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SUMMARY

Senescence is an integrative final stage of plant development that is governed by internal and external cues.

The NAM, ATAF1/2, CUC2 (NAC) transcription factor (TF) family is specific to plants and membrane-tethered

NAC TFs (MTTFs) constitute a unique and sophisticated mechanism in stress responses and development.

However, the function of MTTFs in oilseed rape (Brassica napus L.) remains unknown. Here, we report that

BnaNAC60 is an MTTF associated with the endoplasmic reticulum (ER) membrane. Expression of BnaNAC60

was induced during the progression of leaf senescence. Translocation of BnaNAC60 into nuclei was induced

by ER stress and oxidative stress treatments. It binds to the NTLBS motif, rather than the canonical NAC

recognition site. Overexpression of BnaNAC60 devoid of the transmembrane domain, but not the full-length

BnaNAC60, induces significant reactive oxygen species (ROS) accumulation and hypersensitive response-

like cell death in both tobacco (Nicotiana benthamiana) and oilseed rape protoplasts. Moreover, ectopic

overexpression of BnaNAC60 devoid of the transmembrane domain, but not the full-length BnaNAC60, in

Arabidopsis also induces precocious leaf senescence. Furthermore, screening and expression profiling iden-

tified an array of functional genes that are significantly induced by BnaNAC60 expression. Further it was

found that BnaNAC60 can activate the promoter activities of BnaNYC1, BnaRbohD, BnaBFN1, BnaZAT12,

and multiple BnaVPEs in a dual-luciferase reporter assay. Electrophoretic mobility shift assay and chromatin

immunoprecipitation coupled to quantitative PCR assays revealed that BnaNAC60 directly binds to the pro-

moter regions of these downstream target genes. To summarize, our data show that BnaNAC60 is an MTTF

that modulates cell death, ROS accumulation, and leaf senescence.

Keywords: NAC transcription factor, programmed cell death, leaf senescence, oilseed rape, reactive oxygen

species.

INTRODUCTION

Leaf senescence is the last stage of leaf development and is

characterized by leaf yellowing and massive programmed

cell death (PCD) (Thomas, 2013). Leaf senescence plays an

important role in crop yield determination as many nutri-

ents are relocated from senescent leaves to young leaves or

storage organs (Woo et al., 2013). Leaf senescence is not

only influenced by endogenous factors such as age, but

also by various environmental stresses (Lim et al., 2007).

During senescence, leaf cells carry out orderly changes in

cell structure, metabolism, and gene expression, including

degradation of proteins, membrane lipids, and nucleic acid

(Lim et al., 2007). The most obvious phenotype in aging

plants is yellow leaves caused by the degradation of chloro-

phyll (Hortensteiner, 2006). Some chlorophyll catabolic

genes (CCGs) have been identified in the last decade or so,

such as NYC1 (Non-Yellow Coloring 1, which encodes a Chl

b reductase) and SGR1 (Stay Green 1, also known as NYE1,

Non-Yellowing 1), which are critical regulators of

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd 1

The Plant Journal (2020) doi: 10.1111/tpj.15057

https://orcid.org/0000-0002-0421-3754
https://orcid.org/0000-0002-0421-3754
https://orcid.org/0000-0002-0421-3754
https://orcid.org/0000-0003-0791-1301
https://orcid.org/0000-0003-0791-1301
https://orcid.org/0000-0003-0791-1301
https://orcid.org/0000-0003-4205-3891
https://orcid.org/0000-0003-4205-3891
https://orcid.org/0000-0003-4205-3891
https://orcid.org/0000-0003-1367-922X
https://orcid.org/0000-0003-1367-922X
https://orcid.org/0000-0003-1367-922X
mailto:yangwl@nwafu.edu.cn
mailto:jiangyq@nwafu.edu.cn


