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Abstract
Key message  We demonstrate that OsNAC109 regulates senescence, growth and development via binding to the cis-
element CNTCSSNNSCAVG and altering the expression of multiple senescence- and hormone-associated genes in rice.
Abstract  The NAC family is one of the largest transcripton factor families in plants and plays an essential role in plant 
development, leaf senescence and responses to biotic/abiotic stresses through modulating the expression of numerous genes. 
Here, we isolated and characterized a novel yellow leaf 3 (yl3) mutant exhibiting arrested-growth, increased accumulation 
of reactive oxygen species (ROS), decreased level of soluble proteins, increased level of malondialdehyde (MDA), reduced 
activities of ROS scavenging enzymes, altered expression of photosynthesis and senescence/hormone-associated genes. The 
yellow leaf and arrested-growth trait was controlled by a single recessive gene located to chromosome 9. A single nucleo-
tide substitution was detected in the mutant allele leading to premature termination of its coding protein. Genetic comple-
mentation could rescue the mutant phenotype while the YL3 knockout lines displayed similar phenotype to WT. YL3 was 
expressed in all tissues tested and predicted to encode a transcriptional factor OsNAC109 which localizes to the nucleus. It 
was confirmed that OsNAC109 could directly regulate the expression of OsNAP, OsNYC3, OsEATB, OsAMTR1, OsZFP185, 
OsMPS and OsGA2ox3 by targeting to the highly conserved cis-element CNTCSSNNSCAVG except OsSAMS1. Our results 
demonstrated that OsNAC109 is essential to rice leaf senescence, growth and development through regulating the expression 
of senescence- and phytohormone-associated genes in rice.
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Introduction

Senescence is the final stage of plant development and is a 
tightly controlled genetic process at the organismal, celluar 
and molecular levels. In this process, the nutrients invested 
in aging tissues such as nitrogen, phosphorus and metals 
are reallocated to vigorously growing tissues and organs for 
reuse. Thus, leaf senescence can be viewed as a recycling 
program in the organism (Himelblau 2000). At the celluar 

level, leaf senescence is a form of programed cell death 
(PCD) when cells suffered massive changes in an orderly 
manner and one of its most distinctive characteristics is chlo-
roplast degeneration with chlorophyll breakdown. The pro-
gram leads to the first visible phenotypic change i.e. leaf yel-
lowing. The leaf premature senescence means the shortening 
of crop growth stage due to the proceeding of chloroplast 
degeneration, an unfavorable state to agronomic production, 
although senescence is an active process to salvage nutrients 
from old tissues (Woo et al. 2013). Additionally, senescence 
as one type of PCD, is usually promoted by reactive oxygen 
species (ROS) accumulation and DNA degradation, whereas 
ROS scavenging enzymes, including superoxide dismutase 
(SOD), peroxidase (POD), and catalase (CAT) play impro-
tant roles in regulating leaf senescence (He et al. 2018).

Although leaf senescence is an age-dependent process, 
it involves intricate and complex pathways that respond to 
various endogenous factors such as phytohormones and 
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metabolism (Zhao et al. 2019), as well as exogenous factors 
including temperature, light, drought, nutrient deficiency, 
wounding, and pathogen infection (Yang et al. 2016; Wang 
et al. 2019). To explore the mechanisms behind leaf senes-
cence, one of the best approaches is isolation and analysis of 
early senescence or delayed senescence mutants (Piao et al. 
2019). To date, more than 800 senescence-associate genes 
(SAGs) have been identified, and genetic analysis reveals 
that leaf senescence is controlled by various negative and 
positive genetic elements (Lim et al. 2007).

Among SAGs isolated so far, the NAC (NAM, ATAF1/2, 
and CUC2) transcription factor (TF) family is important 
to modulate the process of leaf senescence through regu-
lating gene expression. NAC TFs possess conserved NAC 
domains responsible for DNA binding, and highly variable 
C-terminal domains determining the transcription activity 
(Olsen et al. 2005b). The NAC domain consists of five sub-
domains (A–E), among which the highly conserved sub-
domains C and D are involved in DNA binding, whereas 
the divergent subdomains B and E are related to functional 
diversity of NAC TFs. The subdomain A may be responsi-
ble for dimerization (Ernst et al. 2004; Olsen et al. 2005a; 
Balazadeh et al. 2010; Kjaersgaard et al. 2011; Li et al. 
2018). As for the NAC recognition sequence (NACRS), 
the Arabidopsis ANAC1 is able to bind to a 21 bp segment 
(CTG​ACG​TAA​GGG​ATG​ACG​CAC) within the 35S-90 
promoter region (Xie et al. 2000). ANAC019, ANAC055, 
and ANAC072 have been shown to recognize the sequence 
containing CATGT and CACG elements in vivo and in vitro 
(Tran et al. 2004). DAP-seq analysis, a TF-DNA binding 
assay in vitro, indicates potential NACRS of different NAC 
TFs in Arabidopsis, most of which contain highly conserved 
CNT and ANG elements (O’Malley et al. 2016). As closely-
related NAC TFs show different preferences for the core 
binding site, the NACRS of a specific NAC TF needs further 
identification.

As one of largest the TF families, NAC family exists in 
most plant species including crops and trees, suggesting their 
fundamental role in plant growth and development. In Arabi-
dopsis, AtNAC1 may activate the auxin-responsive genes, 
DBP and AIR3, to promote lateral root formation (Xie et al. 
2000); AtNAC2 is also able to enhance plant lateral root 
development by integrating environmental and endogenous 
stimuli (He et al. 2005). Several NAC TFs (ANAC002/ATAF1, 
ANA016, ANAC019, ANAC029/NAP, ANAC046, ANAC055, 
ANAC072/RD26, and ANAC092/ORE1) positively regu-
late leaf senescence as their null mutants exhibit a stay-
green phenotype during senescence (Kim et al. 2009, 2013; 
Takasaki et al. 2015; Oda-Yamamizo et al. 2016), whereas 
ANAC042/JUB1 and ANAC083/VNI2 negatively regulate leaf 
senescence (Yang et al. 2011; Wu et al. 2012). To date, more 
than 150 NAC TFs have been characterized in rice and they are 
involved in regulation of different biological processes. For the 

regulation of leaf senescence, ONAC106 acts as an inhibitor 
by directly modulating the expression of SAGs such as OsSGR 
and OsNYC1 (Sakuraba et al. 2015). OsNAP and OsNAC2 
mediate leaf senescence by simultaneously regulating the 
expression of SAGs and genes associated with ABA metabo-
lism (Liang et al. 2014; Mao et al. 2017; Shen et al. 2017). 
The expressions of both OsNAC5 and OsNAC6 are increased 
during leaf senescence (Sperotto et al. 2009; Nakashima et al. 
2007).

In this study, we isolated and characterized a premature 
senescece rice mutant yellow leaf 3 (yl3) with retarded 
growth, delayed-heading and dwarfism phenotype. We found 
that the yl3 phenotype is controlled by a pair of recessive 
mutation resulting from a single nucleotide substitution in 
the 2th exon of YL3. YL3 encods a NAC transcriptonal factor 
OsNAC109 and expresses ubiquitously in rice. OsNAC109 
regulates senescence, growth and development by altering 
the expression of hormone and senescence-associated genes 
via binding to a conserved cis-element CNTCSSNNSCAVG.

Materials and methods

Palnt materials and growth conditions

The rice yl3 mutant was isolated from an ethyl methane-
sulfonate (EMS)-induced rice mutant library of the indica 
rice cultivar, Zhongjian100 (wild-type, WT). After mutiple 
generations of selfing, the premature senescence phenotype 
of yl3 was stably inherited in different enviroments. yl3 was 
crossed with a japonica rice cultivar Moroberekan to gen-
erate F1 plants and F2 populations for genetic analysis and 
gene mapping. All individuals were grown in the paddy field 
under natural conditions in Hangzhou, Zhejiang province 
and Lingshui, Hainan province, China. All transgenic plants 
were grown in the green house and net house under natu-
ral conditions at the China National Rice Research Institute 
(CNRRI) in Hangzhou. In addition, the seedlings of WT 
and yl3 were hydroponically cultured on one half Hoagland 
medium in the phytotron for 2 weeks at 30 °C, 14-h light 
(400 μmol m−2 s−1)/24 °C, 10-h dark cycle (Liang et al. 
2014) for determination of hormone contents and expression 
analysis of YL3. The means from three biological replicates 
were used for analysis by Student’s t test.

Measurement of chlorophyll content 
and photosynthetic rate

The chlorophyll was extracted from the uppermost leaves 
of yl3 and WT and measured as previously descriobed by 
Wellburn (1994) and Kim et al. (2006). The OD values at 
470, 645, 663 and 652 nm were determined with a Spec-
traMax i3x Multi-Mode Microplate Reader (MOLECULAR 
DEVICES, Sunnyvate, CA, USA).
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At 9:00–11:00 am on a sunny day under the paddy field 
conditions, the net photosynthetic rate (Pn) of flag leaves 
was determined by a portable device L-6400XT (LI-COR, 
Lincoln, NB, USA) with photosynthetic photon flux den-
sity (PPFD) of 1500 μmol m−2 s−1 and reference CO2 of 
400  μmol mol−1 in the cuvette. All experiments were 
repeated three times and the means from three biological 
replicates were used for anlysis by Student’s t test or Dun-
can’s test.

Transmission electron microscopy and toluidine 
blue cell staining

For transmission electron microscopy (TEM), the fully 
expanded flag leaves of yl3 and WT plants grown in the 
paddy field at the heading stage were taken and fixed with 
2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 
16 h at 4 ℃ after vacuuming. The subsequent analysis was 
carried out according to the method described previously 
(Huang et al. 2016). The section samples were observed 
under a Tenai G2F20 transmission electron microscope at 
the College of Agriculture and Biotechnology, Zhejiang 
University.

