
Sun et al. Rice           (2024) 17:15  
https://doi.org/10.1186/s12284-024-00690-3

RESEARCH Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, 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://creativecommons.org/licenses/by/4.0/.

Rice

OsNAC103, a NAC Transcription Factor, 
Positively Regulates Leaf Senescence and Plant 
Architecture in Rice
Lina Sun1, Hanqin Xu1, Juan Song1, Xiaoying Yang1, XinYi Wang1, Haiyan Liu1, Mengzhen Pang1, Youchuan Hu1, 
Qi Yang1, Xiaotong Ning1, Shanshan Liang1, Siju Zhang1 and Weijiang Luan1* 

Abstract 

Leaf senescence, the last stage of leaf development, is essential for crop yield by promoting nutrition relocation 
from senescence leaves to new leaves and seeds. NAC (NAM/ATAF1/ATAF2/CUC2) proteins, one of the plant-specific 
transcription factors, widely distribute in plants and play important roles in plant growth and development. Here, we 
identified a new NAC member OsNAC103 and found that it plays critical roles in leaf senescence and plant architec-
ture in rice. OsNAC103 mRNA levels were dramatically induced by leaf senescence as well as different phytohormones 
such as ABA, MeJA and ACC and abiotic stresses including dark, drought and high salinity. OsNAC103 acts as a tran-
scription factor with nuclear localization signals at the N terminal and a transcriptional activation signal at the C 
terminal. Overexpression of OsNAC103 promoted leaf senescence while osnac103 mutants delayed leaf senescence 
under natural condition and dark-induced condition, meanwhile, senescence-associated genes (SAGs) were up-regu-
lated in OsNAC103 overexpression (OsNAC103-OE) lines, indicating that OsNAC103 positively regulates leaf senescence 
in rice. Moreover, OsNAC103-OE lines exhibited loose plant architecture with larger tiller angles while tiller angles 
of osnac103 mutants decreased during the vegetative and reproductive growth stages due to the response of shoot 
gravitropism, suggesting that OsNAC103 can regulate the plant architecture in rice. Taken together, our results reveal 
that OsNAC103 plays crucial roles in the regulation of leaf senescence and plant architecture in rice.
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Introduction
Leaf senescence is the last stage of leaf development and 
an age-dependent degeneration process, which is con-
trolled by endogenous genes in plants and environmental 
factors. In this process, the color of leaves become yellow 
and wilting due to chlorophyll (Chl) degradation and the 
breakdown of chloroplasts, as well as the degradation of 
nucleic acid, protein and lipid. Meanwhile, the degener-
ated products in senescent leaf are relocated as nutrients 

to reproductive or younger organs to reuse (Lim et  al. 
2007; Taylor et al. 2010). Several stay green mutants were 
characterized and revealed to involve in Chl degradation 
and the breakdown of chloroplasts in rice. sgr, nyc1, nol 
and nyc3 are non-functional stay-green mutants. SGR 
(STAY-GREEN) encodes a conserved chloroplast pro-
tein which can recruit Chl degradation enzymes to pro-
mote Chl breakdown (Jiang et al. 2007; Park et al. 2007; 
Sakuraba et  al. 2012). NYC1 (NON-YELLOW COLOR-
ING1) and NOL (NYC1-LIKE) encode Chl b reductase to 
catalyze the conversion of Chl b to HMChl a (7-hydroxy-
methyl chlorophyll a) (Kusaba et al. 2007; Sato et al. 2009; 
Shimoda et  al. 2012), and HMChl a can be converted 
to Chl a under the catalyzation of HMChl a reductase 
(Meguro et  al. 2011; Piao et  al. 2017). Overexpression 
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of NYC1 or NOL can promote Chl degradation to cause 
leaf yellowish phenotype. NYC3 (NON-YELLOW COL-
ORING3) encodes pheophytin pheophorbide hydrolase 
(PPH) and can remove phytol residues from pheophy-
tin a (phein a) to generate pheophorbide a (pheide a) 
(Morita et  al. 2009; Schelbert et  al. 2009). Recently 
revealed oscoi1b knockout mutant is a functional stay-
green mutant which remains a high photosynthetic 
capacity during natural senescence (Lee et al. 2015), and 
senescence-associated genes (SAGs) and ethylene sign-
aling-associated genes were down-regulated in oscoi1b 
mutant, suggesting that the JA receptor OsCOI1b regu-
lates leaf senescence by the crosstalk of JA signaling and 
ethylene signaling.

The process of leaf senescence is precisely regulated 
directly or indirectly by internal signals such as develop-
mental age, hormone level (Hensel et  al. 1993; Koyama 
2018) and external signals including extreme tempera-
ture, drought, injury, nutrient deficiency, pathogen 
infection, UV-B radiation, ozone oxidative stress (Lim 
et  al. 2007; Guo and Gan 2012; Gregersen et  al. 2013), 
while environmental stresses are generally integrated 
into the regulation of senescence by altering hormone 
levels in plants. In complex regulatory network during 
leaf senescence, the transcription factors (TFs) play an 
important role, for example, several NAC members have 
been revealed to serve crucial roles. The NAC gene fam-
ily is one of the largest plant-specific TFs, with at least 
151 members in rice (Nuruzzaman et al. 2010), and can 
participate in the regulatory network of leaf senescence. 
NAC proteins have a highly conserved NAC domain with 
about 150–160 amino acids (aa) and a highly variable 
C-terminal which has been identified as transcription 
regulatory domain (TRD) (Souer et  al. 1996; Aida et  al. 
1997; Kikuchi et al. 2000; Hegedus et al. 2003). In addi-
tion, NAC domain of NACs can be divided into A-E five 
highly conserved regions, and nuclear localization signal 
and DNA binding domains usually locate in C, D and E 
regions (Kikuchi et al. 2000; Duval et al. 2002). Genome-
wide analysis and microarray analysis in rice and Arabi-
dopsis respectively revealed that many NAC TFs were 
up-regulated in senescent leaf (Nuruzzaman et al. 2010; 
Breeze et al. 2011). There are at least 117 NAC genes in 
the Arabidopsis genome (Nuruzzaman et al. 2010), about 
20 of which have been identified to positively or nega-
tively regulate leaf senescence (Cao et al. 2023). However, 
to date only a few senescence-associated NAC genes were 
functionally characterized in rice.

NACs can regulate leaf senescence through chang-
ing Chl catabolic genes and other SAGs expression 
directly or indirectly. For example, ANAC046 in Arabi-
dopsis, OsNAC2, OsY37/ONAC011 and OsNAP in rice 
positively regulate the expression of Chl catabolic genes 

including NOL, SGR and PAO through directly binding 
to their promoter regions, promoting Chl degradation, 
decreasing Chl content and finally leading to leaf senes-
cence phenotype (Liang et al. 2014; Oda-Yamamizo et al. 
2016; Mao et al. 2017; El Mannai et al. 2017). ONAC106 
and OsNAC109 in rice negatively regulate the expres-
sion of Chl catabolic genes such as NYC and SGR, lead-
ing to the inhibition of Chl degradation and the delayed 
leaf senescence phenotype (Sakuraba et al. 2015; Li et al. 
2021).

In addition, NACs can regulate leaf senescence by 
correlating phytohormones and stresses. ANAC019, 
ANAC055 and ANAC072 positively regulate ABA-
induced leaf senescence while ANAC083/VNI2 neg-
atively regulate ABA-induced leaf senescence in 
Arabidopsis (Yang et  al. 2011; Takasaki et  al. 2015). 
ANAC019, ANAC055 and ANAC072 also interact with 
MYCs to mediate JA-induced Chl degradation (Zhu et al. 
2015). OsNAC2, ONAC096 and ONAC054 in rice were 
revealed to involve in ABA-induced leaf senescence (Mao 
et al. 2017; Kang et al. 2019; Sakuraba et al. 2020). Ectopic 
expression of OsNAC2 leads to an increase of ABA levels 
via directly up-regulating expression of ABA biosynthetic 
genes OsNCED3 and OsZEP1 as well as down-regulating 
expression of ABA catabolic gene OsABA8ox1 during 
leaf senescence (Mao et al. 2017). ONAC096 up-regulates 
the expression levels of OsABI5 and OsEEL to promote 
leaf senescence (Kang et  al. 2019). ONAC054 directly 
binds the promoters of OsABI5 and OsNYC1 to regulate 
leaf senescence in rice (Sakuraba et al. 2020). AtNAP in 
Arabidopsis interacts with SAG113 to regulate leaf senes-
cence through ABA signal pathway (Guo and Gan 2006; 
Zhang and Gan 2012). SAG113, encodes protein phos-
phatase type 2C (PP2C), is a key gene associated with 
stomatal closure in ABA signal pathway (Park et al. 2009; 
Zhang and Gan 2012; Zhao et  al. 2017). ABA-AtNAP-
SAG113 module regulate leaf senescence through 
the inhibition of stomatal closure and acceleration of 
water loss in plants (Zhang and Gan 2012). OsPP2C06, 
OsPP2C09 and OsPP2C68, homologues of SAG113 in 
rice, were up-regulated in OsNAP overexpressing trans-
genic plants to result in the reduction of water loss 
(Chen et  al. 2014). Furthermore, ANAC017, ANAC042, 
ANAC075, ANAC082 and ANAC090 negatively regulate 
leaf senescence in Arabidopsis through reactive oxygen 
species (ROS) response, phytohormones and/or abi-
otic stresses (Wu et al. 2012; Kim et al. 2018; Kan et al. 
2021), while ANAC032, ANAC053/NTL4, ANAC087, 
ANAC092/ORE1/AtNAC2 and its paralog ANAC059/
ORS1 positively regulate leaf senescence through ROS 
response (Aeong et al. 1997; Woo et al. 2004; Balazadeh 
et al. 2011; Lee et al. 2012; Mahmood et al. 2016; Chen 
et al. 2023).
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In addition to the function in the regulation of leaf 
senescence, NAC TF members play an important role 
in the plant architecture. Overexpression of ONAC106 
increases the tiller angle (Sakuraba et  al. 2015). 
onac054/rim1 mutant exhibited dwarf phenotype, sug-
gesting that ONAC054/RIM1 can regulate the plant 
architecture in rice (Yoshii et  al. 2010; Sakuraba et  al. 
2020). Tiller angle and tiller number, influencing the 
planting density, light interception, photosynthetic effi-
ciency, disease resistance and grain yield, are important 
agronomic traits for improving optimal plant architec-
ture in rice (Wang and Li 2008; Jiao et al. 2010; Zhu et al. 
2020). Tiller angle of rice is closely related to the shoot 
gravity response (Wang et  al. 2022). It has been shown 
that asymmetric auxin distribution plays a central role in 
the gravitropic response. OsLAZY1 (OsLA1) negatively 
regulates shoot gravity response through the regulation 
of polar auxin transport (PAT) (Li et  al. 2007), which 
the mutation of OsLA1 leads to a tiller-spreading phe-
notype in rice. PIN-FORMED 1 (PIN1) and PIN2 act as 
the downstream of OsLA1 to regulate auxin transport to 
control rice tiller angle (Xu et al. 2005; Chen et al. 2012; 
Zhu et al. 2020). Recently identified transcription factor 
OsbZIP49 affects tiller angle by regulating the local auxin 
homeostasis (Ding et  al. 2021). Furthermore, OsBRXL4, 
OsHSFA2d and OsLPA1 act as the upstream of OsLA1 to 
regulate rice tiller angle (Wang et al. 2022). OsBRXL4 can 
control rice tiller angle by preventing nuclear localization 
of OsLA1 (Li et al. 2019). HEAT STRESS TRANSCRIP-
TION FACTOR 2D (HSFA2D) can regulate the tiller 
angle by positively regulating OsLA1 (Zhang et al. 2018). 
OsLPA1 serves as the upstream of OsBRXL4 and OsHS-
FA2d to decrease tiller angle by regulating the sedimen-
tation rate of amyloplasts (Wu et  al. 2013; Wang et  al. 
2022).

