OsNAC054 protein with other rice senNACs. 

Protein stricture of OsNAC054 and other senescence associated NAC TFs, 

OsNAP, OsNAC5, and SNAC1 are compared. White boxes indicate NAC 

domain, which was predicted by PROSITE (http://prosite.expasy.org/).  
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Fig. 14 OsNAC054 TF activity is controlled by C-terminal transmembrane. 

(A) Black arrowhead indicated TM prediction site (TM1, TM2, TM3) 

predicted by DAS. Structure (B) and subcellular localization (C) of 

OsNAC054 protein and TM prediction site deleted OsNAC054 proteins 

(OsNAC054△TM1 (1-480 aa), OsNAC054△TM2(1-567 aa), 

OsNAC054△TM3(1-626 aa). GFP fused proteins were transiently expressed 

in onion epidermal cells. GFP fluorescence was collected at 525 nm. Bars = 

100 μm 
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Fig. 15 OsNAC054 TF activity is controlled by alternative splicing. 

(A) Gene structure of OsNAC054 and OsNAC054β. Red box indicates the 

7bp retention of sixth intron and white star shows premature stop codon of 

OsNAC054β (Splicing variant). (B) Subcellular localization of OsNAC054β 

proteins. GFP-OsNAC054β protein was transiently expressed in onion 

epidermal cells. GFP fluorescence was collected at 525 nm. Bars = 100 μm. 
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DISCUSSION 

 

The initiation and progress of leaf senescence is controlled by a great 

number of TFs. Among TFs, NAC TFs are considered to have important role 

in regulating leaf senescence because the expression levels of many of 

Arabidopsis NAC TFs significantly increased during senescence [46]. 

Although several senescence associated NAC TFs have been identified [1, 

13, 14, 16]. However, in rice only a few senescence associated NAC TFs 

have been reported [9, 17]. 

Here we identified new rice senescence associated NAC TF, OsNAC054. 

osnac054-1 mutant showed stay-green phenotype during both dark induced 

senescence (Fig. 3) and natural senescence (Fig. 6), strongly indicating that 

OsNAC054 is senescence promoting TFs. We also analyzed downstream 

cascade of OsNAC054 dependent leaf senescence pathway by microarray 

and RT-qPCR analysis. We found several typical senescence associated 

genes, such as OsORE1.1, OsNAP, and OsEIL1/OsEIN3 were significantly 

down-regulated in osnac054-1 during DIS (Fig. 8). It was previously 

reported that in Arabidopsis EIN3 binds to the promoters of ORE1 and NAP, 

and directly promotes their expression [40, 47]. Thus, it is possible that 

OsEIL1/OsEIN3 also directly activates OsORE1 and OsNAP during 

senescence, and OsNAC054 is involved in the activation of this OsEIL1-

OsORE1/OsNAP cascade (Fig. 16). 



40 

 

In both Arabidopsis and rice, NAP is also known as an ABA signaling 

related gene. In Arabidopsis, NAP directly activates one of ABA responsive 

genes SAG113, a protein phosphatase 2C (PP2C; [48]). KO mutant of 

sag113 showed delayed senescence phenotype as well as nap mutant [48], 

strongly indicating SAG113 is one of the important downstream genes in 

leaf senescence pathway. Similar to Arabidopsis NAP, KO mutant of 

OsNAP showed delayed senescence phenotype [17]. In addition, OsNAP 

expression is significantly induced by ABA, while its expression is repressed 

in two ABA biosynthesis mutants, aba1 and aba2 [17]. Taken together with 

these results, both Arabidopsis NAP and OsNAP have important role in the 

leaf senescence through ABA signaling. In this study, we found that 

OsNAC054 is also strongly induced by ABA treatment (Fig. 9). Furthermore, 

two ABA bZIP TFs, OsABI5 and OsABF2 were significantly down-regulated 

in osnac054-1 mutant during DIS (Fig. 11). Indeed, osnac054-1 mutant 

showed stay-green phenotype during ABA induced senescence (Fig. 12), 

suggesting that OsNAC054 is involved in the promotion of leaf senescence 

through ABA, similar to OsNAP [17]. In Arabidopsis, ABI5 is known as one 

of the senescence associated genes. abi5 KO mutant showed stay-green 

phenotype, and ABI5 directly activates the expression of ORE1, SGR1, and 

NYC1 [47]. Thus, it is possible that OsABI5 is important downstream genes 

in OsNAC054 dependent leaf senescence pathway, as well as OsNAP. 
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In this study, we also found that three Chl degradation associated genes, 