For toluidine blue cell staining, the uppermost internodes 
of yl3 and WT at the heading stage were collected and fixed 
with formalin-acetic-alcohol (FAA) fixative. The vertical 
sectioned samples were handled and observed as previously 
described ( He et al. 2018).

Detection of hydrogen peroxide and superoxide 
radical

To determine the accumulation of hydrogen peroxide (H2O2) 
and superoxide radical (O2

−), the uppermost leaves from yl3 
and WT grown in the paddy field at the tillering stage were 
collected and stained with 3,3-diaminobenzidine (DAB) and 
nitrotetrazolium blue chloride (NBT), respectively, accord-
ing to the methods described by Wang et al. (2014). The 
pictures were recorded with a HP ScanJet G4010 scanner 
(HP, Shanghai, China).

TUNEL assays

The uppermost leaves were taken from yl3 and WT plants 
grown in the paddy field at the tillering stage for the terminal 
deoxynucleotidyl transferase-mediated dUTP nick end labe-
ling (TUNEL) assay with a Fluorescein in Situ Cell Death 
Detection Kit (Roche, Basel, Switzerland). The procedure 
of sectioning was used according to the method described 
previously (He et al. 2018).

Determination of senescence‑related paramaters

To determine senescence-associated parameters, the upper-
most leaves from yl3 and WT grown in the paddy field at 
the tillering stage were collected and frozen imeadiately in 
liquid nitrogen. Senescence-related paramaters including the 
contents of H2O2, soluble proteins (SP) and malondialde-
hyde (MDA), as well as activities of reactive oxygen spe-
cies (ROS) scavenging enzymes (catalase, CAT; peroxidase, 
POD and superoxide dismatase, SOD) were determined fol-
lowing the manusfacture’s instruction (Nanjing Jiancheng 
Bioengeering Research Institute, China). The means of three 
biological replicates were used for analysis by Student’s t 
test.

Map‑based cloning of YL3

The F1 plants generated from the cross of the female par-
ent yl3 and male parent Moroberekan were grown in the 
paddy field to determine the dominant/recessive nature of 
yl3 mutant phenotype. An F2 population derived from a 
selfed F1 plant (yl3/Moroberekan) was used for gene map-
ping. Bulked segregant analysis was first used to rapidly 
locate the mutation on a chromosome. Equal amount of leaf 
blades from each of 10 wild type plants and 10 mutant type 
plants were collected for DNA extraction to form a wild-type 
DNA pool and a mutant DNA pool, respectively. DNA of the 
parents and F2 mutant-type individuals were extracted fol-
lowing the mini-preparation method (Lu and Zheng 1992). 
Simple sequence repeat (SSR) markers were obtained from 
the website (http://www.grame​ne.org/) while insertion/dele-
tion (InDel) markers were designed using the Primer 5.0 
after comparison of the sequences between the japonica cul-
tivar and the indica cultivar in the public database: Ensembl 
Plants (http://plant​s.ensem​bl.org/index​.html). The primers 
were synthesized by Tsingke Biotech Co. Ltd (Hangzhou, 
China) and listed in Table S4. PCR reaction and detection 
were carried out as described previously (Chen et al. 2019).

Complementation, knockout, GUS and subcellular 
localization assays

For the functional complementation, a 5631 bp genomic 
DNA containing the 2774 bp entire coding sequence of 
YL3, the 2173 bp upstream and the 684 bp downstream 
sequences were amplified from WT with the YL3-com prim-
ers (Supplementary Table S4), and subsequently the KpnI 
and SmaI double-digested PCR product was inserted into the 
binary vector pCAMBIA1300 to generate a new construct 
p1300-YL3.

For the knockout assay, two 19  bp target sequences 
(5′AAG​ACG​CTG​GTC​TAC​TAC​CG3′, 5′CTG​TTC​GTC​CTG​
AAC​CCG​TT3′) from the NAC domain for sgRNA targeting 

http://www.gramene.org/
http://plants.ensembl.org/index.html
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were cloned into the CRISPR/cas9 expression vector to gen-
erate two new CRISPR/cas9-mediated consructs pCRISPR-
YL3-1 and pCRISPR-YL3-2, respectively, according to the 
method described previously (Ma et al. 2015).

For the YL3-GUS transient expression analysis, a 2025 bp 
upstream sequence of YL3 was amplified with the YL3-GUS 
primer pairs (Supplementary Table S4). The product was 
fused to the GUS reporter gene and inserted into pCAM-
BIA1381Z vector to generate a new construct p1381-YL3. 
The constructs for complementation, knockout, and transient 
expression analysis were introduced into the embrogenic 
calli induced from yl3, Kitaake and Nipponbare respectively 
by Agrobacterium tumefaciens-mediated transformation 
(Hiei and Komari 2008).

For subcellular localization of YL3, the YL3 full-length 
coding sequence (CDS) and the N-terminus of YL3 were 
amplified using YL3-GFP F/R and N-YL3-GFP prim-
ers (Supplementary Table S4). The amplified full-length 
CDS was fused to the N-terminus of GFP and driven by 
the CaMV 35S promoter in the transient expression vector 
PAN580 to generate a new construct PAN-F. The N-termi-
nus of YL3 was fused to the N-terminal of GFP and driven 
by the CaMV 35S promoter in the transient expression vec-
tor PAN580 to generate a new construct PAN-N. The con-
structs were transformed into the WT protoplasts according 
to the method described by Chen et al. (2010). The fluores-
cence was observed 48 h after transformation by a Zeiss 
lsm710 confocal laser scanning microscope (Carl Zeiss, Inc., 
Jena, Germany).

Yeast transcriptional activation assay

The full-length CDS of YL3, N-terminus, NAC domain, 
C-terminus, and the GAL4 DNA-activation domain of 
pGADT7 (postive control) were fused to the GAL4 DNA-
binding domain in pGBKT7 to generate pGBKT7-F, 
pGBKT7-N, pGBKT7-domain, pGBKT7-C, and pGBKT7-
AD constructs which then were transformed into the yeast 
strain Y2HGold, respectively, according to the manufac-
turer’s instruction (Clontech, http://www.clont​ech.com). 
The pGBKT7 empty vector was used as a negative control. 
The transcriptional activation was evaluated according to 
the growth of transformants on synthetic dropout (SD) 
medium SD/-Trp and SD/-Trp/-His/-Ade supplemented 
with 5-Bromo-4-chloro-3-indoxyl-α-D-galactopyranoside, 
respectively. The primers used were listed in Supplementary 
Table S4.

Yeast one‑hybrid assay

The full-length CDS of YL3 and the NAC domain were 
amplified and fused to the C-terminus of B42 transcrip-
tional activitor from pB42AD to construct two effectors 

pB42AD-YL3 and pB42AD-NAC, respectively. For the 
reporter constructs, the promoters with approximate 2 kb 
size from different genes (including OsSAMS1, OsNAP and 
OsNYC3) were amplified and inserted in the placZi vector to 
drive the lacZ reporter. The effector and reporter constructs 
were transformed into the yeast strain EGY48 following the 
manufacturer’s instruction (Clontech, http://www.clont​ech.
com). The transformants were firstly grown and selected on 
the SD/-Trp/-Ura medium, and the positive colonies were 
then transferred onto the SD/-Trp-Ura medium containg 
5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside for col-
oration (Kayani et al. 2019). The primers used are listed in 
Supplementary Table S4.

Dual‑luciferase assay

The promoter fragments of selected genes (including 
OsSAMS1, OsNAP and OsNYC3) were amplified and cloned 
into pGreenII 0800–LUC acting as reporters, respectively. 
The full-length CDS of YL3 was ampilfied to replace the 
GFP coding sequence in the transient expression vector 
PAN580 to generate a new effector construct 35S::YL3. 
The effector and reporter constructs were co-transformed 
in rice protoplasts generated from WT according to Chen 
et al. (2010). After 48 h transformation, firefly and Renilla 
luciferase activities were determined with a Dual-Luciferase 
reporter assay kit (Promega, WI, USA). The means from 
three biological replicates were used for analysis by Stu-
dent’s t test. The primers used are listed in Supplementary 
Table S4.

Electrophoretic mobility shift assays (EMSA)

The full-length CDS of YL3 was amplified and cloned into 
the pGEX-4 T-1 vector to generate a new construct pGEX-
YL3 which was tranformed into the E.coli strain BL21 by 
heatshock at 42 ℃ for 1 min. The protein expression was 
induced at 18 ℃ overnight with 0.1 mM IPTG. GST-YL3 
fusion proteins were purified using the GST SefinoseTM 
Resin Kit according to the manufacturer’s instructions (San-
gon Biotech, Shanghai, China). To perform electrophoretic 
mobility shift assay, the candidate binding sequences based 
on Arabidopsis AtNAC57 were labeled with biotin and incu-
bated with the fusion protein GST-YL3 using a chemilu-
minescent EMSA Kit (Beyotime Biotechnology, Haimen, 
China).

RNA extraction and gene expression analysis

For expression pattern analysis of YL3, the total RNA was 
extracted from the shoots and roots of WT at the seedling 
stage, as well as extracted from the spikelets, leaf blades, leaf 
sheaths, internodes, nodes, and roots of WT at the heading 

http://www.clontech.com
http://www.clontech.com
http://www.clontech.com
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stage. For expression analysis of 4 senesence-associated 
genes and 12 photosynthesis-related genes, the total RNA 
was extracted from leaves of yl3 and WT at the tillering 
stage. For expression analysis of 3 YL3-targeted genes and 
12 phytohormone biosynthesis-related genes, the total RNA 
was extracted from the shoots of yl3 and WT at the seedling 
stage. The hydroponically cultured seedlings and the leaves 
from the plants grown in the field at the tillering and heading 
stages were sampled and frozen immediately at − 80 °C for 
RNA isolation. Total RNA extraction was carried out using 
a NucleoZOL Reagent Kit (MACHEREY–NAGEL, Düren, 
Germany) following the manufacturer’s instructions. All the 
primers used for expression analysis are listed in Supple-
mentary Table S4. The first strand of cDNA was synthezied 
with PrimeScript™RT Master Mix (Takara, Kusatsu, Japan) 
following the manufacturer’s protocol and quantitative real-
time PCR (qRT-PCR) was carried out using the TB Green™ 
Premix Ex Taq™ II (Takara, Kusatsu, Japan) on a Thermal 
Cycle Dice Real Time System (Takara, Kusatsu, Japan). 
Rice Ubiquitin (LOC_Os03g13170) was used as an inter-
nal control. The means from three replicates were used for 
analysis and the relative transcript levels were calculated by 
the 2−ΔΔCt method (Schmittgen and Livak 2008).