In this study, we identified and characterized a new 
member OsNAC103 of NAC family, and showed that 
it plays critical roles in leaf senescence and plant archi-
tecture in rice. We analyzed the expression patterns of 
OsNAC103 and the transcriptional activity and subcel-
lular localization of OsNAC103 in detail. Further trans-
genic plants revealed that OsNAC103-OE lines promote 
leaf senescence and increase tiller angles while osnac103 
mutants delay leaf senescence and decrease tiller angles, 
indicating that OsNAC103 positively regulates leaf senes-
cence and tiller angles in rice.

Results
OsNAC103 is a Transcription Factor of NAC Family
OsNAC103, annotated by Fang et al., encodes a putative 
transcription factor of NAC family and belongs to the 
SNAC (Stress-NAC) subfamily (Fang et  al. 2008; Nuru-
zzaman et  al. 2010). Phylogenetic tree analysis showed 

that SNAC proteins in rice and Arabidopsis were divided 
into two groups: SNAC-A and SNAC-B (Additional file 1: 
Fig. S1A). OsNAC103 belongs to the SNAC-B group and 
is highly homologous to OsNAP, ONAC016, OsNAC10, 
ONAC131, AtNAP and ANAC047 (Additional file 1: Fig. 
S1A). OsNAP and AtNAP have been identified to involve 
in the regulation of leaf senescence in rice and Arabidop-
sis respectively (Zhou et al. 2013; Yang et al. 2014; Liang 
et  al. 2014). ONAC131 and OsNAC10 were revealed to 
participate in blast response and drought stress (Jeong 
et  al. 2010; Sun et  al. 2013). Sequence alignment in the 
SNAC-B group showed that there are five highly con-
served regions from (a) to (e), which are the candidate 
regions of the NAC domain (Additional file 1: Fig. S1B). 
According to known members of NAC family, the five 
conserved regions of NAC domain play a critical role in 
the function of NAC proteins.

To confirm whether OsNAC103 has an activ-
ity of transcription factor, we firstly investigated 
the subcellular localization of OsNAC103, the 
pCAMBIA35S::OsNAC103-GFP fusion vector (Fig.  1A) 
and empty vector were introduced into tobacco (Nicoti-
ana tabacum) leaves for transient expression. The result 
indicated that the fluorescent signals of OsNAC103-GFP 
fusion overlapped with the DAPI staining signal of the 
nucleus (Fig. 1B), suggesting that OsNAC103 was local-
ized in the cell nucleus. We further constructed fused 
vectors with the different truncations of OsNAC103 and 
GFP for transient expression to reveal the nuclear locali-
zation regions of OsNAC103 (Fig. 1A). The result showed 
that the fusion constructs of OsNAC103N1-139-GFP (the 
fusion of N terminal 1–139 aa region of OsNAC103 and 
GFP) and OsNAC103M134-229-GFP (the fusion of 134–
229 aa region of OsNAC103 and GFP) displayed signifi-
cant fluorescent signals in the nucleus, while the fusion 
construct of OsNAC103C230-346-GFP (the fusion of C 
terminal 230–346 aa region of OsNAC103 and GFP) dis-
played fluorescent signals in the cytoplasm and nucleus, 
similar to the signal of empty vector (Fig. 1B), indicating 
that OsNAC103 contains more than one nuclear localiza-
tion signals (NLS) in the N terminal 1–229 aa region.

To further reveal whether OsNAC103 possesses the 
transcriptional activity, the fusion constructs pGBKT7-
OsNAC103FL (the full length CDS of OsNAC103), 
pGBKT7-OsNAC103N (the truncation of N terminal of 
OsNAC103), pGBKT7-OsNAC103C (the truncation of 
C terminal of OsNAC103) and pGBKT7-GAL4AD (the 
positive control contained GAL4 AD domain) (Fig.  2A) 
were transformed into yeast strain Y2HGold for expres-
sion. The result showed that the transformants carry-
ing pGBKT7-GAL4AD, pGBKT7-OsNAC103FL and 
pGBKT7-OsNAC103C were able to grow normally 
whereas the transformants carrying pGBKT7 empty (the 
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Fig. 1 Subcellular localization of OsNAC103. A Diagram of the fused expression vectors. CaMV35S means the 35S promoter of Cauliflower 
mosaic virus. N1-139∆, M134-229∆ and C230-346∆ mean the different truncations of OsNAC103. Broken lines mean deleted parts compared 
with the full-length of OsNAC103. B Subcellular localization of OsNAC103 and its truncations in tobacco. First row: the transient expression 
of pCAMBIA35S::GFP empty vector. Second row: the transient expression of the full-length OsNAC103 and GFP fusion vector. Third to fifth rows: 
the transient expression of different truncations of OsNAC103 and GFP fusion vector. Bars = 25 μm
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negative control) and pGBKT7-OsNAC103N couldn’t 
grow on SD/-Trp/-His/-Ade medium (Fig.  2B), indicat-
ing that OsNAC103 has a transcriptional activity and 
possesses transcription regulatory domain (TRD) local-
ized to the C-terminal of OsNAC103. Taken together, 
OsNAC103 is a transcription factor with NLS in the 
N-terminal and TRD in the C-terminal.

OsNAC103 mRNA Level is Induced by Leaf Senescence
To investigate the spatial expression pattern of 
OsNAC103, we constructed a fusion plasmid with a 
2189-bp promoter region of OsNAC103 to drive GUS 
reporter gene, and obtained the transgenic plants to ana-
lyze the expression of GUS reporter gene. GUS staining 
assay showed that the promoter of OsNAC103 could be 
activated in different tissues such as root, stem, tiller 
bud, leaf, leaf sheath, the different stages of panicle, flo-
ral organ and seedling (Fig.  3A–M), with the stronger 
expression in tiller bud and intercalary meristem (Fig. 3B, 
D  indicated by arrowheads). For different stages of leaf, 
OsNAC103 displayed higher expression in senescent 
leaves than that in young leaves (Fig. 3E–G). For different 

stages of panicle, the expression of OsNAC103 mainly 
concentrated in the palea and lemma with increased lev-
els successively in 5, 15 and 20 cm panicles (Fg. 3I–K), but 
almost no expression in the pistil and stamen (Fig.  3L). 
Further qRT-PCR analysis was in agreement with GUS 
staining assay, which exhibited highly expressed in senes-
cent leaf, mature panicle (25 cm panicle) and shoot api-
cal meristem (SAM) (Fig.  3N). We also examined the 
expression of OsNAC103 at different developmental 
stages in leaves after sowing 30, 40, 55, 80, 90, 100, 115 
and 150 days using qRT-PCR, and found that the mRNA 
levels of OsNAC103 remained low from vegetative stage 
to reproductive stage, then significantly elevated in rip-
ening stage (Fig. 3O).

Based on the above results, we speculated that the 
expression of OsNAC103 can be induced by leaf senes-
cence. To confirm this, we firstly analyzed the expres-
sion of OsNAC103 in different leaf ages (the second and 
fifth leaf of the rice plant from top down), and found that 
OsNAC103 displayed higher expression levels in older 
leaf (the fifth leaf ) compared with the younger leaf (the 
second leaf ) (Fig. 3P). Secondly, we detected OsNAC103 

pGBKT7-GAL4AD

pGBKT7-OsNAC103FL

pGBKT7-OsNAC103N 

pGBKT7-OsNAC103C

pGBKT7

GAL4-BD GAL4-AD

GAL4-BD

GAL4-BD 1-179

GAL4-BD

GAL4-BD 180-346

Full length CDS

A
SD/-Trp
1 2

SD/-THA
1 2B

Fig. 2 Transcriptional activation assay of OsNAC103. A Illustration of fusion vectors with different truncations of OsNAC103 and GAL4-BD. GAL4-BD 
and GAL4-AD represent the DNA-binding and activation domain of GAL4 in Saccharomyces cerevisiae, respectively. CDS represents the full-length 
CDS sequence of OsNAC103, 1–179 and 180–346 represent the truncated fragments of OsNAC103. B The assay of transcriptional activation 
of OsNAC103. Yeasts with different fusion vectors grow in single and triple deficient medium. 1 and 2 are two independent repeats. SD/-Trp 
represents the single-deficiency medium lacking tryptophan (Trp). SD/-THA represents the triple-deficiency medium lacking tryptophan (T), 
histidine (H), and adenine (A)

Fig. 3 Expression patterns of OsNAC103. A–M GUS staining of different tissues and organs in the transgenic plants with the fused construct 
of OsNAC103 promoter and GUS reporter. A Root. B Stem with tiller bud and intercalary meristem (indicated by arrowhead). C Leaf and leaf sheathe 
with paraphyll. D Root base with tiller bud and intercalary meristem (indicated by arrowhead). E Young leaf. F Mature leaf. G Senescent leaf. H 
Leaf sheath. I–K 5 cm, 15 cm and 20 cm young panicles, respectively. L Floral organ. M Seedling. N OsNAC103 expression levels in different tissues 
by qRT-PCR. SAM is shoot apical meristem. O OsNAC103 expression levels in leaves of different developmental stages in the field. P OsNAC103 
expression levels in different leaf ages. a and b represent the second and fifth leaf of the rice plant from top down, respectively. Q OsNAC103 
expression levels in truncated parts at the same leaf. a-d represent the four truncated parts of the fifth leaf, respectively. R GUS staining of seedlings 
at dark treatment

(See figure on next page.)
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mRNA levels of different truncated parts (indicated a-d 
in Fig.  3Q) at the same leaf, and the result showed that 
OsNAC103 displayed a higher expression in the yel-
lowing sectors (c and d in Fig.  3Q) compared with the 
green sectors (a and b in Fig.  3Q). Finally, dark treat-
ment can induce leaf senescence, we therefore analyzed 
the expression of OsNAC103 in transgenic seedlings 
with proOsNAC103::GUS construct after dark treatment 
through GUS staining. The result showed that seedlings 
grown under dark condition were stained more deeply in 
the root and coleoptile than those grown under normal 
light condition (Fig. 3R), suggesting that OsNAC103 has 
a higher expression in the dark condition. Taken together, 
OsNAC103 mRNA level is induced by leaf senescence 
and OsNAC103 may play an important role in leaf senes-
cence of rice.