OsSGR, OsPAO, and OsNYC1 were significantly down-regulated in 

osnac054-1 mutant during DIS (Fig. 8). One possibility is that the down-

regulation of OsNAP in osnac054-1 led to the repression of Chl degradation 

related genes, because OsNAP binds to the promoters of OsSGR, OsNYC1, 

and OsPAO for activation of these genes (Liang et al. 2014). It is also 

possible that the impairment of ABA signaling pathway in osnac054-1 

mutant led to the down-regulation of Chl degradation related genes. It is well 

known that Arabidopsis SGR1 and NYC1 transcriptional levels are tightly 

regulated by ABA signaling genes. Both SGR1 and NYC1 are directly 

activated by ABI5 and EEL (ABI5 functional homolog) during senescence 

[47]. Furthermore, during seed degreening SGR1 and NYC1 are also 

regulated by other ABA bZIP TFs ABI3 and ABF4, respectively [49, 50]. 

Also, we can’t exclude the possibility that OsNAC054 directly activates 

these Chl degradation related genes. For demonstrating these hypotheses, 

in vitro and in vivo promoter binding assays, such as yeast one-hybrid assay 

and chromatin immunoprecipitation (ChIP) assay are necessary. 

One unique characteristic of OsNAC054 is TM region at its C-terminus (Fig. 

14). Thus, OsNAC054 is much longer than other senNACs in rice (Fig. 13). 

By transient expression assay using onion epidermal cells, we identified TM 

region of OsNAC054. Full-length OsNAC054-GFP was dispersed in the 

onion cells, while GFP fluorescence was target to only nucleus when TM 
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region was cleaved (Fig. 14C), indicating TM region of OsNAC054 controls 

its TF activity in nucleus. In Arabidopsis, one of the Arabidopsis senNACs 

NAC016 contains the TM region [1], although the relationship between TF 

activity of NAC016 and its TM is still unknown. The study of NTL4, an 

Arabidopsis TM containing NAC TF, well showed the importance of TM 

region. Arabidopsis transgenic plants that overexpressing full-length NTL4 

did not show phenotype, while transgenic plants that overexpressing 

NTL4△TM showed different phenotypes, like growth retardation and curled 

leaves even under normal growth condition [51], indicating the importance of 

TM region for conditional control of TF activity. Similar to the case of NTL4, 

TF activity of OsNAC054 is conditionally controlled by its TM region. The 

preparation of transgenic plants of 35S:OsNAC054 and 

35S:OsNAC054△TM is needed for revealing the exact role of TM region of 

OsNAC054.     

Another intriguing matter is the functional homolog of OsNAC054 in 

Arabidopsis. In the phylogenic tree of Arabidopsis and rice NAC genes, 

OsNAC054 is considerably close to other Arabidopsis senNACs such as 

ORE1 and JUB1, and other abiotic stress associated NAC TFs, such as 

NTL6, NAC019, NAC055, and NAC072 (Fig. 1). Arabidopsis ore1 KO 

mutant showed stay-green phenotype (Kim et al. 2009), similar to 

osnac054-1 mutant (Fig. 3 & Fig. 6). Unlike OsNAC054, however, ORE1 did 
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not contain TM region (Kim et al. 2013). Furthermore, ore1 KO mutant 

showed tolerance phenotype to high salinity stress [52], while osnac054-1 

mutant did not show tolerance phenotype under salt stress (data not shown). 

Considering these other characteristics, the function of OsNAC054 is not so 

similar with ORE1. Although JUB1 is one of the senescence associated 

NAC TFs, it is senescence regulating NAC TFs. Thus, JUB1-OX palnts 

showed stay-green phenotype while jub1 mutant showed early senescence 

phenotype [16], which is completely opposite to osnac054-1 mutant. NTL6 

contains TM at its C-terminus as well as OsNAC054, but its senescence 

phenotype was not observed [23]. NAC019, NAC055, and NAC072 are also 

well known as ABA signaling related genes, and their overexpressing plants 

showed tolerance phenotype to drought stress and osmotic stress [53, 54]. 