Extraction and determination of hormone levels

The levels of indole-3-acetic acid (IAA), Zeatin, abscisic 
acid (ABA), Gibberellic gibberellin A3 (GA3) and 1-ami-
nocyclopropane-1-carboxylic acid (ACC) from 2-week-old 
seedlings and heading plants of yl3 and WT were deter-
mined by Zoonbio Biotechnology Co., Ltd, Nanjing, China. 
The hydroponically cultured seedlings and the leaves from 
plants grown in the field at the heading stage were sampled 
for hormone analysis. Among them, the levels of IAA, Zea-
tin, ABA and GA3 were determined following the method 
described by (Zhang et al. 2017). For ACC, approximately 
0.5 g 2-week-old seedling samples were ground in liquid 
nitrogen and immediately transferred to 50 mL tube con-
taining 5 mL deionized water, then ultrasonically extracted 
for 30 min. After centrifuging at 16,020×g for 5 min under 
4 °C, the supernatant was collected and adjusted pH 4.0. 
Then, 20 mL dichloromethane was added and the sample 
was centrifuged at 16,020×g for 5 min under 4 °C. The 
supernatant was loaded onto a MCX column that was acti-
vated by 3 mL methanol and 3 ml deionized water, and then 
washed by 2 mL methanol and 1 mL deionized water. The 
MCX column was eluted using 5 mL 1 mM ammonium 
hydroxide and the eluates were filtered through a 0.22 μm 
filter membrane. The resulting sample solution was injected 
into the high-performance liquid chromatography-tandem 
mass spectrometry (HPLC–MS/MS) for analysis according 
to Zhang et al. (2017).

Transicriptome analysis

To perform transcriptome analysis, yl3 was backcrossed to 
WT and the F1 plants were backcrossed again to generate 
BC2F2. Three mutant type individuals from BC2F2 and three 
WT individuals at the tillering stage were selected and the 
middle parts of the uppermost leaves were sampled for isola-
tion of total RNA. A total of 6 RNA samples were extracted 
and used for RNA-seq analyses following the method 
described by Zhao et al. (2019).

Results

Performance of yl3

Under the field conditions, the leaf tips of yl3 started to turn 
yellowish at the tillering stage and more than a half of the 
whole blade turned yellowish at the heading stage. At about 
80 days after sowing (DAS), yl3 showed arrested-growth 
with dwarfism and delayed heading date compared with 
WT (Fig. 1a). In addition, the lengths of shoots and roots 
of the 2-week-old seedlings of yl3 under hydroponically 
cultured conditions were significantly lower than those of 
WT (Supplementary Fig. S1). The contents of chlorophyll 
a (Chl a), chlorophyll b (Chl b) and carotenoid (Car) in yl3 
at 60 DAS were decreased significantly compared with WT 
(Fig. 1b). Transmission electron microscopy (TEM) analy-
sis indicated that the number and size of chloroplasts were 
reduced dramatically in the mesophyll cells of yl3 compared 
to WT (Fig. 1d, f). In addition, more osmiophilic globuli, 
starch grains and impaired stromal lamellae were observed 
in chloroplasts of yl3 suggesting the abnormal development 
of chloroplasts in yl3 (Fig. 1e, g). Furthermore, the net pho-
tosynthetic rate of yl3 at the heading stage was dramatically 
decreased compared with WT (Fig. 1c). The major agro-
nomic traits of yl3, including plant height, panicle length, 
seed setting rate (No. filled grains/total no. grains per plant) 
and 1000-grain weight were significantly lower than those 
of WT at the mature stage (Supplementary Table S1). To 
determine the cause of dwarfism of yl3, we further measured 
the length of all internodes at the mature stage and found 
that the length of all the internodes in yl3 was significantly 
shorter than that of WT (Fig. 1h, i). Further investigation 
of cell length in the internodes by toluidine blue staining 
suggested that the internode cell length of yl3 was signifi-
cantly shorter than that of WT (Fig. 1j-l), indicating that the 
dwarfism of yl3 was due to the reduced internode cell length.

yl3 shows ROS‑associated premature senescence

To determine whether the yellowish leaf phenotype is 
associated with ROS accumulation in yl3, we carried out 
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histochemical analysis. The results indicated that brown 
precipitates were observed in yl3 compared with WT by 
DAB staining (Fig. 2a), and more blue formazan precipi-
tates were observed in yl3 than those of WT by NBT stain-
ing (Fig. 2b), indicating an elevated accumulation of H2O2 
and O2

− in yl3 (Fig. 2a, b). The endogenous H2O2 level in 
yl3 was significantly higher than that of WT (Fig. 2e). The 

accumulation of ROS implied that the balance of ROS 
scavenging system was disrupted. The activities of CAT 
and SOD declined significantly in yl3 whereas the activ-
ity of POD was similar compared with WT (Fig. 2h–j). 
Besides the changes of enzymatic activities, the expres-
sion of ROS-associated genes was apparently impacted in 
yl3 at 3-week old seedlings (Supplementary Fig. S2). It 

Fig. 1   Characterization of yl3 and the wild type. a Phenotype of 
yl3 and WT at 80 days after sowing. Bar = 20 cm; b Photosynthetic 
pigment contents in WT and yl3 at the tillering stage (means ± SD, 
n = 3); c. Net photosynthetic rate (Pn) of WT and yl3 (means ± SD, 
n = 3); d–g Chloroplast ultrastructure of flag leaves in WT (d, e) and 
yl3 (f, g). Ch, chloroplast; OG, osmiophilic granule; SG, starch gran-

ule; Gt, grana thylakoid; h The comparison of internode between 
WT and yl3; i Internode length of WT and yl3 at the mature stage 
(means ± SD, n = 3); j, k. Longitudinal section of the uppermost 
internode of WT (j) and yl3 (k), Bar = 100 μm; l Internode cell length 
of WT and yl3 (means ± SD, n = 10). *P < 0.05, **P < 0.01 by Stu-
dent’s t test
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was showed that most genes such as NOX1, CATA​, CATC​ 
and SODCC1 were up-regulated, while SODB was appar-
ently down-regulated in yl3 compared to WT. We further 
performed a TUNEL assay to determine DNA fragmen-
tation and measured the total soluble protein content to 
determine the protein degradation. The results showed 
that more 4′, 6-diamino-phenylindole (DAPI) stained spots 
were found in yl3 compared with WT (Fig. 2c, d), and the 
total soluble protein level in yl3 was decreased markedly 
compared with WT (Fig. 2f). Furthermore, the MDA con-
tent was prominently increased in yl3 compared to WT 
(Fig. 2g). Taken together, our results indicated that yl3 

was a premature senescence mutant in companion with an 
impaired ROS scavenging system.

The mutation affects the expression of senescence‑ 
and photosynthesis‑related genes

To reveal the impact of yl3 mutation on leaf senescence and 
photosynthesis at the transcriptional level, we examined 
the expression of a set of selected genes, including senes-
cence associated genes (SAGs) OsI2, OsI57, RCCR​1 and 
OsSGR; photosynthetic regulatory genes porA, rbcL, rbcS, 
psbA, psbS, cab2R, NPH1a and HEMA1, and chlorophyll 

Fig. 2   Histochemical analysis of physiological parameters related to 
senescence in WT and yl3. a, b DAB staining (a) and NBT staining 
(b) of the uppermost leaves in WT and yl3. Bar = 1 cm; c, d TUNEL 
assay of WT (c) and yl3 (d); e–g The content of H2O2 (e) total soluble 

protein (f) and MDA (g) in WT and yl3; h–j The enzymatic activ-
ities of CAT (h), POD (i) and SOD (j) in WT and yl3. Values are 
means ± SD (n = 3). *P < 0.05, and **P < 0.01 by Student’s t test



644	 Plant Molecular Biology (2021) 105:637–654

1 3

synthesis genes CHLI, CHLD, CHLH and CAO. The results 
showed that all the SAGs examined were up-regulated sig-
nificantly in yl3 (Fig. 3a–d), whereas the expression levels 
of chlorophyll synthesis genes were suppressed remarkably 
in yl3 (Fig. 3e). The majority of photosynthesis-associated 
genes were apparently down-regulated except for psbS and 
NPH1a which were similar between yl3 and WT (Fig. 3e). 
The results clearly demonstrated that YL3 significantly 
down-regulated the expression of some SAGs, while muta-
tion of YL3 down-regulated the expression of photosynthesis 
associated genes.

Map‑based isolation of YL3

To isolate the gene responsible for the yellowish phenotype, 
we crossed yl3 with the male parent Moroberekan and WT 
to generate F1 plants, respectively. All F1 individual plants 
from both crosses of yl3/Moroberekan and yl3/WT exhibited 
the normal green phenotype, indicating that the mutation 
was recessive in nature. However, in the field-grown F2 seg-
regating population derived from yl3/Moroberekan, the nor-
mal green and yellowish plants did not show a single gene 
segregation ratio (3:1) or a double gene segregation ratio 
(15:1) (Supplementary Table S2). From the F2 population 

of yl3/Moroberekan, 1200 yellowish individual plants were 
selected for mapping by bulked segregant analysis. The yl3 
locus was initially mapped in the region flanked by markers 
RM6971 and RM7306 on the long arm of chromosome 9 
and was further narrowed down to a 39 kb genomic region 
between InDel8 and RM7306. Nine open reading frames 
(ORFs) were identified based on the annotation from the 
RGAP databank (http://rice.plant​biolo​gy.msu.edu/index​
.shtml​). Sequence comparison between yl3 and WT revealed 
a single nucleotide substitution from G to A at the position 
770 in the second exon of Os09g0552800, leading to a pre-
mature termination of the coding sequence (Fig. 4a). The 
results suggested that Os09g0552800 is likely the candidate 
gene of YL3 responsible for the yellowish phenotype.