chlorophyll degradation (Sato et al., 2009). Besides chloro-

phylls, leaf senescence is also induced by increased expres-

sion of different enzymes that hydrolyze many other

macromolecules (Lim et al., 2007). Genes encoding these

catabolic enzymes, along with many other genes coding for

proteins implicated in nutrient recycling, are among the

hundreds of senescence-associated genes (SAGs) that are

induced during senescence (Gan and Amasino, 1997; He

and Gan, 2002; Gepstein et al., 2003; Guo et al., 2004). For

instance, AtSAG12 encodes a cysteine protease involved in

nitrogen mobilization during senescence (James et al.,

2018). AtSAG13 encodes a short-chain alcohol dehydroge-

nase (Weaver et al., 1998). AtSAG29 codes for a sugar trans-

porter of the SWEET family (Seo et al., 2011), whereas

AtSAG113 encodes a clade A protein phosphatase type 2C

(PP2C) (Zhang and Gan, 2012),

A few studies have shown that developmental senes-

cence is also associated with increased reactive oxygen

species (ROS) levels, which not only assist in degradation

of cellular components for recycling but also play signaling

roles in initiating the senescence process (Guo and Gan,

2012; Rogers and Munne-Bosch, 2016; Yang et al., 2018).

Hydrogen peroxide (H2O2) is a major form of ROS involved

in senescence, with ROS being the main by-products of

photosynthesis and respiration or other metabolic pro-

cesses (Mittler, 2017). Respiratory burst oxidase homolog

(RBOH) proteins are the major enzymes responsible for

ROS production in the apoplast (Suzuki et al., 2011). ROS

are tightly linked with both leaf senescence and PCD and

positively influence these two processes (Mhamdi and Van

Breusegem, 2018). In plants, there are two types of PCD,

with one being developmental PCD occurring in the vege-

tative and reproductive developmental processes and the

other being environmental stress-induced PCD (Daneva

et al., 2016). Although sometimes used interchangeably,

leaf senescence shows a difference from PCD (Buono

et al., 2019). Whereas nutrient remobilization is an active

cellular program depending on the viability of nuclei and

mitochondria, PCD marks the endpoint of the senescence

process (Thomas, 2013). At the final stage of leaf senes-

cence, PCD is a typical symptom resulting from the disinte-

gration of plasma and vacuolar membranes (Daneva et al.,

2016). Upon the rupture of the tonoplast, hydrolytic

enzymes including vacuolar processing enzymes (VPEs)

are released into the cytoplasm. VPEs are evolutionarily

related to and share structural homology with animal cas-

pases and play an important role in PCD (Hatsugai et al.,

2004). Both PCD and leaf senescence need to be tightly

coordinated and controlled to optimize recuperation of

nutrients. However, the transcriptional control of key genes

involved in these two processes remains unknown for oil-

seed rape (Brassica napus L.).

Previous studies have demonstrated that many genes

are induced during the progress of leaf senescence in

Arabidopsis (Arabidopsis thaliana) (Gepstein et al., 2003;