OsNAC103 expression is induced by different 
phytohormones and abiotic stresses
Given that leaf senescence can be induced by differ-
ent phytohormones and abiotic stresses such as ABA 
(Abscisic acid), MeJA (Methyl jasmonate), ACC (1-ami-
nocyclopropane-1-carboxylic acid, ethylene precursor) 
phytohormones and high salinity, drought stresses, we 

analyzed OsNAC103 expression levels under the treat-
ments of phytohormones and abiotic stresses using 
qRT-PCR. The results showed that the expression of 
OsNAC103 was significantly up-regulated under these 
treatments (Fig. 4A–E). For ABA and MeJA treatments, 
the expression levels of OsNAC103 were induced rapidly 
and reached peaks at the 0.5 h after treatments (Fig. 4A, 
B). For ACC, the expression of OsNAC103 was induced 
after 3  h and displayed a peak at the 6  h (Fig.  4C). For 
high salinity stress, OsNAC103 expression was gradually 
up-regulated and reached a peak at the 12 h (Fig. 4D). For 
drought stress, OsNAC103 expression was induced after 
4 days and displayed a peak at 4.5 days (Fig. 4E). Collec-
tively, above results showed that OsNAC103 expression 
was induced by ABA, MeJA, ACC as well as high salinity 
and drought stresses.

OsNAC103 Positively Regulates Leaf Senescence in Rice
To explore the function of OsNAC103, we generated 
the transgenic plants overexpressing OsNAC103 and 
CRISPR-Cas9 editing mutants. For overexpression plants, 
we selected five independent lines (OE1, OE2, OE6, OE7 
and OE9) to detect mRNA levels of OsNAC103 using 
qRT-PCR, and found that OsNAC103 mRNA levels were 
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significantly elevated in those lines (Additional file 1: Fig. 
S2B). For CRISPR-Cas9 editing mutants, we designed 
three CRISPR-Cas9 targets located at the first exon, sec-
ond exon and third exon of OsNAC103 (Additional file 1: 
Fig. S3A), and fused with sgRNA respectively. Then three 
fragments with target and sgRNA were simultaneously 
inserted into pCAMBIA1300 binary vector with Cas9 to 
obtain the recombinant vector which were used to gener-
ate transgenic plants. We finally obtained two homozy-
gous osnac103 mutants (CR2 and CR5) by sequencing 
analysis. CR2 contained 1-bp bi-allelic insertion in target 
1, 3-bp deletion in target 2 and 1-bp bi-allelic insertion in 
target 3, respectively (Additional file 1: Fig. S3B–D). CR5 
contained 1-bp insertion in target 1, 1-bp insertion in 
target 2 and 1-bp deletion in target 3, respectively (Addi-
tional file 1: Fig. S3E–G). Both CR2 and CR5 resulted in 
the frameshift of amino acids due to insertions and/or 
deletions.

Phenotypic observation found that OE1, OE6 and OE9 
with higher expression levels of OsNAC103 displayed 
extremely pleiotropic phenotypes with premature senes-
cent and droopy leaves, large tiller angles and reduced 
plant height in  T0 generation (Additional file 1: Fig. S2A), 
and we failed to gain the seeds due to lethal effect dur-
ing vegetative growth stage in OE1, OE6 and OE9. OE2 
and OE7 lines with relative lower expression levels of 
OsNAC103 displayed the lighter phenotypes with leaf 
senescence, increased tiller angles and decreased plant 
height in  T0 generation (Additional file  1: Fig. S2A), 
and these lines could normally grow and harvest seeds. 
We therefore used OE2 and OE7 lines as well as CR2 
and CR5 mutants to further analyze their phenotypes 
in  T2 generation. The result showed that OE2 and OE7 
displayed markedly phenotype of leaf senescence dur-
ing the reproductive growth stage (Fig.  5A–C), while 
two mutants and WT presented normal phenotype in 
leaves (Fig. 5A–C), even much greener in CR2 and CR5 
mutants than in WT (Fig.  5A–C). Total Chl contents 
in different leaves from flag leaf to antepenultimate leaf 
were measured, and the result demonstrated that Chl 
contents of OE2 and OE7 were significantly lower than 
those of WT and two mutants in flag leaves, penultimate 
leaves and antepenultimate leaves (Fig.  5D–F), whereas 

Chl contents of CR2 and CR5 were significantly higher 
than those of WT in penultimate leaves and antepenulti-
mate leaves (Fig. 5E, F), suggesting that overexpression of 
OsNAC103 promotes leaf senescence while mutation of 
OsNAC103 delays leaf senescence. Fv/Fm ratio (efficiency 
of PSII) can reflect the efficiency of photosynthesis, we 
therefore measured the Fv/Fm ratio after heading in the 
field. The result showed that Fv/Fm ratio significantly 
decreased in OE2 and OE7 lines while increased in CR2 
and CR5 mutants (Fig.  5G), indicating that OsNAC103 
can affect the efficiency of photosynthesis during leaf 
senescence.

During the vegetative growth stage, the top leaves 
including flag leaves, penultimate leaves and antepenul-
timate leaves were no significant difference in WT, two 
OE lines and two mutants (Additional file  1: Fig. S4A–
C), however, the bottom leaves (e.g. the fourth and fifth 
leaves) exhibited premature-senescence phenotype in 
OE2 and OE7 lines, and Chl levels also clearly reduced 
compared with WT (Additional file  1: Fig. S4A–E). 
Importantly, the bottom leaves in CR2 and CR5 mutants 
were much greener compared with WT and OE lines, 
and Chl levels were also higher than those of WT and 
OE lines (Additional file  1: Fig. S4A–E), indicating that 
OsNAC103 might accelerate the degradation of Chl and 
promote leaf senescence.

OsNAC103 Can Regulate Plant Architecture in Rice
In addition to the phenotype of leaf senescence, OE2 and 
OE7 displayed loose plant architecture with larger tiller 
angles during the vegetative and reproductive growth 
stages (Fig.  6A–C). Observation for the tiller base in 
detail showed that the inclined angles between the main 
culm and its first side tiller in OE lines were larger than 
those in WT and osnac103 mutants (Fig. 6D), and more 
symmetrical growth of the tiller node was observed in 
OE lines compared with WT and osnac103 mutants 
(Fig.  6E). We further measured the tiller angle at head-
ing stage and found that the tiller angles in OE2 and OE7 
(the mean values are 20.65 and 19.65, respectively) were 
larger than those of WT (the mean value is 14.65), while 
the tiller angles in CR2 and CR5 (the mean values are 
10.1 and 9.95, respectively) were smaller than those of 

Fig. 5 OsNAC103 positively regulates leaf senescence in rice. A–C Phenotype of OsNAC103-OE lines and osnac103 mutants during the reproductive 
growth stage. A Phenotype of OsNAC103-OE plants and osnac103 plants. Bar = 20 cm. B Phenotype of OsNAC103-OE lines and osnac103 mutants 
in the field. C Phenotype of different leaves in WT, OsNAC103-OE lines and osnac103 mutants. Leaf-1, Leaf-2, Leaf-3, Leaf-4 represent the first, second, 
third and fourth leaves of the rice plant from top down, respectively. Bar = 2 cm. D–F Total chlorophyll contents of the flag leaves, penultimate 
leaves and antepenultimate leaves in OsNAC103-OE lines and osnac103 mutants, respectively. G Fv/Fm ratio of OsNAC103-OE lines and osnac103 
mutants in penultimate leaves. OE2 and OE7 are two independent OsNAC103-OE lines. CR2 and CR5 are two allelic mutants. The letters a, b, c, d 
indicate significant differences from the one-way ANOVA analysis (P < 0.05)

(See figure on next page.)
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WT (Fig.  6F). Moreover, the tiller numbers of OE lines 
were significantly more than those of WT and osnac103 
mutants (Fig.  6G). The plant height of CR2 and CR5 
were significantly higher than those of WT and OE lines 
(Fig. 6H). The panicle length and the number of primary 
branches in OE lines and osnac103 mutants were no sig-
nificant differences compared with WT (Additional file 1: 
Fig. S5A, B), while the weight of 100 grains in OE lines 
were significantly decreased compared with WT (Addi-
tional file  1: Fig. S5C), suggesting that OsNAC103 may 
influence yield due to leaf senescence. Given that tiller 
angle is closely associated with negative gravitropism of 
shoot, we examined the gravitropic response in WT, OE 
lines and osnac103 mutants. Compared with WT, the 
shoot curvatures of OE2 and OE7 lines were reduced, 
while were increased in CR2 and CR5 mutants after the 
treatment of shoot gravitropism (Fg.  6I, J), indicating 
that the gravitropic response was reduced in OE lines 
but increased in osnac103 mutants. These results dem-
onstrated that OsNAC103 can regulate rice tiller angle 
in plant architecture through negative gravitropism of 
shoot.

To further elucidate the regulatory function of 
OsNAC103 in rice tiller angle, we examined the expres-
sion levels of genes associated with tiller angle and shoot 
gravitropism in OE lines (OE2 and OE7) and osnac103 
mutants, and found that only OsLA1 expression displayed 
significant difference in OE2 and OE7 compared with WT 
(Additional file 1: Fig. S6A). The remaining genes includ-
ing OsBRXL4, OsHSFA2d and OsLPA1 had no significant 
difference in OE lines and osnac103 mutants compared 
with WT (Additional file 1: Fig. S6B–D). Given that dif-
ferent OE lines exhibited different overexpression levels 
(Additional file  1: Fig. S2B), we investigated the expres-
sion levels of these genes in OE1, OE6 and OE9 with 
higher overexpression levels and extremely pleiotropic 
phenotypes. The result showed that OsLA1 was signifi-
cantly down-regulated in OE1, OE6 and OE9 compared 
with WT (Fig. 6K), indicating that OsNAC103 regulates 
the tiller angle by OsLA1-dependent pathway. We further 

analyzed the expression of OsPIN1 and OsPIN2 which 
act as the downstream of OsLA1 to regulate auxin trans-
port asymmetric auxin distribution (OsPIN1 and OsPIN2 
displayed the contrary effect on the auxin transport) in 
three OE lines, and found that OsPIN1 was significantly 
down-regulated and OsPIN2 was significantly up-regu-
lated in OE1, OE6 and OE9 (Fig. 6L, M), indicating that 
OsNAC103 may serve as the upstream of OsLA1, OsPIN1 
and OsPIN2 to regulate tiller angle. Also, OsbZIP49, an 
important transcription factor modulating tiller angle 
by regulating local auxin homeostasis, was significantly 
up-regulated in OE1, OE6 and OE9 (Fig.  6N), indicat-
ing that OsNAC103 can indeed affect auxin distribution 
to regulate tiller angle in rice. OsBRXL4, OsHSFA2d and 
OsLPA1 act as the upstream of OsLA1 to regulate rice 
tiller angle (see the introduction). Thus, we also detected 
the expression of OsBRXL4, OsHSFA2d and OsLPA1 in 
three OE lines. The result showed that OsBRXL4 was 
significantly up-regulated and OsHSFA2d and OsLPA1 
were significantly down-regulated in OE1, OE6 and OE9 
(Fig.  6O–Q), implying that OsNAC103 can regulate the 
expression levels of the upstream of OsLA1 to modulate 
rice tiller angle. Collectively, OsNAC103 can regulate the 
tiller angle by OsLA1-dependent pathway.