However, it is still not clear whether they also have important role in the leaf 

senescence pathway. Further physiological analyses of KO mutants and OX 

plants of OsNAC054 and Arabidopsis NAC genes will be needed for 

revealing this relationship.  
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Fig. 16 Tentative model of OsNAC054 dependent leaf senescence pathway. 

OsNAC054 is involved in leaf senescence through the up-regulation of 

OsABI5, OsORE1, and OsNAP expression by crosstalk with ABA-related 

pathway. Red arrows indicate transcriptional regulation that previously 

reported. Blue arrows indicate transcriptional regulation that may be 

regulated by OsNAC054. 

 

 

 



45 

 

 

REFERENCES 

1. Kim YS, Sakuraba Y, Han SH, Yoo SC, Paek NC: Mutation of the 

Arabidopsis NAC016 transcription factor delays leaf senescence. Plant 

& cell physiology 2013, 54(10):1660-1672. 

2. Rivero RM, Kojima M, Gepstein A, Sakakibara H, Mittler R, Gepstein S, 

Blumwald E: Delayed leaf senescence induces extreme drought 

tolerance in a flowering plant. Proceedings of the National Academy of 

Sciences of the United States of America 2007, 104(49):19631-19636. 

3. Munns R: Genes and salt tolerance: bringing them together. The New 

phytologist 2005, 167(3):645-663. 

4. Lim PO, Kim HJ, Nam HG: Leaf senescence. Annual review of plant 

biology 2007, 58:115-136. 

5. Buchanan-Wollaston V, Page T, Harrison E, Breeze E, Lim PO, Nam HG, 

Lin JF, Wu SH, Swidzinski J, Ishizaki K et al: Comparative transcriptome 

analysis reveals significant differences in gene expression and 

signalling pathways between developmental and dark/starvation-

induced senescence in Arabidopsis. The Plant journal : for cell and 

molecular biology 2005, 42(4):567-585. 

6. Hao YJ, Wei W, Song QX, Chen HW, Zhang YQ, Wang F, Zou HF, Lei G, 

Tian AG, Zhang WK et al: Soybean NAC transcription factors promote 

abiotic stress tolerance and lateral root formation in transgenic 

plants. The Plant journal : for cell and molecular biology 2011, 68(2):302-

313. 

7. Gregersen PL, Holm PB: Transcriptome analysis of senescence in the 

flag leaf of wheat (Triticum aestivum L.). Plant biotechnology journal 

2007, 5(1):192-206. 

8. Xia N, Zhang G, Liu XY, Deng L, Cai GL, Zhang Y, Wang XJ, Zhao J, Huang 

LL, Kang ZS: Characterization of a novel wheat NAC transcription 

factor gene involved in defense response against stripe rust 



46 

 

pathogen infection and abiotic stresses. Molecular biology reports 

2010, 37(8):3703-3712. 

9. Sperotto RA, Ricachenevsky FK, Duarte GL, Boff T, Lopes KL, Sperb ER, 

Grusak MA, Fett JP: Identification of up-regulated genes in flag leaves 

during rice grain filling and characterization of OsNAC5, a new ABA-

dependent transcription factor. Planta 2009, 230(5):985-1002. 

10. Zhou Y, Huang W, Liu L, Chen T, Zhou F, Lin Y: Identification and 

functional characterization of a rice NAC gene involved in the 

regulation of leaf senescence. BMC plant biology 2013, 13:132. 

11. Ooka H, Satoh K, Doi K, Nagata T, Otomo Y, Murakami K, Matsubara K, 

Osato N, Kawai J, Carninci P et al: Comprehensive analysis of NAC 

family genes in Oryza sativa and Arabidopsis thaliana. DNA research : 

an international journal for rapid publication of reports on genes and 

genomes 2003, 10(6):239-247. 

12. Nakashima K, Takasaki H, Mizoi J, Shinozaki K, Yamaguchi-Shinozaki K: 

NAC transcription factors in plant abiotic stress responses. Biochimica 

et biophysica acta 2012, 1819(2):97-103. 

13. Kim JH, Woo HR, Kim J, Lim PO, Lee IC, Choi SH, Hwang D, Nam HG: 

Trifurcate feed-forward regulation of age-dependent cell death 

involving miR164 in Arabidopsis. Science 2009, 323(5917):1053-1057. 

14. Guo Y, Gan S: AtNAP, a NAC family transcription factor, has an 

important role in leaf senescence. The Plant journal : for cell and 

molecular biology 2006, 46(4):601-612. 