Guo et al., 2004; Woo et al., 2016), which include those

encoding transcription factors (TFs) of the WRKY and NAC

families (Balazadeh et al., 2008; Kim et al., 2016). The NAC

(No Apical Meristem, NAM; Arabidopsis Transcription Acti-

vation Factor, ATAF; Cup-shaped Cotyledon, CUC) proteins

constitute a large family of plant-specific TFs (Olsen et al.,

2005). A total of 113 and 140 NAC genes have been identi-

fied from Arabidopsis and rice (Oryza sativa), respectively,

which code for proteins which share a conserved DNA-

binding NAC domain at the N-terminus, whereas the C-ter-

minal sequences are relatively divergent and contain a

potential transcriptional regulatory domain (Puranik et al.,

2012). A few NAC TFs are found to play important roles in

regulating leaf senescence and under some circumstances

two or three NACs work together to modulate the same

senescence process (Balazadeh et al., 2008; Kim et al.,

2016). For instance, ANAC092 (also referred to as ORE-

SARA1, ORE1), AtNAP (ANAC029), ANAC059 (also referred

to as ORE1 Sister 1, ORS1), and ANAC016 are positive reg-

ulators of leaf senescence (Guo and Gan, 2006; Balazadeh

et al., 2010, 2011; Kim et al., 2013; Sakuraba et al., 2015,

2016). ORE1 could directly activate CCG expression and

repress the expression of Golden2-Like 2 (GLK2) to acceler-

ate the leaf senescence process (Rauf et al., 2013; Qiu

et al., 2015). Moreover, ORE1 interacts with and activates

the promoter of Bifunctional Nuclease 1 (BFN1), whose

encoded protein modulates nucleic acid breakdown during

senescence and PCD (Perez-Amador et al., 2000). JUNG-

BRUNNEN1 (JUB1 also referred to as ANAC042) and VND-

Interacting 2 (VNI2, also referred to as ANAC083) are two

negative regulators in leaf senescence, and JUB1 expres-

sion can be induced by H2O2 (Yang et al., 2011; Wu et al.,

2012). Moreover, it has been reported that NAC TFs also

modulate the senescence process in crops such as rice

(Liang et al., 2014; Mao et al., 2017), tomato (Solanum

lycopersicum) (Ma et al., 2018), soybean (Glycine max)

(Pimenta et al., 2016), and wheat (Triticum) (Uauy et al.,

2006), which ultimately influence the yield. In addition,

soybean NAC30 and NAC81 modulate endoplasmic reticu-

lum (ER) and osmotic stress, and induce cell death through

a group of VPEs (Mendes et al., 2013). VPEs encode cys-

teine proteinases and have caspase-1-like activities in

plants (Hatsugai et al., 2015). However, no such TF has

been identified from oilseed rape.

Among the NAC TFs in higher plants, a few members

possess transmembrane domains (TDs) at their C-termini,

which are called NAC with transmembrane motif 1 (NTM1)

or NTM1-like (NTLs) (Kim et al., 2006, 2007). AtNTLs may

be associated with the ER or the nuclear membrane (Liang

et al., 2015). NTLs are proposed to possess an intriguing

activation strategy to ensure rapid transcriptional

responses to various stimuli through proteolytic cleavage

of TDs (Chen et al., 2008). There are approximately 18 NTLs
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in Arabidopsis and five NTLs in rice (Kim et al., 2007,

2010b). NTLs have also been identified in other crop

plants, including oilseed rape (Le et al., 2011; Wang et al.,

2015). It is found that most of the AtNTL genes are induced

by abiotic stress, which may also mediate their proteolytic

cleavage and nuclear translocation (Kim et al., 2006, 2007,

2012; Park et al., 2011). Recently, several NTLs have been

reported to be involved in either mitochondrial retrograde

signaling (De Clercq et al., 2013; Ng et al., 2013; Van Aken

and Pogson, 2017), the unfolded protein response (UPR)

(Yang et al., 2014a), or ER-stress-induced PCD (Yang et al.,

2014b). However, the function of NTLs in oilseed rape

remains unknown.

We previously identified and cloned as many NAC genes

as possible from oilseed rape, among which a few encode

NTLs (Wang et al., 2015). Here, we report the functional

characterization of BnaNAC60, a membrane-tethered NAC

TF that positively modulates cell death, ROS accumulation,

and leaf senescence, likely through regulating the tran-

scription of downstream target genes directly implicated in

these processes.

RESULTS

BnaNAC60 encodes a membrane-tethered transcription

factor and its expression is induced in senescing leaves

Previously, more than 10 NTL genes were cloned from oil-

seed rape through reverse transcription PCR (RT-PCR).

BnaNAC60 was named as it shows the highest similarity

to ANAC060 (At3g44290) among all ANACs in Arabidop-

sis. Further, BnaNAC60 was mapped onto the C subge-

nome with the locus number being BnaC01g23890D in the

B. napus genome. BnaNAC60 is predicted to encode a

protein of 340 amino acid residues, which contains a con-

served NAC domain divided into five subdomains (A–E)
and a putative transmembrane domain at its C-terminus

(Figure 1a; Figure S1). However, BnaNAC60 is also differ-

ent from ANAC060 from Col-0 in that ANAC060 from Col-

0 has no predicted transmembrane domain (Figure S1).