osnac103 Mutants Display Stay‑Green Phenotype Under 
Dark‑Induced Senescence
To study the regulation of leaf senescence by OsNAC103 
in more detail, we examined the phenotype of 
OsNAC103-OE lines and osnac103 mutants under dark-
induced senescence (DIS). Three-week-old plants were 
transferred to darkness, and the phenotype was observed 
and recorded after 7 days of dark incubation (DDI). The 
result showed that OE2, OE7 and WT leaves became yel-
lowish, while CR2 and CR5 leaves retained much greener, 
displaying stay-green phenotype (Fig.  7A). The stay-
green phenotype of CR2 and CR5 was further confirmed 
using detached leaf discs (Fig.  7B), we could clearly see 
that detached leaf discs of CR2 and CR5 were greener 
than those of WT and OE lines after 5 DDI (Fig.  7B), 

(See figure on next page.)
Fig. 6 OsNAC103 regulates the plant architecture in rice. A, B Phenotype of tiller angles of OsNAC103-OE lines and osnac103 mutants in vegetative 
stage. B indicates the magnified figure in A. Bars = 5 cm. C–E Phenotype of the tiller base (TB) of OsNAC103-OE lines and osnac103 mutants 
in reproductive stage. Bar = 5 cm in C, Bars = 1 cm in D and E. F Tiller angles of OsNAC103-OE lines and osnac103 mutants. G Tiller number 
of OsNAC103-OE lines and osnac103 mutants. H Plant height of OsNAC103-OE lines and osnac103 mutants. Values are shown as means ± SD, 
n ≥ 20 individual plants. I Shoot gravitropism of OsNAC103-OE lines and osnac103 mutants grown under dark condition. Photos were taken 
at 96 h after rotation 90 degrees. Bar = 2 cm. g means the direction of gravity. J Dynamics of shoot gravitropism grown under dark condition. The 
shoot curvatures are measured in 12 h interval (n = 9–13). K–Q Expression analysis of genes associated with tiller angle and shoot gravitropism 
in OsNAC103-OE lines. RNAs were extracted from penultimate leaves of WT and OE lines at vegetative stage, and qRT-PCR was performed to analyze 
the relative expression levels of different genes. OE1, OE6 and OE9 are three independent lines with higher overexpression levels and extremely 
pleiotropic phenotypes. OE2 and OE7 are two independent OsNAC103-OE lines. CR2 and CR5 are two allelic mutants. Asterisks indicate statistically 
significant differences by Student’s t test (*P < 0.05; **P < 0.01)



Page 11 of 21Sun et al. Rice           (2024) 17:15  

Fig. 6 (See legend on previous page.)
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indicating that mutation of OsNAC103 attenuates dark-
induced leaf senescence. The measurement of Chl levels 
showed that Chl a, Chl b, and the total Chl levels were 
largely consistent in WT, OE lines and osnac103 mutants, 
with slightly higher Chl levels in WT before dark treat-
ment (Fig. 7C). However, Chl a, Chl b and total Chl levels 
in CR2 and CR5 mutants were significantly higher than 
those in WT and OE lines after dark treatment (Fig. 7D), 
suggesting that mutation of OsNAC103 inhibits Chl deg-
radation. Taken together, OsNAC103 can positively regu-
late leaf senescence under DIS condition, in agreement 
with in the natural senescence.

OsNAC103 Promotes ABA and JA‑Induced Leaf Senescence
Given that OsNAC103 mRNA level was induced by 
ABA and MeJA, we analyzed the response of OE lines 
and osnac103 mutants under the treatments of ABA and 
MeJA. Seedlings grown in hydroponic nutrient solution 
were treated with 100 μM ABA and MeJA, respectively. 
After two weeks, for ABA treatment, we found that the 
yellowish phenotype of CR2 and CR5 was significantly 
slower than that of WT, while displayed contrary effect 

on OE2 and OE7 lines (Fig.  8A). ABA is usually asso-
ciated with drought stress to promote leaf senescence, 
we therefore performed simulated drought stress using 
PEG6000 treatment. After three weeks of treatment, we 
found that CR2 and CR5 exhibited much greener phe-
notype than WT and OE lines (Fig.  8B). We also per-
formed the experiment of drought treatment using the 
seedling grown in soil by stopping water supplement in 
WT, OE lines and CR mutants. After ten days of treat-
ment, we found that CR2 and CR5 exhibited much 
greener phenotype than WT and OE lines (Fig.  8C), 
similar to the phenotype of PEG6000 and ABA treat-
ments. For MeJA treatment, the yellowish phenotype 
of OE2 and OE7 was significantly faster than WT, but 
displayed contrary effect on CR2 and CR5 (Fig. 8D). We 
also used detached leaf discs to confirm the phenotype 
under MeJA treatment, and the result was consistent 
with the result of hydroponic condition (Fig. 8E). Taken 
together, these results suggested that OsNAC103 accel-
erates ABA and JA-induced leaf senescence.
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OsNAC103 Regulates the Expression of Genes Associated 
with Senescence, ABA and JA Pathway
To further elucidate the regulatory function of OsNAC103 
in rice leaf senescence, we examined the expression lev-
els of genes associated with leaf senescence pathway in 

OsNAC103-OE lines and osnac103 mutants. The result 
showed that these key senescence identity genes includ-
ing OsSGR, OsNYC1, OsNOL, OsNYC3, OsPAO, OsRCCR 
, OsSAG12 and OsNAP were significantly up-regulated 
in OE2 and OE7 lines (Fig.  9A–H), indicating that 

R
el

at
iv

e 
m

R
N

A
 le

ve
ls

R
el

at
iv

e 
m

R
N

A
 le

ve
ls

R
el

at
iv

e 
m

R
N

A
 le

ve
ls

0.0

0.5

1.0

1.5
OsSGR

** **

**

A

0.0

0.5

1.0

1.5

**
**

OsNOL

C

0.0

0.5

1.0

1.5
OsNYC1

*
**

B

0.0

0.5

1.0

1.5
OsNYC3

**
**

**

D

E

R
el

at
iv

e 
m

R
N

A
 le

ve
ls

0.0

0.5

1.0

1.5
OsPAO

**
**

F

0.0

0.5

1.0

1.5
OsRCCR

**
**

G

0.0

0.5

1.0

1.5
OsSAG12

** **

0.0

0.5

1.0

1.5
OsABI5

** **

I

0.0

0.5

1.0

1.5
OsbZIP23

** **

J

0.0

0.5

1.0

1.5 OsABA8ox3
** **

K

0.0

0.5

1.0

1.5
OsLOX4

**

**

L

0.0

0.5

1.0

1.5
OsAOS2

**

**

M

0.0

0.5

1.0

1.5
OsAOC

**

N

0.0

0.5

1.0

1.5 OsOPR7

**

**

O

0.0

0.5

1.0

1.5
OsCOI1b

**

**

P

H

0.0

0.5

1.0

1.5
OsNAP

**

**

Fig. 9 Expression of senescence-associated genes and ABA, JA pathway-associated genes in OsNAC103-OE lines and osnac103 mutants. A‑H 
Expression of senescence-associated genes in OsNAC103-OE lines and osnac103 mutants. I‑K Expression of ABA pathway-associated genes 
in OsNAC103-OE lines and osnac103 mutants. L‑P Expression of JA pathway-associated genes in OsNAC103-OE lines and osnac103 mutants. RNAs 
were extracted from penultimate leaves of WT, OE lines and osnac103 mutants at vegetative stage, and qRT-PCR was performed to analyze 
the relative expression levels of different genes. OE2 and OE7 are two independent OsNAC103-OE lines. CR2 and CR5 are two allelic mutants. 
Asterisks indicate statistically significant differences by Student’s t test (*P < 0.05; **P < 0.01)



Page 15 of 21Sun et al. Rice           (2024) 17:15  

OsNAC103 positively regulates the expression of SAGs to 
modulate leaf senescence in rice. Given that OsNAC103 
is involved in ABA and JA-induced leaf senescence, we 
also investigated the expression levels of key genes asso-
ciated with ABA and JA pathways in OsNAC103-OE lines 
and osnac103 mutants. The result showed that OsABI5 
and OsbZIP23 associated with ABA signal pathway were 
significantly up-regulated in OE2 and OE7 compared 
with WT (Fig.  9I, J). OsABA8ox3 associated with ABA 
degradation pathway was significantly up-regulated in 
CR2 and CR5 compared with WT (Fig. 9K). Meanwhile, 
OsLOX4, OsAOS2, OsAOC and OsOPR7 associated with 
JA synthesis pathway were significantly up-regulated in 
OE2 and OE7 compared with WT (Fig. 9L–O). OsCOI1b 
associated with JA signal pathway was significantly up-
regulated in OE2 and OE7 compared with WT (Fig. 9P). 
These results indicate that OsNAC103 can regulate the 
expression of ABA and JA pathway-associated genes to 
modulate leaf senescence in rice.

Discussion
OsNAC103 Can Positively Regulate Leaf Senescence in Rice
Leaf senescence is regulated by both internal gene net-
works and external environmental factors. In the regu-
latory gene networks of leaf senescence in plants, lager 
number of TFs are involved in these processes and play 
crucial roles. The plant-specific NAC TFs have been 
reported that played positive or negative roles in the reg-
ulation of leaf senescence. For examples, ONAC106 and 
OsNAC109 are two senescence-inhibiting TFs (Sakuraba 
et  al. 2015; Li et  al. 2021). AtNAP in Arabidopsis (Guo 
and Gan 2006; Kou et  al. 2012; Zhang and Gan 2012; 
Yang et al. 2014), and OsNAP, OsNAC2, ONAC096 and 
ONAC054 in rice were acted as senescence-promoting 
TFs (Zhou et al. 2013; Liang et al. 2014; Mao et al. 2017; 
Kang et al. 2019; Sakuraba et al. 2020). In this study, we 
identified a novel NAC family member, OsNAC103, 
playing an important role in the regulation of rice leaf 
senescence. Our results showed that OsNAC103 had a 
transcriptional activity and was localized in the nucleus 
(Figs.  1 and 2), suggesting that OsNAC103 serves as a 
transcription factor. Expression analysis indicated that 
OsNAC103 mRNA level was dramatically induced in 
senescent leaves (Fig.  3E–G, N–Q), demonstrating that 
OsNAC103 is involved in the regulation of leaf senes-
cence. Further genetic evidences showed that overex-
pression of OsNAC103 promoted leaf senescence and the 
mutation of OsNAC103 delayed leaf senescence under 
natural condition and DIS condition (Figs. 5A–C and 7A, 
B). Meanwhile, the expression of SAGs was up-regulated 
in OsNAC103-OE lines (Fig.  9A–H). These results con-
firmed that OsNAC103 can positively regulate leaf senes-
cence in rice.