To verify whether the mutation of YL3 is responsible for 
the yl3 phenotype, we transformed the construct p1300-YL3 
into the yl3-derived calli through A. tumafacien-mediated 
transformation. A total of 12 transformants were obtained 
and all of them exhibited normal green phenotype similar 
to WT (Fig. 4b, c). In addition, the content of total chloro-
phyll, total soluble protein, MDA and H2O2 in the trans-
formants recovered to the WT level (Fig. 4d; Supplemen-
tary Fig. S3a-c). Furthermore, the CRISPR/cas9-mediated 
constructs pCRISPR-YL3-1 and pCRISPR-YL3-2 targeting 

Fig. 3   Expression of senescence- and photosynthesis-associated genes. a–d Expression levels of senescence-associated genes; e Expression lev-
els of photosynthesis-related genes. Values are means ± SD (n = 3). *P < 0.05, and **P < 0.01 by Student’s t test

http://rice.plantbiology.msu.edu/index.shtml
http://rice.plantbiology.msu.edu/index.shtml
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the conserved NAC domain of YL3 were introduced to the 
embryogenic calli induced from the cultivar Kitaake. A total 
of 18 knockout lines were obtained and all of them exhibited 
a yellowish phenotype with reduced content of total chlo-
rophylls and soluble proteins compared with the wild type 
Kitaake (Fig. 4e–g; Supplementary Fig. S3d). These results 
demonstrated that Os09g0552800 was indeed the candidate 
gene of YL3 responsible for the yellowish phenotype in yl3. 
Os09g0552800 encodes a putative NAC (NAM, ATAF1/2, 

and CUC2) transcriptional factor 109 based on the RAP-DB 
databank (https​://rapdb​.dna.affrc​.go.jp/).

YL3 is widely expressed

To determine the spatial and temporal expression patterns 
of YL3, we first carried out a GUS assay by transform-
ing the YL3-promoter-drived construct p1381-YL3 into 
Nipponbare embryogenic calli. The results showed that 

Fig. 4   Map-base cloning and functional validation of YL3. a Fine 
mapping of YL3. The molecular markers and numbers of recom-
binants are indicated above and below the bars, respectively; b 
Functional complementation of YL3. Bar = 20  cm; c Comparison of 
the mutation sites among WT, yl3 and complementary line yl3com; d 
Total chlorophyll content in WT, yl3 and yl3com (means ± SD, n = 3); 

e Mutations at the target sites in three representative knockout lines; 
f Phenotype of three representative knockout lines Cr1, Cr2 and Cr3. 
Bar = 20 cm; g Total chlorophyll content in Kitaake and three repre-
sentative knockout lines (means ± SD, n = 3). Different lowercase let-
ters above the bars indicate a statistical difference at P ≤ 0.05 by one-
way ANOVA and Duncan’s test

https://rapdb.dna.affrc.go.jp/
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the GUS signals were observed in all tissues of trans-
genic plants, including the leaves, sheaths, spikelets, 
internodes, nodes, embryos, coleoptiles and radicles 
(Fig. 5a–g). We then performed YL3 expression analysis, 
consistent with the results of GUS assay, the expression 
of YL3 was detected in all the organs tested by qRT-PCR 
analysis (Fig. 5h). In addition, the expression level of 
YL3 decreased gradually from the leaf tip to the base in a 
naturally senescent WT leaf, suggesting that YL3 might 
negatively regulate leaf senescence in a single senescent 
leaf (Fig. 5i). However, the expression of YL3 was quite 
different in an individual plant at different stages com-
pared to that in a single leaf blade. In fact, the expression 
of YL3 decreased from the bottom to the top leaves (leaf 
5 to leaf 1) except the flag leaf (leaf 1) with the devel-
opment and senescence of an individual plant (Fig. 5j). 
This result indicated that NAC109 might simultaneously 
regulate plant growth and development besides leaf senes-
cence at the reproductive growth stage.

YL3 encodes a transcriptional factor OsNAC109

YL3 encodes a putative NAC transcription factor 
OsNAC109 with a typical NAC domain containing five 
subdomains, and is closely related to the Arabidopsis 
AtNAC57 (Supplementary Fig. S4). To examine the sub-
cellular localization of OsNAC109, the construct PAN-F 
was transiently expressed together with the nuclear locali-
zation marker pCFP-Ghd7 in rice protoplasts derived 
from WT (Gao et al. 2014). The co-localized fluorescent 
signals from GFP and CFP in nuclear region suggested 
that OsNAC109 is a nucleus-localized protein. To deter-
mine the nuclear localization sequence which is predicted 
to localize in the N-terminus of OsNAC109 by the cNLS 
mapper (http://nls-mappe​r.iab.keio.ac.jp), we cotrans-
formed the vector PAN-N and pCFP-Ghd7 into the rice 
protoplasts derived from WT. The results showed that the 
GFP and CFP signals merged perfectly in the nucleus, 
confirming that the nuclear localization sequence was 
indeed present in the N-terminus of OsNAC109 (Fig. 6b).

To further investigate whether OsNAC109 possessed 
the transcriptional activity, the constructs pGBKT7-
F, pGBKT7-N, pGBKT7-domain, pGBKT7-C, and 
pGBKT7-AD, were transformed into the yeast strain 
Y2HGold. The results indicated that the transformants 
carrying pGBKT7-AD, pGBKT7-F and pGBKT7-C were 
able to grow whereas the transformants carrying pGBKT7 
(negative control), pGBKT7-domain, and pGBKT7-N did 
not grow on SD/-Trp/-His/-Ade medium (Fig. 6c). These 
results indicated that OsNAC109 possessed a transcrip-
tional activator localized to the C-terminus.

OsNAC109 directly regulates transcription 
of senescence and hormone‑associated genes 
by binding to the CNTCSSNNSCAVG element

To understand the regulatory network behind OsNAC109-
mediated growth-arrest and senescence, we performed the 
transcriptome analysis to identify differentially expressed 
genes (DEGs) between WT and yl3 at the tillering stage. 
The results showed that a total of 2200 DEGs were identi-
fied between yl3 and WT (Supplementary Table S3). Con-
sidering the senescent phenotype of yl3, we focused on 
SAGs, chlorophyll metabolism-associated and hormone 
metabolism-related genes, and 13 DEGs were selected 
for further validation by yeast one-hybrid assay (Supple-
mentary Data S1, total). In addition, OsRNRL1, OsSGR, 
OsNYC1 and OsNYC3 that were not differentially expressed 
in transcriptome analysis but are likely target genes of 
OsNAC109 according to the PlantTFDB database (http://
plant​tfdb.cbi.pku.edu.cn/) and previous studies (Yoo et al. 
2009; Liang et al. 2014; Sakuraba et al. 2015; Mao et al. 
2017) were selected for yeast one-hybrid assay (Supple-
mentary Table S3). The results indicated that OsNAC109 
could directly regulate the expression of OsSAMS1, OsNAP, 
OsNYC3, OsEATB, OsAMTR1, OsZFP185, OsMPS and 
OsGA2ox3 (Fig. 7a), indicating OsNAC109 modulated yl3 
growth and senescence by targeting a set of SAGs, chlo-
rophyll metabolism-associated and hormone metabolism-
related genes. The NAC domain of OsNAC109 possessing 
the DNA-binding activity was also verified with evidence 
that the activation of LacZ reporter was predominant in the 
transformants carrying pB42AD-NAC and placZi-OsNAP, 
whereas the LacZ reporter was deactivated completely in the 
transformants carrying pB42AD-NAC and pLacZ-OsSGR 
(Fig. 7b).

It has been shown that NAC TF recognizes specific 
NACRS such as the CNTNNNNNNNANG element to acti-
vate the expression of downstream genes (Supplementary 
Fig. S5a; O’Malley et al. 2016). To determine the specific 
NACRS that could be bind by OsNAC109 in rice, we per-
formed electrophoretic mobility shift assay (EMSA) on 
10 potential sequences in the promoters of selected genes 
including OsNAP, OsNYC3, OsSAMS1, OsEATB, OsA-
MTR1 and OsZFP185 (Supplementary Fig. S5b). The results 
showed that the GST-OsNAC109 fusion protein could bind 
to the biotin-labeled DNA fragments P1, C1, B1, A1 and 
Z1 (Supplementary Fig. S5c), which all possess a highly 
conserved CNTCSSNNSCAVG sequence (Supplemen-
tary Fig. S5d). To further validate whether OsNAC109 
bind to CNTCSSNNSCAVG, we then generated three P1 
variants, M1, M2 and M3 (Supplementary Fig. S5e). The 
results showed that the binding ability of OsNAC109 to 
P1 fragments was gradually decreased with the increasing 
amounts of unlabeled P1. The binding ability of OsNAC109 

http://nls-mapper.iab.keio.ac.jp
http://planttfdb.cbi.pku.edu.cn/
http://planttfdb.cbi.pku.edu.cn/
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to labelled P1 was apparently inhibited by M2, but almost 
unaffected by the unlabeled M1 and M3 (Supplementary 
Fig. S45f). Although GST-OsNAC109 was able to bind to 
the promoter of OsSAMS1, the NACRS for OsSAMS1 has yet 
to be determined. Taken together, our results demonstrated 
that OsNAC109 bind to the conserved CNTCSSNNSCAVG 
element in the promoters.