15. Yang SD, Seo PJ, Yoon HK, Park CM: The Arabidopsis NAC transcription 

factor VNI2 integrates abscisic acid signals into leaf senescence via 

the COR/RD genes. The Plant cell 2011, 23(6):2155-2168. 

16. Wu A, Allu AD, Garapati P, Siddiqui H, Dortay H, Zanor MI, Asensi-Fabado 

MA, Munne-Bosch S, Antonio C, Tohge T et al: JUNGBRUNNEN1, a 

reactive oxygen species-responsive NAC transcription factor, 

regulates longevity in Arabidopsis. The Plant cell 2012, 24(2):482-506. 

17. Liang C, Wang Y, Zhu Y, Tang J, Hu B, Liu L, Ou S, Wu H, Sun X, Chu J et 

al: OsNAP connects abscisic acid and leaf senescence by fine-tuning 



47 

 

abscisic acid biosynthesis and directly targeting senescence-

associated genes in rice. Proceedings of the National Academy of 

Sciences of the United States of America 2014, 111(27):10013-10018. 

18. Chen X, Wang Y, Lv B, Li J, Luo L, Lu S, Zhang X, Ma H, Ming F: The NAC 

family transcription factor OsNAP confers abiotic stress response 

through the ABA pathway. Plant & cell physiology 2014, 55(3):604-619. 

19. Seo PJ: Recent advances in plant membrane-bound transcription 

factor research: emphasis on intracellular movement. Journal of 

integrative plant biology 2014, 56(4):334-342. 

20. Hoppe T, Rape M, Jentsch S: Membrane-bound transcription factors: 

regulated release by RIP or RUP. Current opinion in cell biology 2001, 

13(3):344-348. 

21. Yoon HK, Kim SG, Kim SY, Park CM: Regulation of leaf senescence by 

NTL9-mediated osmotic stress signaling in Arabidopsis. Molecules and 

cells 2008, 25(3):438-445. 

22. Seo PJ, Kim MJ, Park JY, Kim SY, Jeon J, Lee YH, Kim J, Park CM: Cold 

activation of a plasma membrane-tethered NAC transcription factor 

induces a pathogen resistance response in Arabidopsis. The Plant 

journal : for cell and molecular biology 2010, 61(4):661-671. 

23. Kim MJ, Park MJ, Seo PJ, Song JS, Kim HJ, Park CM: Controlled nuclear 

import of the transcription factor NTL6 reveals a cytoplasmic role of 

SnRK2.8 in the drought-stress response. The Biochemical journal 2012, 

448(3):353-363. 

24. Yoshii M, Shimizu T, Yamazaki M, Higashi T, Miyao A, Hirochika H, Omura 

T: Disruption of a novel gene for a NAC-domain protein in rice 

confers resistance to Rice dwarf virus. The Plant journal : for cell and 

molecular biology 2009, 57(4):615-625. 

25. Yoshii M, Yamazaki M, Rakwal R, Kishi-Kaboshi M, Miyao A, Hirochika H: 

The NAC transcription factor RIM1 of rice is a new regulator of 

jasmonate signaling. The Plant journal : for cell and molecular biology 

2010, 61(5):804-815. 

26. Weidhase RA, Kramell HM, Lehmann J, Liebisch HW, Lerbs W, Parthier B: 



48 

 

Methyljasmonate-Induced Changes in the Polypeptide Pattern of 

Senescing Barley Leaf Segments. Plant Sci 1987, 51(2-3):177-186. 

27. Jeon JS, Lee S, Jung KH, Jun SH, Jeong DH, Lee J, Kim C, Jang S, Yang K, 

Nam J et al: T-DNA insertional mutagenesis for functional genomics 

in rice. The Plant journal : for cell and molecular biology 2000, 22(6):561-

570. 

28. Jeong DH, An S, Park S, Kang HG, Park GG, Kim SR, Sim J, Kim YO, Kim 

MK, Kim SR et al: Generation of a flanking sequence-tag database for 

activation-tagging lines in japonica rice. The Plant journal : for cell and 

molecular biology 2006, 45(1):123-132. 

29. Lichtenthaler HK: Chlorophylls and carotenoids: Pigments of 

photosynthetic biomembranes. Methods in enzymology 1987, 148:350-

382. 