In addition, OsNAC103 mRNA levels were induced 
by different phytohormones and abiotic stresses such as 
ABA, MeJA and drought (Fig. 4A, B, E). Further experi-
ments confirmed that OsNAC103 promotes ABA, JA and 
stress-induced leaf senescence (Figs. 7 and 8), indicating 
that OsNAC103 may regulate leaf senescence through 
ABA and JA signal pathways. In Arabidopsis, AtNAP 
was induced by ABA and could directly bind to the pro-
moter region of SAG113 to regulate ABA-mediated sto-
matal movement and water loss during leaf senescence 
(Zhang and Gan 2012). In rice, OsNAC2 bound directly 
to the promoters of ABA biosynthesis genes OsNCED3 
and OsZEP1 and ABA catabolic gene OsABA8ox1 to 
lead to an increase in ABA levels, promoting leaf senes-
cence (Mao et  al. 2017). ONAC054 could bind the pro-
moters of OsABI5 and OsABF4, key genes of ABA signal 
pathway, to up-regulate their expression, thus regulated 
ABA-induced leaf senescence (Sakuraba et  al. 2020). 
ONAC096 could up-regulate the expression levels of 
OsABI5 and OsEEL to promote leaf senescence (Kang 
et  al. 2019). In addition, OsNAP regulated leaf senes-
cence through upregulating the expression of JA biosyn-
thesis genes OsLOX2, OsAOC and OsOPR7 (Zhou et  al. 
2013). In our result, the expression of OsABI5, OsbZIP23 
and OsABA8ox3 in ABA pathway and OsLOX4, OsAOS2, 
OsAOC, OsOPR7 and OsCOI1b in JA pathway were sig-
nificantly up-regulated or down-regulated in OsNAC103-
OE lines and osnac103 mutants (Fig. 9I–P). Further yeast 
one hybrid analysis showed that OsNAC103 did not 
indirectly interact with the promoters of SAGs includ-
ing OsSGR, OsNYC1, OsNYC3, OsPAO, OsRCCR  and 
OsSAG12 (Additional file  1: Fig. S7). Based on these 
results, we speculate that OsNAC103, as a transcription 
factor, may bind the promoters of key genes associated 
with ABA or JA pathways to regulate ABA or JA-induced 
leaf senescence. Future chromatin immunoprecipitation 
(ChIP) and luciferase (LUC) activity assays will provide 
possible evidences for their interaction.

OsNAC103 Can Regulate the Plant Architecture in Rice
In addition to the regulatory role in leaf senescence, 
OsNAC103 also regulates the plant architecture in rice. 
OsNAC103-OE lines displayed loose plant architecture 
with larger tiller angles while tiller angles of osnac103 
mutants decreased during the vegetative and reproduc-
tive growth stages (Fig.  6A–C, F; Additional file  1: Fig. 
S2A). Further experiments confirmed that OsNAC103 
affected the negative gravitropism of shoot to regulate 
rice tiller angles (Fig. 6I, J). Meanwhile, OsNAC103 also 
affected the tiller number and plant height (Fig. 6G, H). 
These evidences showed that OsNAC103 acts a crucial 
role in the plant architecture in rice. As one of the larg-
est TF family in plants, NAC TF members serve as the 
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pleiotropy functions in the processes of plant growth 
and development. ONAC106, a homolog of OsNAC103, 
increases the tiller angle through decreasing the expres-
sion of OsLPA1 (Sakuraba et  al. 2015). In our study, 
OsLPA1 was significantly down-regulated in OsNAC103-
OE lines. In addition, other genes associated with 
tiller angle and shoot gravitropism such as OsBRXL4, 
OsbZIP49 and OsPIN2 were significantly up-regulated 
while OsHSFA2d, OsLA1 and OsPIN1 were significantly 
down-regulated in OsNAC103-OE lines, indicating that 
OsNAC103 controls tiller angle through the regulation of 
HSFA2D-LA1 pathway.

In addition, ONAC054/RIM1, another homolog of 
OsNAC103, also regulates the plant architecture and leaf 
senescence in rice (Sakuraba et  al. 2020). rim1 mutant 
exhibited dwarf and root growth inhibition phenotypes, 
suggesting that ONAC054/RIM1 can regulate the plant 
architecture in rice, and as a JA signaling component, 
ONAC054/RIM1 can regulate the expression of JA bio-
synthetic genes such as OsLOX, OsAOS2 and OsOPR7 to 
affect the plant architecture in rice (Yoshii et  al. 2010). 
Moreover, ONAC054/RIM1 positively regulates leaf 
senescence, similar to the role of OsNAC103 in the reg-
ulation of leaf senescence. Taken together, OsNAC103 
as well as other NAC members exhibit pleiotropy roles 
through regulating different downstream genes in the 
processes of plant growth and development.

OsNAC103 Contains Multiple NLSs as a Transcription Factor
In this study, the transient expression assays with different 
truncations of OsNAC103 and GFP fusion showed that 
fused proteins exhibited localized signals in the nucleus, 
indicating that OsNAC103 protein may contain multiple 
NLSs in its N terminal 1–229 region (Fig.  1B). Further 
sequence analysis of amino acids in the N terminal 1–229 
region of OsNAC103 showed that there were five highly 
conserved regions from (a) to (e) which are the candi-
date regions of NLS (Additional file 1: Fig. S1B) (Kikuchi 
et  al. 2000; Li et  al. 2021). In database of rice genome 
annotation project (http:// rice. uga. edu/), OsNAC103 
transcript was predicted to contain three alternative 
splices from Loc_Os07g48450.1 to Loc_Os07g48450.3. 
Loc_Os07g48450.1 is full-length transcript contained 
three exons and two introns (Additional file 1: Fig. S8A, 
B). Loc_Os07g48450.2 is a truncated transcript with two 
exons and one intron (Additional file 1: Fig. S8A, B). Loc_
Os07g48450.3 only contains one exon and one intron 
(Additional file  1: Fig. S8A, B). Loc_Os07g48450.2 and 
Loc_Os07g48450.3 transcripts can produce truncated 
proteins compared with Loc_Os07g48450.1 (Additional 
file 1: Fig. S8B). We further designed primers at the dif-
ferent regions of these three transcripts to confirm the 
possible alternative splices (Additional file  1: Fig. S8A). 

According to the database, Loc_Os07g48450.1, Loc_
Os07g48450.2 and Loc_Os07g48450.3 should exhibit 
the predicted fragments of 540 bp, 620 bp and 1042 bp 
using primer pair F and R, respectively. Our RT-PCR 
result demonstrated three bands amplified from cDNA of 
leaves. Among three bands, 540 bp and 620 bp fragments 
were consistent with the prediction of Loc_Os07g48450.1 
and Loc_Os07g48450.2 respectively, indicating that 
Loc_Os07g48450.1 and Loc_Os07g48450.2 did pre-
sent (Additional file 1: Fig. S8C). We could also see that 
Loc_Os07g48450.1 was main splicing form with highly 
expression level (Additional file  1: Fig. S8C, D). Ampli-
fied ~ 400 bp band was not in agreement with the predic-
tion of Loc_Os07g48450.3 which should obtain 1042 bp 
band using primer pair F and R (Additional file  1: Fig. 
S8C). We further designed a reverse primer indicated 
as R’ (located at the 326  bp downstream of R) to con-
firm the above result. We could see the amplified bands 
with primer pair F and R’ were increased ~ 300 bp (Addi-
tional file 1: Fig. S8D), in agreement with the prediction 
of Loc_Os07g48450.1 and Loc_Os07g48450.2. Mean-
while, we found that original ~ 400 bp band with primer 
pair F and R also increased and obtained ~ 700 bp band 
(Additional file  1: Fig. S8D), suggesting that this band 
should be another alternative splice but not the predicted 
Loc_Os07g48450.3.

Our result showed that the truncated fusion proteins 
with N1–139 and M134–229 clearly localized in the 
nucleus, but the truncated fusion protein with C230–346 
was no specific signal in the nucleus (Fig. 1B). According 
to this result, the truncated protein produced by Loc_
Os07g48450.2 should contain NLS because it comprises 
M134–229 region in our transient expression assays 
(Fig.  1; Additional file  1: Fig. S8A, B). However, Loc_
Os07g48450.2 lacks most amino acids of NAC domain 
at N-terminal (Additional file  1: Fig. S8B). Whether 
Loc_Os07g48450.2 can simultaneously regulate leaf 
senescence and plant architecture, or only regulate leaf 
senescence or plant architecture, or play new roles, or no 
function, it still needs more evidence to confirm.

Materials and Methods
Plant Materials
Rice variety Zhonghua11 (Oryza sativa L. ssp. japonica), 
OsNAC103 overexpression transgenic lines (OsNAC103-
OE lines) and osnac103 mutants by CRISPR-Cas9 system 
were used in this research. Transgenic plants were gen-
erated from the rice variety Zhonghua11 using the Agro-
bacterium-mediated transformation method described 
by Hiei et al. (1994). All plant materials were grown in the 
experimental field of Tianjin Normal University.

http://rice.uga.edu/


Page 17 of 21Sun et al. Rice           (2024) 17:15  

Construction of the Vectors and Rice Transformation
For overexpressing vector, full-length cDNA fragment 
of OsNAC103 (1041-bp) was amplified from 40-day-old 
leaves by RT-PCR using specific primers of OsNAC103 
(Additional file 2: Table S1). The resulting fragment was 
inserted into pCAMBIA2300 binary vector with double 
CaMV35S promoters to obtain the recombinant vector. 
For the construction of osnac103 mutants by CRISPR-
Cas9, according to the method described previously 
(Ma et  al. 2015), OsNAC103 targets were obtained by 
annealing with gene-specific primers (Additional file  2: 
Table  S1) and inserted into sgRNA construct respec-
tively, then the fragments with target and sgRNA were 
inserted into pCAMBIA1300 binary vector with Cas9 to 
obtain the recombinant vector. All recombinant vectors 
were introduced into Zhonghua11 using the Agrobacte-
rium-mediated transformation method to produce corre-
sponding transgenic plants.

Quantitative Real‑Time PCR (qRT‑PCR) Analysis
Total RNA was isolated using Trizol solution (Aidlab, 
Beijing, China) from corresponding tissues and organs of 
rice plants. The cDNA was synthesized from 1 μg of total 
RNA using the cDNA synthesis kit with a gDNA wiper 
(TaKaRa, Beijing, China). One microliter of cDNA was 
used for qRT-PCR analysis with gene-specific primers 
using SYBR Green PCR master mix in a LightCycler480 
system (Roche). The  2− ΔΔCT method described by Livak 
and Schmittgen (2001) was used for the analysis of rela-
tive gene expression. Three biological replicates were 
performed, and OsActin1 was used as an internal control. 
All primers are shown in Additional file 2: Table S1.

OsNAC103 Expression Profile Analysis
For GUS staining assay, the 2189-bp fragment from 
the upstream of the start codon was amplified using 
OsNAC103-specific primers (Additional file 2: Table S1). 
The purified DNA fragment was inserted into the vec-
tor pCAMBIA1391Z in-frame with the GUS reporter 
gene to obtain the resultant vector pCAMBIA1391Z-
OsNAC103::GUS. The resultant vector was introduced 
into Zhonghua11 to produce transgenic plants. Tissues 
and organs of positive transgenic plants were collected 
for spatio-temporal expression pattern analysis using 
GUS staining assay as described by Luan et al. (2011). For 
GUS staining at the dark treatment, transgenic seedlings 
grown five days under continuous light and dark condi-
tions, respectively, were used to perform GUS staining 
assay.