It has been reported that OsSAMS1, OsNAP and OsNYC3 
regulate leaf senescence in rice. To test whether OsNAC109 
associated with the leaf senescence in yl3, we carried out a 
dual-luciferase reporter assay using rice protoplasts (Fig. 7c). 
As shown in Fig. 7d–f, the LUC activities under the control 
of the promoters of OsSAMS1, OsNAP and OsNYC3 were 
approximately 2.62-, 0.24- and 5.98-fold compared with the 

Fig. 5   Expression pattern of YL3. a–g. Histochemical GUS stain-
ing of leaf (a), spikelet (b), leaf sheath (c), internode (d), node (e), 
embryo (f), coleoptile and radicle (g); h Expression levels of YL3 
in various organs at the seedling and heading stages (means ± SD, 
n = 3). At the seedling stage, Student’s t test was performed; at the 
heading stage, different lowercase letters above the bars indicate 
a statistical difference at P ≤ 0.05 by one-way ANOVA and Dun-

can’s test; i Expression levels of YL3 in senescent leaves of WT 
(means ± SD, n = 3); j Expression of YL3 at different growth stages. 
L1, flag leaf; L2, top second leaf; L3, top third leaf; L4, top fourth 
leaf; L5, top fifth leaf. Different lowercase letters above the bars indi-
cate a statistical difference at P ≤ 0.05 by one-way ANOVA and Dun-
can’s test
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control. In addition, at the seedling stage, the relative expres-
sion of OsSAMS1 and OsNYC3 were significantly down-reg-
ulated in yl3 while the expression of OsNAP was apparently 
up-regulated in yl3 compared with WT (Fig. 7g–i), consist-
ent with the dual-luciferase reporter assay. Taken together, 
we concluded that OsNAC109-mediated yl3 leaf senescence 
was associated with the up-regulation of OsSAMS1 and 
OsNYC3, and down-regulation of OsNAP.

OsNAC109 regulates plant hormone biosynthesis 
in rice

We have shown above that OsNAC109 interacted with 
OsSAMS1, OsNAP, and OsGA2ox3. Among them, 
OsSAMS1 catalyzes the synthesis of the ethylene precursor 
S-adenosyl-l-methionine (SAM); OsNAP is a NAC tran-
scriptional factor in ABA biosynthesis; and OsGA2ox3 is 
responsible for GA biosynthesis (Lo et al. 2008; Chen et al. 
2013; Liang et al. 2014). To verify whether the mutation of 
OsNAC109 affected the hormone level in yl3, we detected 
the level of endogenous plant hormones in the leaves of WT 
and yl3 at the seedling stage. The results showed that the 

contents of ABA and 1-aminocyclopropane-1-carboxylic 
acid (ACC), an indicator of ethylene, in yl3 were signifi-
cantly lower than those of WT. In contrast, the level of GA3 
increased significantly in yl3 while the levels of IAA and 
zeatin were similar between yl3 and WT (Fig. 8a). In addi-
tion, ABA metabolic gene expression revealed that ABA 
degradation genes such as OsABAox1, OsABAox2 and OsA-
BAox3 were up-regulated, while the ABA biosynthesis gene, 
OsNCED1, was apparently down-regulated in yl3 (Supple-
mentary Fig. S6a-f). Furthermore, the transcription levels 
of most GA biosynthesis genes tested were up-regulated in 
the mutant (Supplementary Fig. S6g-l). It was noticed that 
the expressions of ABA and GA-associated genes among 
the knockout lines were not consistent similar to their phe-
notypes possibly due to the target sites (Supplementary Fig. 
S7a-b). Furthermore, we detected the contents of endog-
enous plant hormones in the leaves of WT and yl3 at the 
heading stage when senescence was initiated, and the results 
showed that the zeatin and ACC levels were increased, the 
content of IAA was decreased, whereas the ABA level was 
similar in yl3 compared to WT (Fig. 8b). Taken together, 
the results indicated that the mutation of OsNAC109 altered 
the expression of hormone metabolism genes and hormone 
levels at the seedling stage, and affected hormone levels at 
the heading stage when leaf senescence was initiated in yl3.

Discussion

In the present study, we isolated and characterized a novel 
yellow leaf 3 mutant from an EMS-induced Zhongjian 100 
mutant bank. As a complex and highly programed process, 
leaf senescence generally manifests yellowing of leaves phe-
notypically. Like many other senescence mutants, yl3 senes-
cent leaves undergo a series of physiological/biochemical 
changes such as degradation of chlorophyll, lipid, protein 
and nucleic acids, enhancement of MDA content, decreased 
activities of ROS scavenging enzymes such as CAT, POD 
and SOD, and the accumulation of ROS (Wittenbach 1977; 
Hua and Wang 2003). ROS such as superoxide, hydrogen 
peroxide (H2O2) and superoxide radical (O2

−) are viewed 
as senescence-associated toxic molecules that lead to lipid 
peroxidation, cellular damage and cell death, and simultane-
ously impact gene expression as signals (Foyer and Noctor 
2005). In plants, excessive amount of ROS is eliminated by 
ROS scavenging enzymes, however, previous studies showed 
that the enzymatic activity changes are inconsistent and 
controversial. For example, the SOD activity is apparently 
higher while the CAT and POD activities were lower in rice 
early senescence mutant es4 compared with the wild type 
(Wang et al. 2019). In rice wls5, a weak and leaf premature 
mutant, the POD activity was significantly higher and the 
CAT activity was apparently lower than those of wild type 

Fig. 6   Subcellular localization and transcriptional activation assay 
of OsNAC109. a Structure of OsNAC109 including N-terminus 
(1–116), NAC domain (117–268) and C-terminus (269–367); b Sub-
celluar localization of OsNAC109; c Transcriptional activation assay 
of OsNAC109. GAL4-BD GAL4 DNA-binding domain, GAL4-AD 
GAL4 activation domain, CDS coding sequence of OsNAC109 
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(Zhao et al. 2019). It has been shown that the SOD and CAT 
activities were significantly reduced, but POD unaltered in 
psl85 compared to the wild type (He et al. 2018). Here, we 
also found that the activities of both SOD and CAT were 

greatly decreased in the uppermost leaves of yl3 compared 
with WT, while the activity of POD was similar between 
yl3 and WT (Fig. 2h–j). We speculated that the reduced 
activities of SOD and CAT in yl3 were likely responsible 

Fig. 7   Yeast one-hybrid assay and OsSAMS1, OsNAP and OsNYC3 
expression analysis. a Yeast one-hybrid assay of OsNAC109. The 
empty negative control pLacZi was co-transformed with effectors; 
b Yeast one-hybrid assay of the NAC domain of OsNAC109; c Dia-
gram of the effector and reporter constructs used in d–f; REN indi-
cates Renilla luciferase gene, and LUC indicates firefly luciferase 

gene; d–f Dual luciferase reporter assay of OsSAMS1 (d), OsNAP (e), 
and OsNYC3 (f), means ± SD, n = 3; **P < 0.01 by Student’s t test; g–
i Expression levels of OsSAMS1 (g), OsNAP (h), and OsNYC3 (i) in 
WT and yl3 at the seedling stage, means ± SD, n = 3, *P < 0.05, and 
**P < 0.01 by Student’s t test
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for the over-accumulation of ROS, which resulted in the 
onset and acceleration of senescence. Although the CAT 
activity decreased, the expression of CATA​ and CATB was 
obviously increased. This phenomenon was likely caused 
by a feedback for the reduction of CAT activity, or differ-
ent detection stages as the activity of CAT was detected at 
the tillering stage but the expression of CATA​ and CATC​ 
was measured at the seedling stage. The impacted expres-
sion of ROS-associated genes in yl3 also indicated that 
OsNAC109 was likely involved in the regulation of ROS-
associated genes. Additionally, premature leaf senescence is 
generally accompanied by retarded growth and development. 
In Arabidopsis, the mosaic death 1 (mod1) and the corre-
sponding RPI2-knockout lines are chlorotic and semidwarf 
(Mou et al. 2000; Xiong et al. 2009). In rice, wls5 exhibits 
early leaf senescence and weak growth (Zhao et al. 2019). 
Similarly, besides of early senescence phenotype, yl3 also 
shows dwarfism owing to the shortened cell length in each 
internode (Fig. 1h–l). Therefore, yl3 is a typical premature 
senescent mutant manifested by yellowish leaves together 
with arrested growth and development.

We isolated the causal gene YL3 responsible for leaf 
premature senescence and arrested-growth of yl3, and the 
amino acid sequence alignment suggested that YL3 was a 
novel gene encoding a transcriptional factor OsNAC109 
harboring a typical conserved NAC domain. It is noted that 
the yl3 trait did not fit to the normal 3:1 segregation ratio 
due to unknown reasons, however, the functional comple-
mentation by YL3 supported a single gene control of the 
yl3 phenotype. YL3 was widely expressed like many other 
senescence-associated genes and NAC transcriptional fac-
tors in previous studies (Huang et al. 2016; Shim et al. 2018; 
Wang et al. 2019, 2020; Liu et al. 2020), and this expression 
pattern also explained that OsNAC109 was able to regu-
late various developmental processes, as demonstrated for 

the NAC transcription factors described previously (Souer 
et al. 1996; Aida et al. 1997). Interestingly, although NAC 
transcriptional factors mainly localize to the nuclei, some 
NACs may possess extra transmembrane domains in the 
C-terminus (Seo and Park 2010; Kim et al. 2012; Liu et al. 
2020; Sakuraba et al. 2020). In our present study, we dem-
onstrated that OsNAC109 possessed a nuclear localization 
sequence in the N-terminus, in contrast, the C-terminus 
did not contain a transmembrane domain instead it acted 
as a transcriptional activator likely associated with plant 
growth and senescence (Fig. 6b, c). According to the previ-
ous studies, some NAC factors, NTL4 (Lee et al. 2012), 
OsNAC5 (Sperotto et al. 2009), OsNAC6 (Nakashima et al. 
2007), ORE1 (Kim et al. 2014), OsNAC2 (Mao et al. 2017), 
ONAC106 (Sakuraba et al. 2015) and OsNAP (Liang et al. 
2014) are involved in aging process. For instance, ONAC106 
acts as a leaf senescence inhibitor by directly mediating the 
expression of SAGs such as OsSGR and OsNYC1 (Sakuraba 
et al. 2015). OsNAP directly controls the expression of 
SAGs, OsSGR, OsNYC1, OsNYC3, OsRCCR1 and OsI57 
as well as represses ABA biosynthesis, acting as an aging 
inducer (Liang et al. 2014). OsNAC2 mediates leaf senes-
cence by regulating the expression of SAGs, and simultane-
ously controls ABA metabolism (Mao et al. 2017; Shen et al. 
2017). Additionally, NAC transcriptional factors regulate 
various biological processes via different hormone pathways 
in plants. OsNAC2 is also involved in different hormone 
pathways, such as auxin, cytokinin and gibberellic acid, to 
regulate plant growth and development (Chen et al. 2015; 
Mao et al. 2020). Furthermore, ONAC066 regulates disease 
resistance by suppressing the ABA signaling pathway in rice 
(Liu et al. 2018). In Kiwifruit, NAC factors participate in the 
cross-talk between methyl jasmonate and ethylene (Wu et al. 
2020). Arabidopsis NAC transcription factor JUB1 regu-
lates GA/BR metabolism and signaling (Shahnejat-Bushehri 