This difference is caused by a single-nucleotide polymor-

phism in Col-0 ANAC060, which affects its splicing pattern

(Li et al., 2014). Therefore, we explored the function and

underlying mechanism of BnaNAC60. A phylogenetic

analysis of NTLs from representative plant species

showed that BnaNAC60 is very closely related to

ANAC089 (NTL17) and ANAC040 (NTL8), belonging to

subclade IV (Figure S2). Among the five OsNTLs, Bna-

NAC60 shows the highest similarity to OsNTL3 (ONAC074,

Os01g15640), the function of which has not been

reported. Interestingly, we did not identify any NTL gene

in moss (Physcomitrella patens, bryophyte) and spike

moss (Selaginella moellendorffii, lycophyte), two species

of special importance for the study of plant evolution.

Physcomitrella patens is a non-vascular plant while S.

moellendorffii is thought to be the earliest evolved extant

vascular land plant (Bowman et al., 2007). The absence of

NTLs in these two moss plants suggests NTLs may exist

in higher land plants only.

In order to investigate the subcellular localization of Bna-

NAC60, its full-length coding region (1–340 amino acids

[aa]) and a truncated fragment devoid of the putative trans-

membrane domain BnaNAC60DTM (1–321 aa) were fused

downstream of GFP (encoding green fluorescent protein),

which was expressed under the control of the cauliflower

mosaic virus (CaMV) 35S promoter in leaf cells of Nico-

tiana benthamiana. The HDEL-mCherry and nuclear local-

ization sequence (NLS)-mCherry cassettes were co-

expressed to indicate the ER and nuclei, respectively. The

results showed that most of the GFP-BnaNAC60 signals

were observed in the ER, overlapping with those of HDEL-

mCherry, while the GFP-BnaNAC60DTM signals were dis-

tributed exclusively in nuclei, overlapping completely with

those of NLS-mCherry (Figure 1b). These results suggest

that BnaNAC60 is a membrane-tethered TF, and the full-

length protein is an inactive or dormant form, while the

truncated form devoid of the transmembrane domain func-

tions in the nucleus. In this aspect, BnaNAC60 is very dif-

ferent from its ortholog in Arabidopsis Col-0, which has no

transmembrane domain at all and is targeted to nuclei only

(Figure S3) (Liang et al., 2015).

It has been reported that ANAC089 is an MTTF and that

its translocation from the membrane to the nucleus is

induced by ER stress (Yang et al., 2014b). BnaNAC60 is

phylogenetically close to BnaNAC089 and ANAC089 (Fig-

ure S2). We therefore considered whether BnaNAC60DTM
could form a heterodimer with BnaNAC89DTM in vivo. The

results showed that BnaNAC60DTM interacts with Bna-

NAC89DTM in nuclei (Figure S4).

Translocation of BnaNAC60 was induced by ER stress and

oxidative stress treatments

To investigate whether the translocation of BnaNAC60 was

induced by ER stress or oxidative stress treatment, GFP-

BnaNAC60, GFP, and GFP-ANAC089 were individually tran-

siently expressed in oilseed rape protoplasts. Among

these, GFP was used a negative control, while GFP-

ANAC089 was set up as a positive control. Tunicamycin

(Tn) and H2O2 were used to induce ER stress and oxidative

stress, respectively. The results showed that GFP alone did

not show any change after Tn treatment and displayed a

cytosolic–nuclear distribution as expected (Figure S6a,b).