30. Fan L, Zheng S, Wang X: Antisense suppression of phospholipase D 

alpha retards abscisic acid- and ethylene-promoted senescence of 

postharvest Arabidopsis leaves. The Plant cell 1997, 9(12):2183-2196. 

31. Inada N, Sakai A, Kuroiwa H, Kuroiwa T: Three-dimensional analysis of 

the senescence program in rice (Oryza sativa L.) coleoptiles. 

Investigations of tissues and cells by fluorescence microscopy. Planta 

1998, 205(2):153-164. 

32. Hortensteiner S: Stay-green regulates chlorophyll and chlorophyll-

binding protein degradation during senescence. Trends in plant 

science 2009, 14(3):155-162. 

33. Thomas H, Howarth CJ: Five ways to stay green. Journal of experimental 

botany 2000, 51 Spec No:329-337. 

34. Yoo SC, Cho SH, Zhang H, Paik HC, Lee CH, Li J, Yoo JH, Lee BW, Koh HJ, 

Seo HS et al: Quantitative trait loci associated with functional stay-

green SNU-SG1 in rice. Molecules and cells 2007, 24(1):83-94. 

35. Lee SH, Sakuraba Y, Lee T, Kim KW, An G, Lee HY, Paek NC: Mutation of 

Oryza sativa CORONATINE INSENSITIVE 1b (OsCOI1b) delays leaf 

senescence. Journal of integrative plant biology 2014. 

36. Park SY, Yu JW, Park JS, Li J, Yoo SC, Lee NY, Lee SK, Jeong SW, Seo HS, 



49 

 

Koh HJ et al: The senescence-induced staygreen protein regulates 

chlorophyll degradation. The Plant cell 2007, 19(5):1649-1664. 

37. Tang Y, Li M, Chen Y, Wu P, Wu G, Jiang H: Knockdown of OsPAO and 

OsRCCR1 cause different plant death phenotypes in rice. Journal of 

plant physiology 2011, 168(16):1952-1959. 

38. Kusaba M, Ito H, Morita R, Iida S, Sato Y, Fujimoto M, Kawasaki S, Tanaka 

R, Hirochika H, Nishimura M et al: Rice NON-YELLOW COLORING1 is 

involved in light-harvesting complex II and grana degradation during 

leaf senescence. The Plant cell 2007, 19(4):1362-1375. 

39. Mao C, Wang S, Jia Q, Wu P: OsEIL1, a rice homolog of the 

Arabidopsis EIN3 regulates the ethylene response as a positive 

component. Plant molecular biology 2006, 61(1-2):141-152. 

40. Kim HJ, Hong SH, Kim YW, Lee IH, Jun JH, Phee BK, Rupak T, Jeong H, 

Lee Y, Hong BS et al: Gene regulatory cascade of senescence-

associated NAC transcription factors activated by ETHYLENE-

INSENSITIVE2-mediated leaf senescence signalling in Arabidopsis. 

Journal of experimental botany 2014, 65(14):4023-4036. 

41. Kusaba M, Tanaka A, Tanaka R: Stay-green plants: what do they tell us 

about the molecular mechanism of leaf senescence. Photosynthesis 

research 2013, 117(1-3):221-234. 

42. Zou M, Guan Y, Ren H, Zhang F, Chen F: A bZIP transcription factor, 

OsABI5, is involved in rice fertility and stress tolerance. Plant 

molecular biology 2008, 66(6):675-683. 

43. Hossain MA, Cho JI, Han M, Ahn CH, Jeon JS, An G, Park PB: The ABRE-

binding bZIP transcription factor OsABF2 is a positive regulator of 

abiotic stress and ABA signaling in rice. Journal of plant physiology 

2010, 167(17):1512-1520. 

44. Seo PJ, Kim SG, Park CM: Membrane-bound transcription factors in 

plants. Trends in plant science 2008, 13(10):550-556. 

45. Kim SY, Kim SG, Kim YS, Seo PJ, Bae M, Yoon HK, Park CM: Exploring 

membrane-associated NAC transcription factors in Arabidopsis: 

implications for membrane biology in genome regulation. Nucleic 



50 

 

acids research 2007, 35(1):203-213. 