Fig. 8   Relative hormone content in WT and yl3 at the seedling and 
heading stages. a Hormone contents of WT and yl3 at the seedling 
stage; b Hormone contents of WT and yl3 at the heading stage. IAA 

indole-3-acetic acid, ABA abscisic acid, GA3 gibberellin A3, ACC​ 
1-aminocyclopropane-1-carboxylic acid. Values are means ± SD, 
n = 3, *P < 0.05, and **P < 0.01 by Student’s t test
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et al. 2016). Here, it is found that the mutation of OsNAC109 
triggered a huge transcription alteration of genes associated 
with senescence, photosynthesis and hormone metabolism 
(Fig. 3a, b; Supplementary Fig. S6). OsNAC109 targeted a 
set of SAGs, chlorophyll and hormone metabolism-related 
genes including OsSAMS1, OsNAP, OsNYC3, OsEATB, 
OsAMTR1, OsZFP185, OsMPS and OsGA2ox3 (Fig. 7a). It 
has been shown that OsSAMS1, encoding S-ADENOSYL-
l-METHIONINE SYNTHETASE 1, is involved in ethylene 
biosynthesis (Chen et al. 2013) and OsNYC3 plays an impor-
tant role in chlorophyll degradation (Morita et al. 2009). 
In the present studies, we found that OsNAC109 promoted 
the expression of OsSAMS1 and OsNYC3, while repressed 
the expression of OsNAP (Fig. 7c–i). It was noticed that 
OsNYC3, as a target gene enhanced by OsNAP, was up-
regulated whereas the OsNAP expression was suppressed 
in yl3. The observation indicated that OsNYC3 was impacted 
mainly by the mutation of OsNAC109 rather than the mod-
est reduction expression of OsNAP in yl3, and. OsNAC109 
was probably associated with leaf senescence in rice. Fur-
thermore, the identification of NACRS in transcriptional 
factors is helpful to reveal the molecular mechanism at 
the transcriptional level. Previous studies showed that 
most NAC transcriptional factors recognize and bind the 
sequence containing highly conserved CNT and ANG ele-
ments in Arabidopsis (O’Malley et al. 2016). However, the 
NACRS of NAC transcriptional factors are largely unknown 
in rice. Here, we identified a highly conserved core binding 
site of OsNAC109, CNTCSSNNSCAVG from a set of hor-
mone/senescence-associated genes except OsSAMS1 whose 
NACRS has yet to be clarified (Supplementary Fig. S5), and 
this would be helpful for the identification of potential target 
genes for further understanding OsNAC109-mediated mech-
anism regulating plant senescence, growth and development.

Phytohormones play a key role in plant development 
including growth, reproduction and senescence. ABA is 
shown to participate in leaf senescence in the plant king-
dom (Becker and Apel 1993). Previous studies suggested 
that ABA might promote plant senescence by inducing the 
expression of some SAGs, such as OsNYC1 (Kusaba et al. 
2007), SGR (Park et al. 2007), PPH (Schelbert et al. 2009). 
Overexpression of OsNAC2 leads to leaf early senescence 
and increases ABA level, whereas the knockdown lines 
show delayed-leaf senescence with reduced ABA level in 
rice (Mao et al. 2017). Notably, Overexpression of OsNAP 
significantly accelerates leaf senescence with decreased 
ABA content, whereas knockdown of OsNAP produces 
delayed leaf senescence with overproduction of ABA (Liang 
et al. 2014). In this study, although yl3 showed significantly 
decreased content of ABA at the seedling stage, while its 
content recovered to the WT level at the heading stage when 
senescence was initiated in yl3, indicating the enhanced 
ABA level at the seedling stage was unlikely associated with 

leaf senescence. Ethylene affects plant development at the 
vegetative growth stage, and is well-known to be an endog-
enous regulator of plant leaf senescence and fruit ripening. 
It has been showed that ethylene promotes plant senescence 
(Wang and Woodson 1989; Savin et al. 1995; Huang et al. 
2007; Chen et al. 2013). We also noticed that the content 
of ACC was increased significantly at the heading stage of 
yl3 when leaf senescence had initiated although its content 
decreased at the seedling stage of yl3. The decline of ethyl-
ene production resulted from the suppression of carnation 
ACC oxidase during flower senescence could enhance the 
longevity of flowers (Savin et al. 1995). Overexpression of 
OsFBK12 and knockdown of OsSAMS1 cause decreased eth-
ylene production and delayed leaf senescence, in contrast, 
overexpression of OsSAMS1 and knockdown of OsFBK12 
lead to early leaf senescence with an increased ethylene level 
(Chen et al. 2013). Here, yl3 exhibited markedly decreased 
content of ethylene because of down-regulation of ethylene 
precursor synthetase gene OsSAMS1 at the seedling stage, 
in contrast, the ethylene was obviously higher at the head-
ing stage of yl3 than that of WT, indicating that ethylene 
was likely involved in leaf senescence at the reproductive 
growth stage of yl3. In fact, ethylene-mediated senescence is 
complex and treatments by different phytohormones results 
in ethylene-responsive-like phenotypes, implying a compli-
cated hormone cross-talk in rice (Agarwal et al. 2012; Lee 
and Yoon 2018). In addition, GA was mainly responsible 
for stem elongation, seed germination and leaf expansion 
(Monna et al. 2002; Fu and Harberd 2003; Kaneko et al. 
2003; Xie et al. 2006). In rice, overexpression of OsNAC2 
inhibits plant height by directly mediating the key compo-
nents of GA pathway (Chen et al. 2015). In the present study, 
yl3 exhibited dwarfism and arrested-growth with apparently 
increased GA content and up-regulation of at least six GA 
biosynthetic genes at the seedling stage (Supplementary 
Fig. S6g-l). Therefore, OsNAC109- regulated plant growth, 
development and senescence was probably associated with 
multiple hormone metabolism pathways covering ABA, 
GA and ethylene as manifested by OsNAP, OsGA2ox3 and 
OsSAMS1. Furthermore, it has been reported OsEATB, 
OsMPS, OsZFP185 are involved in plant growth and devel-
opment associated with hormone responses to biotic/abiotic 
stresses (Qi et al. 2011; Schmidt et al. 2013; Zhang et al. 
2016). It was noticed that OsNAC109 was able to bind to 
the promoters of OsEATB, OsMPS, and OsZFP185 in the 
present study but further studies are required to clarify their 
roles in association with senescence, growth and develop-
ment in rice. Taken together, we speculated that OsNAC109 
is involved probably in regulation of leaf senescence and 
growth via the cross-talk of multiple hormone pathways.

In summary, we isolated and characterized a rice yel-
low leaf 3 mutant displaying premature leaf senescence and 
retarded growth due to a single base nucleotide substitution 
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of a NAC transcription factor gene OsNAC109. OsNAC109 
could specifically recognize a highly conserved DNA cis-
element CNTCSSNNSCAVG to modulate the leaf senes-
cence, plant growth and development by altering the expres-
sion of a series of hormone- and senescence-associated 
genes.

Supplementary Information  The online version contains supplemen-
tary material available at https​://doi.org/10.1007/s1110​3-021-01118​-y.

Acknowledgements  This work was supported by the Ministry of Sci-
ence and Technology of China (2016YFD0101104).