In the mock-treated protoplasts, most of the GFP-Bna-

NAC60 signals overlapped with those of the ER marker

(Figure S6c). After treatment with Tn, green fluorescence

signals emitted by GFP-BnaNAC60 were largely found in

the nuclei (Figure S6d). The positive control GFP-ANAC089

showed a similar change (Figure S4e,f), which is consistent

with the previous report (Yang et al., 2014b). Moreover, the
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expression of some known ER stress-related genes, includ-

ing Binding Protein (BiP), Calnexin 1 (CNX1), and Protein

Disulfide Isomerase (PDI), were significantly induced in

protoplasts transfected with BnaNAC60 compared with

GFP upon ER stress treatment (Figure S6). In addition,

translocation of BnaNAC60 was also induced by 10 mM

H2O2 treatment and a longer duration of treatment ren-

dered a complete nuclear localization of BnaNAC60 (Fig-

ure S7).

To further explore the function of BnaNAC60, we ana-

lyzed its transcript levels during leaf development as well

as upon stress or hormone treatments through quantitative

RT-PCR (qRT-PCR). The results showed that BnaNAC60

was significantly induced in early senescent leaves and its

expression was even higher in late senescent leaves com-

pared with young and mature leaves (Figure 1c). The

expression profiling analysis under various treatments

showed that BnaNAC60 expression was significantly

induced by abscisic acid (ABA), polyethylene glycol 8000

(PEG8000), salt, methyl viologen (MV), and cold (4°C) treat-
ments at the 6 and/or 24 h time points; no significant dif-

ference was detected upon the other treatments

(Figure 1d).

BnaNAC60 positively modulates PCD in tobacco

To investigate the function of BnaNAC60, we transiently

overexpressed it in N. benthamiana leaves with uidA (en-

coding b-glucuronidase [GUS]) as the control. We found

that expression of BnaNAC60DTM led to hypersensitive

response (HR)-like cell death symptoms as early as 3 days

post-infiltration (dpi), and the symptoms were more evi-

dent at 5 and 7 dpi (Figure S8a). In contrast, BnaNAC60

expression showed a mild phenotype only. The HR is a

plant defense response triggered by pathogen infection,

which results in rapid cell death at the site of pathogen

ingress and thus confines the spreading of pathogens to

distal parts of plants. HR is also a form of PCD that can

activate defense for attenuating subsequent attacks (Heath,

2000). Since HR-like cell death is associated with ROS, we

performed 3,30-diaminobenzidine (DAB) staining and a

quantitative assay of H2O2 content. It was found that there

was more H2O2 accumulation in BnaNAC60- and Bna-

NAC60DTM-expressing tissues than in GUS controls, while

BnaNAC60DTM expression had a more prominent effect

than BnaNAC60 (Figure S8b). Malonaldehyde (MDA) is an

important indicator of lipid peroxidation as a result of ROS

Figure 1. Subcellular localization of BnaNAC60 and expression analysis of BnaNAC60. (a) Schematic representation of the BnaNAC60 protein. The N-termi-

nus contains a conserved NAC domain which can be divided into five subdomains and has DNA-binding ability. The C-terminus has transcriptional regula-

tory ability and contains a transmembrane domain. BnaNAC60DTM is a truncated form without the transmembrane domain. (b) Subcellullar localization of

BnaNAC60 and its truncated form by transient expression in N. benthamiana cells. The GFP-BnaNAC60 and GFP-BnaNAC60DTM fusion proteins were co-lo-

calized with the mCherry-tagged HDEL or the NLS. Bar, 50 lm. (c) Expression levels of BnaNAC60 as determined by qRT-PCR during leaf development in oil-

seed rape. The fourth true leaves of oilseed rape at different developmental stages were used for the assay. YL, young leaves; ML, mature leaves; ES, early

senescent leaves; LS, late senescent leaves; T, M, and B are the tip, middle, and base of ES leaves. (d) Expression of BnaNAC60 upon various treatments

including 50 lM (�)-ABA, 2 mMsalicylic acid (SA), 50 lM JA, 10 lM methyl viologen (MV), 20 mM H2O2, 15% PEG8000, 200 mM NaCl, heat (38°C), and cold