46. Balazadeh S, Riano-Pachon DM, Mueller-Roeber B: Transcription factors 

regulating leaf senescence in Arabidopsis thaliana. Plant biology 2008, 

10 Suppl 1:63-75. 

47. Sakuraba Y, Jeong J, Kang MY, Kim J, Paek NC, Choi G: Phytochrome-

interacting transcription factors PIF4 and PIF5 induce leaf senescence 

in Arabidopsis. Nature communications 2014, 5:4636. 

48. Zhang K, Xia X, Zhang Y, Gan SS: An ABA-regulated and Golgi-localized 

protein phosphatase controls water loss during leaf senescence in 

Arabidopsis. The Plant journal : for cell and molecular biology 2012, 

69(4):667-678. 

49. Delmas F, Sankaranarayanan S, Deb S, Widdup E, Bournonville C, Bollier 

N, Northey JG, McCourt P, Samuel MA: ABI3 controls embryo 

degreening through Mendel's I locus. Proceedings of the National 

Academy of Sciences of the United States of America 2013, 

110(40):E3888-3894. 

50. Nakajima S, Ito H, Tanaka R, Tanaka A: Chlorophyll b reductase plays an 

essential role in maturation and storability of Arabidopsis seeds. Plant 

physiology 2012, 160(1):261-273. 

51. Lee S, Seo PJ, Lee HJ, Park CM: A NAC transcription factor NTL4 

promotes reactive oxygen species production during drought-

induced leaf senescence in Arabidopsis. The Plant journal : for cell and 

molecular biology 2012, 70(5):831-844. 

52. Balazadeh S, Siddiqui H, Allu AD, Matallana-Ramirez LP, Caldana C, 

Mehrnia M, Zanor MI, Kohler B, Mueller-Roeber B: A gene regulatory 

network controlled by the NAC transcription factor 

ANAC092/AtNAC2/ORE1 during salt-promoted senescence. The Plant 

journal : for cell and molecular biology 2010, 62(2):250-264. 

53. Fujita M, Fujita Y, Maruyama K, Seki M, Hiratsu K, Ohme-Takagi M, Tran 

LS, Yamaguchi-Shinozaki K, Shinozaki K: A dehydration-induced NAC 

protein, RD26, is involved in a novel ABA-dependent stress-signaling 

pathway. The Plant journal : for cell and molecular biology 2004, 



51 

 

39(6):863-876. 

54. Tran LS, Nakashima K, Sakuma Y, Simpson SD, Fujita Y, Maruyama K, 

Fujita M, Seki M, Shinozaki K, Yamaguchi-Shinozaki K: Isolation and 

functional analysis of Arabidopsis stress-inducible NAC transcription 

factors that bind to a drought-responsive cis-element in the early 

responsive to dehydration stress 1 promoter. The Plant cell 2004, 

16(9):2481-2498. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



52 

 

초 록 

벼의 생장발달의 마지막 단계인 잎의 노화가 지연되는, 즉 잎의 녹색과 

광합성능이 비교군보다 높게 유지되는 T-DNA 삽입 돌연변이체인 osnac054-

1 을 이용하여 잎의 노화에 관여하여 stay-green 형질을 조절하는 OsNAC054 

유전자의 특성을 분석하였다. 비교군으로 사용된 동진벼의 노화가 진행될수록 

OsNAC054 의 발현이 촉진되었고 돌연변이체가 비교군보다 잎의 노화가 

지연되는 것으로 보아 OsNAC054 유전자가 잎의 노화에 관여한다는 것을 알 

수 있었다. 전자조절인자인 OsNAC054 의 보다 정확한 역할을 규명하기 위해 

암처리 전후의 식물체를 이용해 Microarray 를 실시한 결과 암 처리 후 

osnac054-1 돌연변이체에서 엽록소 합성에 관여하는 OsSGR, OsNYC1, OsPAO 

와 잎 노화에 관여하는 유전자인 OsNAP, ORESARA1 (ORE1), OsEIL1 을 포함하고 

있었다. 뿐만 아니라 osnac054-1 돌연변이체는 식물호르몬인 ABA 로 인한 노화 

과정에서도 노화가 억제되었고, OsNAC054 의 발현이 ABA 를 처리했을 때 

증가하는 것을 확인하였다. 이러한 결과들은 OsNAC054 가 엽록소 합성과 잎의 

노화에 관여하는 유전자들의 발현을 ABA-신호 전달 회로와 상호작용하여 간접 

혹은 직접적으로 조절함으로써 잎이 노화를 촉진한다는 것을 보여준다. 
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