For the OsNAC103 mRNA levels of different organs, 
RNA was isolated from SAM, root, stem, leaf and differ-
ent panicles including 1 cm, 3 cm, 7 cm, 10 cm and 25 cm 

young panicle respectively using Trizol solution. For the 
OsNAC103 mRNA levels of different developmental 
stages, leaves from the different stages including 30 d, 40 
d, 55 d, 80 d, 90 d, 100 d, 115 d and 150 d were collected 
to isolate RNAs respectively using Trizol solution. Then, 
qRT-PCR was performed to analyze OsNAC103 mRNA 
levels.

For detection of OsNAC103 mRNA levels under various 
phytohormones and salt stress, one-month-old hydro-
ponic seedlings were subjected to 100  μM ABA, MeJA, 
ACC by spraying or transfer to 200 mM NaCl solution to 
grow, respectively. For detection of OsNAC103 mRNA 
levels under drought stress, one-month-old plants were 
subjected to drought treatment (stopping water sup-
ply). Leaf tissues were harvested at indicated times to 
extract RNAs. Then, qRT-PCR was performed to analyze 
OsNAC103 mRNA levels.

The Subcellular Localization of OsNAC103
The full coding sequence (CDS) without a stop codon 
and different truncated sequence of OsNAC103 were 
amplified from 40-day-old seedling cDNA by RT-PCR 
using gene-specific primers (Additional file 2: Table S1). 
The amplified fragments were inserted into a pCAM-
BIA35S-GFP empty vector and fused in-frame with 
the green fluorescent protein (GFP) respectively to 
produce the resultant vectors p35S::OsNAC103-GFP, 
p35S::OsNAC103N1-139-GFP, p35S::OsNAC103M134-
229-GFP and p35S::OsNAC103C230-346-GFP. After 
confirmation by sequencing, the fused vectors and empty 
vector were transiently transformed into tobacco epi-
dermal cells to observe the transient expression using a 
laser confocal microscope (Nikon EZ-C1 Si laser confo-
cal microscope, Japan).

Yeast Transcriptional Activation Assay
The full-length CDS and different truncated sequences 
of OsNAC103 were amplified from 40-day-old seedling 
cDNA by RT-PCR using gene-specific primers (Addi-
tional file  2: Table  S1). GAL4 DNA activation sequence 
was amplified from pGADT7 vector using GAL4-spe-
cific primers. The amplified sequences were respectively 
inserted into pGBKT7 empty vector to produce the 
resultant vectors pGBKT7-OsNAC103FL, pGBKT7-
OsNAC103N, pGBKT7-OsNAC103C and pGBKT7-
GAL4AD (positive control) and the pGBKT7 empty 
vector was used as a negative control. After confirmation 
by sequencing, the fused vectors were transformed into 
the yeast strain Y2H gold and the transcriptional activa-
tion was evaluated according to the growth of transfor-
mants on synthetic dropout (SD) medium SD/-Trp and 
SD/-Trp/-His/-Ade, respectively.



Page 18 of 21Sun et al. Rice           (2024) 17:15 

Phytohormones, Abiotic Stresses and Darkness‑Induced 
Leaf Senescence
OsNAC103-OE lines, osnac103 mutants and WT plants 
were grown under hydroponic solution. For dark treat-
ment, three-week-old plants were transferred to con-
tinuous dark condition to grow. After seven days, the 
phenotype was observed and Chl contents were meas-
ured, respectively. For detached leaves under dark treat-
ment, two-month-old plant leaves were immersed in 
MES buffer (pH5.8) and placed in darkness for five days, 
then the phenotype was observed. For drought stress 
treatment, two-month-old plants were treated with 
nutrient solution containing 20% PEG6000 and the phe-
notype was observed and recorded after three weeks, 
and one-month-old seedlings grown in soil were stopped 
water supplement and the phenotype was observed and 
recorded after ten days. For ABA treatment, two-week-
old seedlings were grown in hydroponic solution con-
taining 100  μM ABA. After two weeks, the phenotype 
was observed and recorded. For MeJA treatment, one-
month-old seedings were grown in hydroponic solution 
containing 100 μM MeJA. After three weeks, the pheno-
type was observed and recorded.

Measurement of Chlorophyll (Chl) Contents
Chl contents were measured using the method described 
by Luan et  al. (2011). Briefly, 0.1  g leaves were grinded 
and Chl was extracted using 80% acetone in the dark. The 
absorbance of the extract was measured using a spectro-
photometer at  A645 and  A663. Three biological replicates 
were performed.

Analysis of Shoot Gravitropic Response
Rice shoot gravitropic response was measured using five-
day-old seedlings planted in plates containing 7.5% agar 
medium in the dark. Dehusked seeds were sterilized with 
75% ethanol for 2 min and 4.5% bleach for 30 min. Then 
seeds were washed five times with sterilized  ddH2O. The 
seedlings were then grown at 28 °C. After five days, shoot 
gravitropic response was investigated by measuring the 
shoot curvature after seedlings were rotated 90° at every 
12 h interval.

Yeast one Hybrid Assay
For the effector constructs, the full-length CDS and the 
truncated region (1–179 aa) of OsNAC103 were ampli-
fied by RT-PCR using gene-specific primers (Additional 
file 2: Table S1) and inserted into pGADT7 empty vector 
to produce the resultant vectors pGADT7-OsNAC103FL 
and pGADT7-OsNAC103N1-179. For the reporter con-
structs, the promoters with approximate 2  kb size from 
different genes (including OsSGR, OsNYC1, OsNYC3, 
OsRCCR , OsPAO and OsSAG12) were amplified and 

inserted into pLacZi vector to produce the resultant vec-
tors pLacZi-proOsSGR, pLacZi-proOsNYC1, pLacZi-
proOsNYC3, pLacZi-proOsRCCR, pLacZi-proOsPAO 
and pLacZi-proOsSAG12. The effector and reporter con-
structs were transformed into the yeast strain YM4271. 
The transformants were firstly grown and selected on 
the SD/-Ura/-Leu medium, and the positive colonies 
were then transferred to SD/-Ura/-Leu medium contain-
ing 5-Bromo-4-chloro-3-indolyl β-D-galactopyranoside 
(X-Gal). The co-transformation of OsFTL12 effector 
and OsMADS14 reporter were used as positive control 
(Zheng et al. 2023).

Abbreviations
TF  Transcription factor
SAGs  Senescence-associated genes
Chl  Chlorophyll
AA  Amino acids
TRD  Transcription regulatory domain
ROS  Reactive oxygen species
NLS  Nuclear localization signal
AD  Activation domain
BD  Binding domain
SAM  Shoot apical meristem
ABA  Abscisic acid
MeJA  Methyl jasmonate
ACC   1-Aminocyclopropane-1-carboxylic acid
DIS  Dark-induced senescence
DDI  Day of dark incubation
CDS  Coding sequence
SD  Synthetic dropout
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Additional file 1. Fig. S1: Phylogenic analysis and sequence analysis of 
OsNAC103. A An unrooted phylogenetic tree of stress-responsive NAC 
(SNAC) proteins in rice and Arabidopsis. SNAC-A and -B are two subgroups 
of SNAC proteins. The tree was drawn using the Neighbor-Joining method 
in the MEGA 11.0 program. B Multiple sequence alignments between 
OsNAC103 and other members of the NAC subfamily in rice. (a)–(e) 
represent five highly conservative regions. Fig. S2: Phenotype and over-
expression levels of OsNAC103-OE lines in  T0 generation. A Phenotypes of 
OsNAC103-OE lines. B Overexpression levels of OsNAC103-OE lines using 
qRT-PCR. OE1, OE2, OE6, OE7 and OE9 are five independent OsNAC103-OE 
lines. Asterisks indicate statistically significant differences by Student’s 
t test (*, P < 0.05; **, P < 0.01). Fig. S3: Sequencing analysis of osnac103 
mutants (CR2 and CR5) by CRISPR-Cas9 system. A Target sites of CRISPR-
Cas9 for OsNAC103. Solid boxes, exons; hollow box, 5′-UTR; hollow penta-
gon, 3′-UTR; the lines, introns; Target1, Target2 and Target3 represent three 
targets of OsNAC103, respectively. B–G Mutation sites of CR2 and CR5. Red 
boxes mean the position of mutations.—means deletion. Red underlines 
mean the position of PAM. Fig. S4: OsNAC103 positively regulates leaf 
senescence in rice. A–C Phenotype of OsNAC103-OE lines and osnac103 
mutants during the vegetative growth stage. Bars = 20 cm. B indicates the 
magnified figure in A. (C) Phenotype of OsNAC103-OE lines and osnac103 
mutants in the field. D, E Phenotype and total chlorophyll contents of dif-
ferent leaves in OsNAC103-OE lines and osnac103 mutants. Leaf-2, Leaf-3, 
Leaf-4, Leaf-5 represent the second, third, fourth and fifth leaves of the 
rice plant from top down, respectively. Bar = 5 cm. OE2 and OE7 are two 
independent OsNAC103-OE lines. CR2 and CR5 are two allelic mutants. 
Values are shown as means ± SD, n = 3. Asterisks indicate statistically 
significant differences by Student’s t test (*, P < 0.05; **, P < 0.01). Fig. S5: 

https://doi.org/10.1186/s12284-024-00690-3
https://doi.org/10.1186/s12284-024-00690-3
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Agronomic traits of OsNAC103-OE lines and osnac103 mutants. A Panicle 
length, number of primary branches and 100 grains weight of OsNAC103-
OE lines and osnac103 mutants. Values are shown as means ± SD, n ≥ 10 
individual plants. Asterisks indicate statistically significant differences 
by Student’s t test (*, P < 0.05; **, P < 0.01). Fig. S6: Expression analysis of 
genes associated with tiller angle and shoot gravitropism in OsNAC103-OE 
lines and osnac103 mutants. RNAs were extracted from penultimate leaves 
of WT, OE lines and osnac103 mutants at vegetative stage, and qRT-PCR 
was performed to analyze the relative expression levels of different genes. 
OE2 and OE7 are two independent OsNAC103-OE lines. CR2 and CR5 are 
two allelic mutants. Asterisks indicate statistically significant differences by 
Student’s t test (*, P < 0.05; **, P < 0.01). Fig. S7: Interaction of OsNAC103 
and the promoters of leaf senescence-associated genes. Yeast cells trans-
formed with the indicated plasmids were grown on selective SD/-Ura/-
Leu medium added with X-Gal. The interaction of pLacZi-proOsMADS14 
and OsFTL12 effector was as a positive control. Fig. S8: Alternative 
splices of OsNAC103 and the blast of their amino acid sequences. A Three 
alternative splicing forms of OsNAC103 indicated as Loc_Os07g48450.1, 
Loc_Os07g48450.2 and Loc_Os07g48450.3, respectively. Solid boxes, 
exons; hollow box, 5′-UTR; hollow pentagon, 3′-UTR; the lines, introns. 
B Alignment of amino acids sequence for the Loc_Os07g48450.1, 
Loc_Os07g48450.2 and Loc_Os07g48450.3. C RT-PCR analysis of different 
transcripts of Loc_Os07g48450. cDNA was obtained from leaves at ripen-
ing stage by the reverse transcription reaction. RT-PCR were performed to 
analyze the possible transcripts (indicated by red arrows). F, R and R’ were 
different primers indicated in (A). M1 and M2 were DNA ladders

Additional file 2. Table S1: Primers used in this study. 