Author contributions  LL, JW and ST conceived and designed the 
research; LL, YH, and ZZ performed the experiments; YS, XZ, and 
XX carried out the data analysis; LL, ST and JW wrote and revised the 
manuscript. All authors read and approve the final manuscript.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

References

Aida M, Ishida T, Fukaki H, Fujisawa H, Tasaka M (1997) Genes 
involved in organ separation in Arabidopsis: an analysis of the 
cup-shaped cotyledon mutant. Plant Cell 9:841–857

Agarwal G, Choudhary D, Singh VP, Arora A (2012) Role of ethylene 
receptors during senescence and ripening in horticultural crops. 
Plant Signal Behav 7:827–846

Balazadeh S, Siddiqui H, Allu AD et al (2010) A gene regulatory 
network controlled by the NAC transcription factor ANAC092/
AtNAC2/ORE1 during salt-promoted senescence. Plant J 
62:250–264

Becker W, Apel K (1993) Differences in gene expression between 
natural and artificially induced leaf senescence. Planta 189:74–79

Cai S, Jiang G, Ye N, Chu Z, Xu X, Zhang J, Zhu G (2015) A key ABA 
catabolic gene, OsABA8ox3, is involved in drought stress resist-
ance in rice. PLoS ONE 10:e0116646

Chen S, Tao L, Zeng L, Vega-Sanchez ME, Umemura K, Wang GL 
(2010) A highly efficient transient protoplast system for analyzing 
defence gene expression and protein-protein interactions in rice. 
Mol Plant Pathol 7:417–427

Chen Y, Xu Y, Luo W, Li W, Chen N, Zhang D, Chong K (2013) The 
F-Box protein OsFBK12 targets OsSAMS1 for degradation and 
affects pleiotropic phenotypes, including leaf senescence, in rice. 
Plant Physiol 163:1673–1685

Chen X, Lu S, Wang Y et al (2015) OsNAC2 encoding a NAC tran-
scription factor that affects plant height through mediating the 
gibberellic acid pathway in rice. Plant J 82:302–314

Chen T, Chen Z, Sathe AP et al (2019) Characterization of a novel 
gain-of-function spotted-leaf mutant with enhanced disease resist-
ance in rice. Rice Sci 26:372–383

Ernst HA, Olsen AN, Skriver K et al (2004) Structure of the conserved 
domain of ANAC, a member of the NAC family of transcription 
factors. EMBO Rep 5:297–303

Foyer CH, Noctor G (2005) Redox homeostasis and antioxidant sign-
aling: a metabolic interface between stress perception and physi-
ological responses. Plant Cell 17:1866–1875

Fu X, Harberd NP (2003) Auxin promotes Arabidopsis root growth by 
modulating gibberellin response. Nature 421:740–743

Gao H, Jin MN, Zheng XM (2014) Days to heading 7, a major quan-
titative locus determining photoperiod sensitivity and regional 
adaptation in rice. Proc Natl Acad Sci USA 111:16337–16342

He XJ, Mu RL, Cao WH, Zhang ZG, Zhang JS, Chen SY (2005) 
AtNAC2, a transcription factor downstream of ethylene and 
auxin signaling pathways, is involved in salt stress response 
and lateral root development. Plant J 44:903–916

He Y, Li L, Zhang Z, Wu JL (2018) Identification and comparative 
analysis of premature senescence leaf mutants in rice (Oryza 
sativa L.). Int J Mol Sci 19:140

Hiei Y, Komari T (2008) Agrobacterium-mediated transformation 
of rice using immature embryos or calli induced from mature 
seed. Nat Protoc 3:824–834

Himelblau E (2000) Molecular aspects of leaf senescence. Trends 
Plant Sci 5:278–282

Hua C, Wang R (2003) Changes of SOD and CAT activities and 
MDA content during senescence of hybrid rice and three lines 
leaves. Acta Bot Boreal Occident Sin 23:406–409

Huang WF, Huang PL, Do YY (2007) Ethylene receptor transcript 
accumulation patterns during flower senescence in Oncidium 
‘Gower Ramsey’ as affected by exogenous ethylene and pollinia 
cap dislodgment. Postharvest Bio Technol 44:87–94

Huang QN, Shi YF, Zhang XB et al (2016) Single base substitution 
in OsCDC48 is responsible for premature senescence and death 
phenotype in rice. J Integr Plant Biol 58:12–28

Kaneko M, Itoh H, Inukai Y, Sakamoto T, Ueguchi-Tanaka M, 
Ashikari M, Matsuoka M (2003) Where do gibberellin biosyn-
thesis and gibberellin signaling occur in rice plants? Plant J 
35:104–115

Kayani SI, Shen Q, Ma Y et al (2019) The YABBY family transcription 
factor AaYABBY5 directly targets cytochrome P450 monooxyge-
nase (CYP71AV1) and double-bond reductase 2 (DBR2) involved 
in artemisinin biosynthesis in Artemisia annua. Front Plant Sci 
10:1084

Kim HJ, Ryu H, Hong SH et al (2006) Cytokinin-mediated control of 
leaf longevity by AHK3 through phosphorylation of ARR2 in 
Arabidopsis. Proc Natl Acad Sci USA 103:814–819

Kim JH, Woo HR, Kim J et al (2009) Trifurcate feed-forward regula-
tion of age-dependent cell death involving miR164 in Arabidopsis. 
Science 323:1053–1057

Kim MJ, Park MJ, Seo PJ, Song JS, Kim HJ, Park CM (2012) Con-
trolled nuclear import of the transcription factor NTL6 reveals 
a cytoplasmic role of SnRK2.8 in the drought-stress response. 
Biochem J 448:353–363

Kim YS, Sakuraba Y, Han SH et al (2013) Mutation of the Arabidopsis 
NAC016 transcription factor delays leaf senescence. Plant Cell 
Physiol 54:1660–1672

Kjaersgaard T, Jensen MK, Christiansen MW, Gregersen P, Krage-
lund BB, Skriver K (2011) Senescence-associated barley NAC 
(NAM, ATAF1,2, CUC) transcription factor interacts with radical-
induced cell death 1 through a disordered regulatory domain. J 
Biol Chem 286:35418–35429

https://doi.org/10.1007/s11103-021-01118-y
http://creativecommons.org/licenses/by/4.0/


653Plant Molecular Biology (2021) 105:637–654	

1 3

Kothari KS, Dansana PK, Giri J, Tyagi AK (2016) Rice stress associ-
ated protein 1 (OsSAP1) interacts with aminotransferase (OsA-
MTR1) and pathogenesis-related 1a protein (OsSCP) and regu-
lates abiotic stress responses. Front Plant Sci 7:1057

Kusaba M, Ito H, Morita R et al (2007) Rice NON-YELLOW COLOR-
ING1 is involved in light-harvesting complex II and grana degra-
dation during leaf senescence. Plant Cell 19:1362–1375

Lee HY, Yoon GM (2018) Regulation of ethylene biosynthesis by 
phytohormones in etiolated rice (Oryza sativa L.) seedlings. Mol 
Cells 41:311–319

Li W, Li X, Chao J et al (2018) NAC family transcription factors in 
tobacco and their potential role in regulating leaf senescence. 
Front Plant Sci 9:1900

Liang C, Wang Y, Zhu Y et al (2014) OsNAP connects abscisic acid 
and leaf senescence by fine-tuning abscisic acid biosynthesis and 
directly targeting senescence-associated genes in rice. Proc Natl 
Acad Sci USA 111:10013–10018

Lim PO, Kim HJ, Nam HG (2007) Leaf senescence. Annu Rev Plant 
Biol 58:115–136

Liu Q, Yan S, Huang W et  al (2018) NAC transcription factor 
ONAC066 positively regulates disease resistance by sup-
pressing the ABA signaling pathway in rice. Plant Mol Biol 
98:289–302

Liu XH, Lyu YS, Yang W, Yang ZT, Lu SJ, Liu JX (2020) A mem-
brane-associated NAC transcription factor OsNTL3 is involved 
in thermotolerance in rice. Plant Biotechnol J 18:1317–1329

Lu YJ, Zheng KL (1992) A simple method for isolation of rice DNA. 
Chin J Rice Sci 6:47–48

Lo SF, Yang SY, Chen KT, Hsing YI, Zeevaart JA, Chen LJ, Yu SM 
(2008) A novel class of gibberellin 2-oxidases control semi-
dwarfism, tillering, and root development in rice. Plant Cell 
20:2603–2618

Ma XL, Zhang QY, Zhu QL et al (2015) A robust CRISPR/Cas9 
system for convenient, high-efficiency multiplex genome editing 
in monocot and dicot plants. Mol Plant 8:1274–1284

Mao C, Lu S, Lv B et al (2017) A rice NAC transcription factor 
promotes leaf senescence via ABA biosynthesis. Plant Physiol 
174:1747–1763

Mao C, He J, Liu L et al (2020) OsNAC2 integrates auxin and cyto-
kinin pathways to modulate rice root development. Plant Bio-
technol J 18:429–442

Monna L, Kitazawa N, Yoshino R et al (2002) Positional cloning 
of rice semidwarfing gene, sd-1: rice “green revolution gene” 
encodes a mutant enzyme involved in gibberellin synthesis. 
DNA Res 9:11–17

Morita R, Sato Y, Masuda Y, Nishimura M, Kusaba M (2009) Defect 
in non-yellow coloring 3, an a/b hydrolase-fold family protein, 
causes a stay-green phenotype during leaf senescence in rice. 
Plant J 59:940–952

Mou Z, He Y, Dai Y, Liu X, Li J (2000) Deficiency in fatty acid 
synthase leads to premature cell death and dramatic alterations 
in plant morphology. Plant Cell 12:405–418

Nakashima K, Tran LS, Van Nguyen D et  al (2007) Functional 
analysis of a NAC-type transcription factor OsNAC6 involved 
in abiotic and biotic stress-responsive gene expression in rice. 
Plant J 51:617–630

Oda-Yamamizo C, Mitsuda N, Sakamoto S, Ogawa D, OhmeTakagi 
M, Ohmiya A (2016) The NAC transcription factor ANAC046 is 
a positive regulator of chlorophyll degradation and senescence 
in Arabidopsis leaves. Sci Rep 6:35125

Olsen AN, Ernst HA, Leggio LL, Skriver K (2005a) DNA-binding 
specificity and molecular functions of NAC transcription fac-
tors. Plant Sci 169:785–797

Olsen AN, Ernst HA, Leggio LL, Skriver K (2005b) NAC transcrip-
tion factors: structurally distinct, functionally diverse. Trends 
Plant Sci 10:79–87

O’Malley RC, Huang SS, Song L et al (2016) Cistrome and epi-
cistrome features shape the regulatory DNA landscape. Cell 
165:1280–1292

Park SY, Yu JW, Park JS et al (2007) The senescence-induced stay-
green protein regulates chlorophyll degradation. Plant Cell 
19:1649–1664

Piao W, Kim SH, Lee BD et al (2019) Rice transcription factor 
OsMYB102 delays leaf senescence by downregulating abscisic 
acid accumulation and signaling. J Exp Bot 70:2699–2715