(4°C). In (c,d), data represent means of three biological replicates � SE compared to YL (c) or mock treatment (d). Asterisks indicate significant differences

by Student’s t-test (*P ≤ 0.05; **P ≤ 0.01).
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accumulation. Our data showed that the content of MDA in

leaf tissues expressing BnaNAC60DTM was higher than in

the GUS control from 5 dpi, while BnaNAC60 expression

led to significantly more MDA until 7 dpi (Figure S8c). Fur-

thermore, an increase in ion leakage in tissues overex-

pressing BnaNAC60DTM was detected, which reflected the

extent of cell death (Figure S8d). Moreover, loss of chloro-

phyll and production of anthocyanins were detected since

they are central indicators in senescing leaves. The concen-

tration of chlorophyll in leaf tissues expressing Bna-

NAC60DTM decreased significantly after 5 dpi, while the

content of anthocyanins significantly increased, whereas

the expression of BnaNAC60 caused a more slow and mild

change (Figure S8e,f). To substantiate the hypothesis that

the BnaNAC60-induced leaf senescence was associated

with PCD, we employed a terminal deoxynucleotidyl trans-

ferase dUTP nick end labeling (TUNEL) assay. The results

showed there were evident green signals emitted from flu-

orescein isothiocyanate (FITC)-labeled nuclear DNA ends

from BnaNAC60- and BnaNAC60DTM-expressing tissues,

with more signals detected in the latter than in the former.

In contrast, no signal was detected in GUS-expressing tis-

sues (Figure S9).

Interestingly, ectopic overexpression of ANAC060 from

Col-0 in tobacco leaves failed to induce cell death symp-

toms and ROS production (Figure S10a), and no significant

difference in chlorophyll content and relative conductivity

was observed between tissues overexpressing ANAC060

and the GFP control (Figure S10b,c). Moreover, ectopic

overexpression of full-length ANAC060 or ANAC060DTM
from the C24 ecotype in tobacco leaves failed to induce

any obvious symptom (Figure S11). However, we found

that ectopic overexpression of ANAC089DTM, but not full-

length ANAC089, in tobacco leaves induced HR-like cell

death symptoms, caused chlorophyll degradation, and

increased relative conductivity (Figure S12).

BnaNAC60 positively modulates leaf senescence in

Arabidopsis

Next, we expressed BnaNAC60DTM in Arabidopsis plants

under the driving of a constitutive CaMV35S promoter.

Transgenic plants expressing GFP were prepared at the

same time and were used as the control. Two independent

homozygous transgenic overexpression lines (OE-28# and

OE-31#) were selected from over 30 independent lines for

further analyses. qRT-PCR analysis showed that Bna-

NAC60DTM levels in the OE-28# and OE-31# lines were

increased approximately 1300- and 500-fold, respectively,

compared to the GFP control (Figure S13a). Western blot

analysis showed that BnaNAC60DTM protein was success-

fully expressed in these two overexpression lines (Fig-

ure S13b). The OE-28# and OE-31# lines showed

accelerated leaf senescence compared with the GFP con-

trol line under normal growth conditions at 35 and 40 days

post-stratification (dps) (Figure 2a; Figure S13c). No signifi-

cant difference in flowering time was observed in Bna-

NAC60DTM-overexpressing plants, though ANAC089DC-
overexpressing plants show a delayed flowering pheno-

type (Li et al., 2010). We also examined the levels of H2O2

by DAB staining and quantitative measurement. Rosette

leaves of these two OE lines were more strongly stained

than those of the control plant (Figure 2a). A quantitative

assay of H2O2 contents also supported this (Figure 2b).

During the process of leaf senescence, loss of chlorophyll

and an increase in ion leakage are two typical physiologi-

cal features. Rates of chlorophyll loss were faster in the

OE-28# and OE-31# lines compared with the control (Fig-

ure 2c). Moreover, these two OE lines also showed

increased ion leakage at both 35 and 40 dps (Figure 2d).