Acknowledgements
Not applicable.

Author Contributions
W.J.L. designed the research project. L.N.S., H.Q.X., J.S., X.Y.Y., X.Y.W., H.Y.L., M.Z.P., 
Y.C.H., Q.Y., X.T.N. and W.J.L. designed and performed all the experiments and 
analyzed the data. S.J.Z. and S.S.L. assisted in the production of transgenic 
plants, the field experiments and the analysis of the data. W.J.L. and L.N.S. 
drafted the manuscript. All authors read and approved the final manuscript.

Funding
This research was supported by the National Natural Science Foundation of 
China (No. 31770343), the Tianjin Rice Industrial Technology System of China 
(No. ITTRRS2018006).

Availability of Data and Materials
All data generated or analysed during this study are included in this published 
article and its supplementary information files.

Declarations

Ethics Approval and Consent to participate
This study complied with the ethical standards of China, where this research 
work was carried out.

Consent for Publication
All authors are consent for publication.

Competing interests
The authors declare that they have no competing interests.

Received: 13 November 2023   Accepted: 3 February 2024

References
Aeong OhS, Park JH, In Lee G, Hee Paek K, Ki Park S, Gil Nam H (1997) Identifica-

tion of three genetic loci controlling leaf senescence in Arabidopsis 
thaliana. Plant J 12(3):527–535

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(6):841–857

Balazadeh S, Kwasniewski M, Caldana C, Mehrnia M, Zanor MI, Xue GP, Mueller-
Roeber B (2011) ORS1, an  H2O2-responsive NAC transcription factor, 
controls senescence in Arabidopsis thaliana. Mol Plant 4(2):346–360

Breeze E, Harrison E, McHattie S, Hughes L, Hickman R, Hill C, Kiddle S, Kim YS, 
Penfol CA, Jenkins D, Zhang CJ, Morris K, Jenner C, Jackson S, Thomas B, 
Tabrett A, Legaie R, Moore JD, Wild DL, Ott S, Rand D, Beynon J, Denby K, 
Mead A, Buchanan-Wollaston V (2011) High-resolution temporal profiling 
of transcripts during Arabidopsis leaf senescence reveals a distinct chro-
nology of processes and regulation. Plant Cell 23(3):873–894

Cao J, Liu H, Tan S, Li Z (2023) Transcription factors-regulated leaf senescence: 
current knowledge, challenges and approaches. Int J Mol Sci 24(11):9245

Chen YN, Fan XR, Song WJ, Zhang YL, Xu GH (2012) Over-expression of OsPIN2 
leads to increased tiller numbers, angle and shorter plant height through 
suppression of OsLAZY1. Plant Biotechnol J 10:139–149

Chen X, Wang YF, Lv B, Li J, Luo LQ, Lu SC, Zhang X, Ma H, Ming F (2014) The 
NAC family transcription factor OsNAP confers abiotic stress response 
through the ABA pathway. Plant Cell Physiol 55(3):604–619

Chen Q, Yan J, Tong T, Zhao P, Wang S, Zhou N, Cui X, Dai MY, Jiang YQ, Yang B 
(2023) ANAC087 transcription factor positively regulates age-dependent 
leaf senescence through modulating the expression of multiple target 
genes in Arabidopsis. J Integr Plant Biol 65(4):967–984

Ding CH, Lin XH, Zuo Y, Yu ZL, Baerson SR, Pan ZQ, Zeng RS, Song YY (2021) 
Transcription factor OsbZIP49 controls tiller angle and plant architecture 
through the induction of indole-3-acetic acid-amido synthetases in rice. 
Plant J 108(5):1346–1364

Duval M, Hsieh TF, Kim SY, Thomas TL (2002) Molecular characterization of 
AtNAM: a member of the Arabidopsis NAC domain superfamily. Plant Mol 
Biol 50(2):237–248

El Mannai Y, Akabane K, Hiratsu K, Satoh-Nagasawa N, Wabiko H (2017) The 
NAC transcription factor gene OsY37 (ONAC011) promotes leaf senes-
cence and accelerates heading time in rice. Int J Mol Sci 18(10):2165

Fang Y, You J, Xie K, Xie W, Xiong LZ (2008) Systematic sequence analysis and 
identification of tissue-specific or stress-responsive genes of NAC tran-
scription factor family in rice. Mol Genet Genomics 280(6):547–563

Gregersen PL, Culetic A, Boschian L, Krupinska K (2013) Plant senescence and 
crop productivity. Plant Mol Biol 82(6):603–622

Guo YF, Gan SS (2006) AtNAP, a NAC family transcription factor, has an impor-
tant role in leaf senescence. Plant J 46(4):601–612

Guo Y, Gan SS (2012) Convergence and divergence in gene expression profiles 
induced by leaf senescence and 27 senescence-promoting hormonal, 
pathological and environmental stress treatments. Plant Cell Environ 
35(3):644–655

Hegedus D, Yu M, Baldwin D, Gruber M, Sharpe A, Parkin I, Whitwill S, Lydiate 
D (2003) Molecular characterization of Brassica napus NAC domain 
transcriptional activators induced in response to biotic and abiotic stress. 
Plant Mol Biol 53(3):383–397

Hensel LL, Grbić V, Baumgarten DA, Bleecker AB (1993) Developmental and 
age-related processes that influence the longevity and senescence of 
photosynthetic tissues in Arabidopsis. Plant Cell 5(5):553–564

Hiei Y, Ohta S, Komari T, Kumashiro T (1994) Efficient transformation of rice 
(Oryza sativa L.) mediated by Agrobacterium and sequence analysis of 
the boundaries of the T-DNA. Plant J 6(2):271–282

Jeong JS, Kim YS, Baek KH, Jung H, Ha SH, Choi YD, Kim M, Reuzeau C, Kim JK 
(2010) Root-specific expression of OsNAC10 improves drought tolerance 
and grain yield in rice under field drought conditions. Plant Physiol 
153(1):185–197

Jiang HW, Li MR, Liang NT, Yan HB, Wei YB, Xu XL, Liu J, Xu ZF, Chen F, Wu GJ 
(2007) Molecular cloning and function analysis of the stay green gene in 
rice. Plant J 52(2):197–209

Jiao YQ, Wang YH, Xue DW, Wang J, Yan MX, Liu GF, Dong GJ, Zeng DL, Lu ZF, 
Zhu XD, Qian Q, Li JY (2010) Regulation of OsSPL14 by OsmiR156 defines 
ideal plant architecture in rice. Nat Genet 42(6):541–544



Page 20 of 21Sun et al. Rice           (2024) 17:15 

Kan C, Zhang Y, Wang HL, Shen Y, Xia X, Guo H, Li Z (2021) Transcription factor 
NAC075 delays leaf senescence by deterring reactive oxygen species 
accumulation in Arabidopsis. Front Plant Sci 12:634040

Kang K, Shim Y, Gi E, An G, Paek NC (2019) Mutation of ONAC096 enhances 
grain yield by increasing panicle number and delaying leaf senescence 
during grain filling in rice. Int J Mol Sci 20(20):5241

Kikuchi K, Ueguchi-Tanaka M, Yoshida KT, Nagato Y, Matsusoka M, Hirano HY 
(2000) Molecular analysis of the NAC gene family in rice. Mol Gen Genet 
262(6):1047–1051

Kim HJ, Park JH, Kim J, Kim JJ, Hong S, Kim J, Kim JH, Woo HR, Hyeon C, Lim PO, 
Nam HG, Hwang D (2018) Time-evolving genetic networks reveal a NAC 
troika that negatively regulates leaf senescence in Arabidopsis. Proc Natl 
Acad Sci USA 115(21):E4930–E4939

Kou XH, Watkins CB, Gan SS (2012) Arabidopsis AtNAP regulates fruit senes-
cence. J Exp Bot 63(17):6139–6147

Koyama T (2018) A hidden link between leaf development and senescence. 
Plant Sci 276:105–110

Kusaba M, Ito H, Morita R, Iida S, Sato Y, Fujimoto M, Kawasaki S, Tanaka R, Hiro-
chika H, Nishimura M, Tanaka A (2007) Rice NON-YELLOW COLORING1 is 
involved in light-harvesting complex II and grana degradation during leaf 
senescence. Plant Cell 19(4):1362–1375

Lee S, Seo PJ, Lee HJ, Park CM (2012) A NAC transcription factor NTL4 promotes 
reactive oxygen species production during drought-induced leaf senes-
cence in Arabidopsis. Plant J 70(5):831–844

Lee SH, Sakuraba Y, Lee T, Kim KW, An G, Lee HY, Paek NC (2015) Mutation of 
Oryza sativa CORONATINE INSENSITIVE 1b (OsCOI1b) delays leaf senes-
cence. J Integr Plant Biol 57(6):562–576

Li PJ, Wang YH, Qian Q, Fu ZM, Wang M, Zeng DL, Li BH, Wang XJ, Li JY (2007) 
LAZY1 controls rice shoot gravitropism through regulating polar auxin 
transport. Cell Res 17(5):402–410

Li Z, Liang Y, Yuan YD, Wang L, Meng XB, Xiong GS, Zhou J, Cai YY, Han NP, Hua 
LK, Liu GF, Li JY, Wang YH (2019) OsBRXL4 regulates shoot gravitropism 
and rice tiller angle through affecting LAZY1 nuclear localization. Mol 
Plant 12(8):1143–1156

Li LJ, He Y, Zhang ZH, Shi YF, Zhang XB, Xu X, Wu JL, Tang SQ (2021) OsNAC109 
regulates senescence, growth and development by altering the expres-
sion of senescence-and phytohormone-associated genes in rice. Plant 
Mol Biol 105(6):637–654

Liang CZ, Wang YQ, Zhu YN, Tang JY, Hu B, Liu LC, Ou SJ, Wu HK, Sun XH, Chu 
JF, Chu CC (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(27):10013–10018

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

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data 
using real-time quantitative PCR and the  2−ΔΔCT method. Methods 
25(4):402–408

Luan WJ, Liu YQ, Zhang FX, Song YL, Wang ZY, Peng YK, Sun ZX (2011) OsCD1 
encodes a putative member of the cellulose synthase-like D sub-family 
and is essential for rice plant architecture and growth. Plant Biotechnol J 
9(4):513–524