Qi W, Sun F, Wang Q et al (2011) Rice ethylene-response AP2/ERF 
factor OsEATB restricts internode elongation by down-regulat-
ing a gibberellin biosynthetic gene. Plant Physiol 157:216–228

Saika H, Okamoto M, Miyoshi K et al (2007) Ethylene promotes 
submergence-induced expression of OsABA8ox1, a gene 
that encodes ABA 8’-hydroxylase in rice. Plant Cell Physiol 
48:287–298

Sakuraba Y, Piao W, Lim JH, Han SH, Kim YS, An G, Paek NC (2015) 
Rice ONAC106 inhibits leaf senescence and increases salt toler-
ance and tiller angle. Plant Cell Physiol 56:2325–2339

Sakuraba Y, Kim D, Han SH et al (2020) Multilayered regulation of 
membrane-bound ONAC054 is essential for abscisic acid-induced 
leaf senescence in rice. Plant Cell 32:630–649

Savin KW, Baudinette SC, Graham MW, Michael MZ, Nugent GD, 
Lu C (1995) Antisense ACC oxidase RNA delays carnation petal 
senescence. Hortic Sci 30:970–972

Schelbert S, Aubry S, Burla B, Agne B, Kessler F, Krupinska K, 
Hörtensteiner S (2009) Pheophytin pheophorbide hydrolase 
(pheophytinase) is involved in chlorophyll breakdown during leaf 
senescence in Arabidopsis. Plant Cell 21:767–785

Schmidt R, Schippers JH, Mieulet D, Obata T, Fernie AR, Guider-
doni E, Mueller-Roeber B (2013) MULTIPASS, a rice R2R3-type 
MYB transcription factor, regulates adaptive growth by integrat-
ing multiple hormonal pathways. Plant J 76:258–273

Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by the 
comparative C-T method. Nat Protoc 3:1101–1108

Seo PJ, Park CM (2010) A membrane-bound NAC transcription factor 
as an integrator of biotic and abiotic stress signals. Plant Signal 
Behav 5:481–483

Shahnejat-Bushehri S, Tarkowska D, Sakuraba Y, Balazadeh S (2016) 
Arabidopsis NAC transcription factor JUB1 regulates GA/BR 
metabolism and signaling. Nat Plants 2:16013

Shen J, Lv B, Luo L, He J, Mao C, Xi D, Ming F (2017) The NAC-type 
transcription factor OsNAC2 regulates ABA-dependent genes and 
abiotic stress tolerance in rice. Sci Rep 7:40641

Shim JS, Oh N, Chung PJ, Kim YS, Choi YD, Kim JK (2018) Overex-
pression of OsNAC14 improves drought tolerance in rice. Front 
Plant Sci 9:310

Souer E, van Houwelingen A, Kloos D, Mol J, Koes R (1996) The no 
apical meristem gene of Petunia is required for pattern formation 
in embryos and flowers and is expressed at meristem and primor-
dia boundaries. Cell 85:159–170

Sperotto RA, Ricachenevsky FK, Duarte GL et al (2009) Identification 
of up-regulated genes in flag leaves during rice grain filling and 
characterization of OsNAC5, a new ABA-dependent transcription 
factor. Planta 230:985–1002

Takasaki H, Maruyama K, Takahashi F et al (2015) SNAC-As, stress-
responsive NAC transcription factors, mediate ABA-inducible leaf 
senescence. Plant J 84:1114–1123

Tian X, Li X, Zhou W et al (2017) Transcription factor OsWRKY53 
positively regulates brassinosteroid signaling and plant architec-
ture. Plant Physiol 175:1337–1349

Tran LS, Nakashima K, Sakuma Y et al (2004) Isolation and functional 
analysis of Arabidopsis stress-inducible NAC transcription factors 
that bind to a drought-responsive cis-element in the early respon-
sive to dehydration stress 1 promoter. Plant Cell 16:2481–2498



654	 Plant Molecular Biology (2021) 105:637–654

1 3

Wang H, Woodson WR (1989) Reversible inhibition of ethylene action 
and interruption of petal senescence in carnation flowers by nor-
bornadiene. Plant Physiol 89:434–438

Wang ZK, Huang YX, Miao ZD, Hu ZY, Song XZ, Liu L (2013) Iden-
tification and characterization of BGL11(t), a novel gene regulat-
ing leaf-color mutation in rice (Oryza sativa L.). Genes Genomics 
35:491–499

Wang X, Yan Y, Li Y et al (2014) GhWRKY40, a multiple stress-
responsive cotton WRKY gene, plays an important role in the 
wounding response and enhances susceptibility to ralstonia sola-
nacearum infection in transgenic Nicotiana benthamiana. PLoS 
ONE 9:e93577

Wang B, Zhang Y, Bi Z et al (2019) Impaired function of the calcium-
dependent protein kinase, OsCPK12, leads to early senescence in 
rice (Oryza sativa L.). Front Plant Sci 10:52

Wang B, Zhong Z, Wang X et al (2020) Knockout of the OsNAC006 
transcription factor causes drought and heat sensitivity in rice. Int 
J Mol Sci 21:2288

Wellburn AR (1994) The spectral determination of chlorophylls a and 
b, as well as total carotenoids, using various solvents with spectro-
photometers of different resolution. J Plant Physiol 144:307–313

Wittenbach VA (1977) Induced senescence of intact wheat seedlings 
and its reversibility. Plant Physiol 59:1039–1042

Woo HR, Kim HJ, Nam HG, Lim PO (2013) Plant leaf senescence and 
death -regulation by multiple layers of control and implications 
for aging in general. J Cell Sci 126:4823–4833

Wu A, Allu AD, Garapati P et al (2012) JUNGBRUNNEN1, a reac-
tive oxygen species-responsive NAC transcription factor, regulates 
longevity in Arabidopsis. Plant Cell 24:482–506

Wu YY, Liu XF, Fu BL et al (2020) Methyl jasmonate enhances eth-
ylene synthesis in Kiwifruit by inducing NAC genes that activate 
ACS1. J Agric Food Chem 68:3267–3276

Xie Q, Frugis G, Colgan D, Chua NH (2000) Arabidopsis NAC1 trans-
duces auxin signal downstream of TIR1 to promote lateral root 
development. Genes Dev 14:3024–3036

Xie Z, Zhang ZL, Zou X, Huang J, Ruas P, Thompson D, Shen 
QJ (2005) Annotations and functional analyses of the rice 
WRKY gene superfamily reveal positive and negative 

regulators of abscisic acid signaling in aleurone cells. Plant 
Physiol 137:176–189

Xie Z, Zhang ZL, Zou X, Yang G, Komatsu S, Shen QJ (2006) Inter-
actions of two abscisic-acid induced WRKY genes in repressing 
gibberellin signaling in aleurone cells. Plant J 46:231–242

Xiong Y, DeFraia C, Williams D, Zhang X, Mou Z (2009) Deficiency 
in a cytosolic ribose-5-phosphate isomerase causes chloroplast 
dysfunction, late flowering and premature cell death in Arabidop-
sis. Physiol Plant 137:249–263

Xu M, Zhu L, Shou H, Wu P (2005) A PIN1 family gene, OsPIN1, 
involved in auxin-dependent adventitious root emergence and 
tillering in rice. Plant Cell Physiol 46:1674–1681

Yang SD, Seo PJ, Yoon HK, Park CM (2011) The Arabidopsis NAC 
transcription factor VNI2 integrates abscisic acid signals into leaf 
senescence via the COR/RD genes. Plant Cell 23:2155–2168

Yang X, Gong P, Li K, Huang F, Cheng F, Pan G (2016) A single 
cytosine deletion in the OsPLS1 gene encoding vacuolar-type H+-
ATPase subunit A1 leads to premature leaf senescence and seed 
dormancy in rice. J Exp Bot 67:2761–2776

Yoo SC, Cho SH, Sugimoto H et al (2009) Rice virescent3 and stripe1 
encoding the large and small subunits of ribonucleotide reductase 
are required for chloroplast biogenesis during early leaf develop-
ment. Plant Physiol 150:388–401

Zhang Y, Lan H, Shao Q et al (2016) An A20/AN1-type zinc finger 
protein modulates gibberellins and abscisic acid contents and 
increases sensitivity to abiotic stress in rice (Oryza sativa). J Exp 
Bot 67:315–326

Zhang XB, Feng BH, Wang HM et al (2017) A substitution mutation 
in OsPELOTA confers bacterial blight resistance by activating the 
salicylic acid pathway. J Integr Plant Biol 60:160–172

Zhao C, Liu C, Zhang Y et al (2019) A 3-bp deletion of WLS5, gene 
leads to weak growth and early leaf senescence in rice. Rice 12:26

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	OsNAC109 regulates senescence, growth and development by altering the expression of senescence- and phytohormone-associated genes in rice
	Abstract
	Key message 
	Abstract 

	Introduction
	Materials and methods
	Palnt materials and growth conditions
	Measurement of chlorophyll content and photosynthetic rate
	Transmission electron microscopy and toluidine blue cell staining
	Detection of hydrogen peroxide and superoxide radical
	TUNEL assays
	Determination of senescence-related paramaters
	Map-based cloning of YL3
	Complementation, knockout, GUS and subcellular localization assays
	Yeast transcriptional activation assay
	Yeast one-hybrid assay
	Dual-luciferase assay
	Electrophoretic mobility shift assays (EMSA)
	RNA extraction and gene expression analysis
	Extraction and determination of hormone levels
	Transicriptome analysis

	Results
	Performance of yl3
	yl3 shows ROS-associated premature senescence
	The mutation affects the expression of senescence- and photosynthesis-related genes
	Map-based isolation of YL3
	YL3 is widely expressed
	YL3 encodes a transcriptional factor OsNAC109
	OsNAC109 directly regulates transcription of senescence and hormone-associated genes by binding to the CNTCSSNNSCAVG element
	OsNAC109 regulates plant hormone biosynthesis in rice

	Discussion
	Acknowledgements 
	References