Ma XL, Zhang QY, Zhu QL, Liu W, Chen Y, Qiu R, Wang B, Yang ZF, Li HY, Lin YR, 
Xie YY, Shen RX, Chen SF, Wang Z, Chen YL, Guo JX, Chen LT, Zhao XC, 
Dong ZC, Liu YG (2015) A robust CRISPR/Cas9 system for convenient, 
high-efficiency multiplex genome editing in monocot and dicot plants. 
Mol Plant 8(8):1274–1284

Mahmood K, El-Kereamy A, Kim SH, Nambara E, Rothstein SJ (2016) ANAC032 
positively regulates age-dependent and stress-induced senescence in 
Arabidopsis thaliana. Plant Cell Physiol 57(10):2029–2046

Mao CJ, Lu SC, Lv B, Zhang B, Shen JB, He JM, Luo LQ, Xi DD, Chen X, Ming F 
(2017) A rice NAC transcription factor promotes leaf senescence via ABA 
biosynthesis. Plant Physiol 174(3):1747–1763

Meguro M, Ito H, Takabayashi A, Tanaka R, Tanaka A (2011) Identification of 
the 7-hydroxymethyl chlorophyll a reductase of the chlorophyll cycle in 
Arabidopsis. Plant Cell 23(9):3442–3453

Morita R, Sato Y, Masuda Y, Nishimura M, Kusaba M (2009) Defect in non-yellow 
coloring 3, an α/β hydrolase-fold family protein, causes a stay-green 
phenotype during leaf senescence in rice. Plant J 59(6):940–952

Nuruzzaman M, Manimekalai R, Sharoni AM, Satoh K, Kondoh H, Ooka H, 
Kikuchi S (2010) Genome-wide analysis of NAC transcription factor family 
in rice. Gene 465(1–2):30–44

Oda-Yamamizo C, Mitsuda N, Sakamoto S, Ogawa D, Ohme-Takagi M, Ohmiya 
A (2016) The NAC transcription factor ANAC046 is a positive regulator of 
chlorophyll degradation and senescence in Arabidopsis leaves. Sci Rep 
6(1):23609

Park SY, Yu JW, Park JS, Li JJ, Yoo SC, Lee NY, Lee SK, Jeong SW, Seo HS, Koh 
HJ, Jeon JS, Park YI, Paek NC (2007) The senescence-induced stay green 
protein regulates chlorophyll degradation. Plant Cell 19(5):1649–1664

Park SY, Fung P, Nishimura N, Jensen DR, Fujii H, Zhao Y, Lumba S, Santiago 
J, Rodrigues A, Chow TFF, Alfred SE, Bonetta D, Finkelstein R, Provart NJ, 
Desveaux D, Rodriguez PL, McCourt P, Zhu JK, Schroeder JI, Volkman BF, 
Cutler SR (2009) Abscisic acid inhibits PP2Cs via the PYR/PYL family of 
ABA-binding START proteins. Science 324(5930):1668–1671

Piao WL, Han SH, Sakuraba Y, Paek NC (2017) Rice 7-hydroxymethyl chloro-
phyll a reductase is involved in the promotion of chlorophyll degrada-
tion and modulates cell death signaling. Mol Cells 40(10):773–786

Sakuraba Y, Schelbert S, Park SY, Han SH, Lee BD, Andres CB, Kessler F 
(2012) STAY-GREEN and chlorophyll catabolic enzymes interact at 
light-harvesting complex II for chlorophyll detoxification during leaf 
senescence in Arabidopsis. Plant Cell 24(2):507–518

Sakuraba Y, Piao WL, Lim JH, Han SH, Kim YS, An G, Paek NC (2015) Rice 
ONAC106 inhibits leaf senescence and increases salt tolerance and 
tiller angle. Plant Cell Physiol 56(12):2325–2339

Sakuraba Y, Kim D, Han SH, Kim SH, Piao WL, Yanagisawa S, An G, Paek NC 
(2020) Multilayered regulation of membrane-bound ONAC054 is 
essential for abscisic acid-induced leaf senescence in rice. Plant Cell 
32(3):630–649

Sato Y, Morita R, Katsuma S, Nishimura M, Tanaka A, Kusaba M (2009) 
Two short-chain dehydrogenase/reductases, NON-YELLOW COL-
ORING 1 and NYC1-LIKE, are required for chlorophyll b and light-
harvesting complex II degradation during senescence in rice. Plant J 
57(1):120–131

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 Arabidop-
sis. Plant Cell 21(3):767–785

Shimoda Y, Ito H, Tanaka A (2012) Conversion of chlorophyll b to chlorophyll 
a precedes magnesium dechelation for protection against necrosis in 
Arabidopsis. Plant J 72(3):501–511

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 primordia boundaries. 
Cell 85(2):159–170

Sun LJ, Zhang HJ, Li DY, Huang LL, Hong YB, Ding XS, Nelson RS, Zhou XP, 
Song FM (2013) Functions of rice NAC transcriptional factors, ONAC122 
and ONAC131, in defense responses against Magnaporthe grisea. Plant 
Mol Biol 81(1–2):41–56

Takasaki H, Maruyama K, Takahashi F, Fujita M, Yoshida T, Nakashima K, 
Myouga F, Toyooka K, Yamaguchi-Shinozaki K, Shinozaki K (2015) SNAC-
As, stress-responsive NAC transcription factors, mediate ABA-inducible 
leaf senescence. Plant J 84(6):1114–1123

Taylor L, Nunes-Nesi A, Parsley K, Leiss A, Leach G, Coates S, Wingler A, 
Fernie AR, Hibberd JM (2010) Cytosolic pyruvate, orthophosphate 
dikinase functions in nitrogen remobilization during leaf senescence 
and limits individual seed growth and nitrogen content. Plant J 
62(4):641–652

Wang YH, Li JY (2008) Molecular basis of plant architecture. Annu Rev Plant 
Biol 59:253–279

Wang WG, Gao HB, Liang Y, Li JY, Wang YH (2022) Molecular basis underly-
ing rice tiller angle: current progress and future perspectives. Mol Plant 
15(1):125–137

Woo HR, Kim JH, Nam HG, Lim PO (2004) The delayed leaf senescence mutants 
of Arabidopsis, ore1, ore3, and ore9 are tolerant to oxidative stress. Plant 
Cell Physiol 45(7):923–932

Wu A, Allu AD, Garapati P, Siddiqui H, Dortay H, Zanor MI, Asensi-Fabado MA, 
Munné-Bosch S, Antonio C, Tohge T, Fernie AR, Kaufmann K, Xue GP, 
Mueller-Roeber B, Balazadeh S (2012) JUNGBRUNNEN1, a reactive oxygen 
species-responsive NAC transcription factor, regulates longevity in Arabi-
dopsis. Plant Cell 24(2):482–506

Wu XR, Tang D, Li M, Wang KJ, Cheng ZK (2013) Loose Plant Architecture1, an 
INDETERMINATE DOMAIN protein involved in shoot gravitropism, regu-
lates plant architecture in rice. Plant Physiol 161(1):317–329



Page 21 of 21Sun et al. Rice           (2024) 17:15  

Xu M, Zhu L, Shou HX, 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(6):2155–2168

Yang JD, Worley E, Udvardi M (2014) A NAP-AAO3 regulatory module pro-
motes chlorophyll degradation via ABA biosynthesis in Arabidopsis leaves. 
Plant Cell 26(12):4862–4874

Yoshii M, Yamazaki M, Rakwal R, Kishi-Kaboshi M, Miyao A, Hirochika H (2010) 
The NAC transcription factor RIM1 of rice is a new regulator of jasmonate 
signaling. Plant J 61(5):804–815

Zhang KW, Gan SS (2012) An abscisic acid-AtNAP transcription factor-SAG113 
protein phosphatase 2C regulatory chain for controlling dehydration in 
senescing Arabidopsis leaves. Plant Physiol 158(2):961–969

Zhang N, Yu H, Yu H, Cai YY, Huang LZ, Xu C, Xiong GS, Meng XB, Wang JY, 
Chen HF, Liu GF, Jing YH, Yuan YD, Liang Y, Li SJ, Smith SM, Li JY, Wang YH 
(2018) A core regulatory pathway controlling rice tiller angle mediated 
by the LAZY1-dependent asymmetric distribution of auxin. Plant Cell 
30(7):1461–1475

Zhao Y, Gao JH, Kim JI, Chen K, Bressan RA, Zhu JK (2017) Control of plant 
water use by ABA induction of senescence and dormancy: an overlooked 
lesson from evolution. Plant Cell Physiol 58(8):1319–1327

Zheng R, Meng XB, Hu QL, Yang B, Cui GC, Li YY, Zhang SJ, Zhang Y, Ma X, Song 
XG, Liang SS, Li YH, Li JY, Yu H, Luan WJ (2023) OsFTL12, a member of FT-
like family, modulates the heading date and plant architecture by florigen 
repression complex in rice. Plant Biotechnol J 21(7):1343–1360

Zhou Y, Huang WF, Liu L, Chen TY, Zhou F, Lin YJ (2013) Identification and 
functional characterization of a rice NAC gene involved in the regulation 
of leaf senescence. BMC Plant Biol 13(1):132

Zhu X, Chen J, Xie Z, Gao J, Ren G, Gao S, Zhou X, Kuai BK (2015) Jasmonic acid 
promotes degreening via MYC2/3/4- and ANAC019/055/072-mediated 
regulation of major chlorophyll catabolic genes. Plant J 84(3):597–610

Zhu M, Hu YJ, Tong AZ, Yan BW, Lv YP, Wang SY, Ma WH, Cui ZB, Wang XX (2020) 
LAZY1 controls tiller angle and shoot gravitropism by regulating the 
expression of auxin transporters and signaling factors in rice. Plant Cell 
Physiol 61(12):2111–2125

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


	OsNAC103, a NAC Transcription Factor, Positively Regulates Leaf Senescence and Plant Architecture in Rice
	Abstract 
	Introduction
	Results
	OsNAC103 is a Transcription Factor of NAC Family
	OsNAC103 mRNA Level is Induced by Leaf Senescence
	OsNAC103 expression is induced by different phytohormones and abiotic stresses
	OsNAC103 Positively Regulates Leaf Senescence in Rice
	OsNAC103 Can Regulate Plant Architecture in Rice
	osnac103 Mutants Display Stay-Green Phenotype Under Dark-Induced Senescence
	OsNAC103 Promotes ABA and JA-Induced Leaf Senescence
	OsNAC103 Regulates the Expression of Genes Associated with Senescence, ABA and JA Pathway

	Discussion
	OsNAC103 Can Positively Regulate Leaf Senescence in Rice
	OsNAC103 Can Regulate the Plant Architecture in Rice
	OsNAC103 Contains Multiple NLSs as a Transcription Factor

	Materials and Methods
	Plant Materials
	Construction of the Vectors and Rice Transformation
	Quantitative Real-Time PCR (qRT-PCR) Analysis
	OsNAC103 Expression Profile Analysis
	The Subcellular Localization of OsNAC103
	Yeast Transcriptional Activation Assay
	Phytohormones, Abiotic Stresses and Darkness-Induced Leaf Senescence
	Measurement of Chlorophyll (Chl) Contents
	Analysis of Shoot Gravitropic Response
	Yeast one Hybrid Assay

	Acknowledgements
	References