Moreover, full-length BnaNAC60 was constitutively

expressed in Arabidopsis plants driven by the CaMV35S

promoter as well. Two independent homozygous trans-

genic overexpression lines (OE-14# and OE-26#) were

selected for the phenotypic analysis. The successful

expression of BnaNAC60 was confirmed in these two OE

lines by qRT-PCR and immunoblotting (Figure S14a,b). A

phenotypic assay showed that there was no significant dif-

ference between the GFP control plant and BnaNAC60

overexpression lines in either 35- or 40-day-old plants (Fig-

ure S14c). The chlorophyll content and relative conductiv-

ity were also similar among these lines (Figure S14d,e).

We also examined the leaf senescence phenotype of

these BnaNAC60-OE lines in comparison with control,

under dark treatment. To do this, age-matched mature

rosette leaves were covered with aluminium foil for dark

treatment and the plants were kept under normal growth

conditions for 2 or 4 days. The results showed that the

BnaNAC60DTM-OE lines OE-28# and OE-31# showed ear-

lier senescence than the control plants after dark treatment

(Figure S15a,c), whereas the BnaNAC60-overexpressing

lines OE-14# and OE-26# did not show any significant dif-

ference compared with the control plants (Figure S15b,d).

Since the BnaNAC60DTM-OE lines in Arabidopsis

showed a precocious leaf senescence phenotype and ROS

accumulation, we analyzed the expression of an array of

marker genes related to chlorophyll degradation, ROS pro-

duction, cell death, and senescence. qRT-PCR was per-

formed with rosette leaves of OE-28# and OE-31# lines as

well as the control GFP transgenic line at 40 dps. The

results showed that AtSAG12 was highly induced in these

two overexpression lines; AtSAG13 was significantly

induced in OE-31#; AtSAG113 was also significantly

induced in the two overexpression lines, whereas AtSAG29

showed no significant increase in the two OE lines (Fig-

ure 2e). AtNYC1 expression was increased twofold, consis-

tent with the loss of chlorophyll in these two OE lines.

Moreover, AtRbohD and AtRbohF, which are responsible

for apoplastic ROS production (Marino et al., 2012), were
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also induced, though the magnitude was not large.

AtZAT12, encoding a zinc finger TF involved in ROS meta-

bolism (Davletova et al., 2005), was significantly induced in

OE-31#. AtBFN1, encoding a bifunctional nuclease involved

in nucleic acid degradation and leaf senescence (Perez-

Amador et al., 2000), was significantly induced (Figure 2e).

In contrast, AtGLK2, encoding a TF positively regulating

chloroplast development (Waters et al., 2008), was signifi-

cantly repressed in these two OE lines (Figure 2e). The

transcript abundance of these marker genes in BnaNAC60

overexpression lines OE-14# and OE-26# was analyzed as

well. It can be seen that most of these marker genes

showed no significant change, though AtSAG12, AtSAG13,

AtZAT12, and AtBFN1 were slightly induced (Figure S14f).

BnaNAC60 modulates cell death and ROS accumulation in

oilseed rape

To explore the function of BnaNAC60 in oilseed rape, both

the full-length BnaNAC60 and BnaNAC60DTM were

transiently expressed in protoplasts of oilseed rape, which

is a rapid and efficient system to study the function of a

gene (Kaneda et al., 2009). Plasmids expressing GFP or

uidA were used as controls. To confirm these genes were

successfully expressed in protoplasts, we observed the

GFP fluorescence and detected their abundance by

immunoblotting assay. The results were all as expected

(Figure S16a,b). We subjected the transfected protoplasts

to various stainings. Firstly, live cells cannot be stained by

Evans blue, and only dead cells can be stained with dark-

blue color. It can be seen that more protoplasts transfected

with BnaNAC60 or BnaNAC60DTM plasmids were stained

with Evans blue dye than GFP control protoplasts (Fig-

ure 3a). A quantitative comparison showed that death

rates of protoplasts transfected with BnaNAC60DTM and

BnaNAC60 were over fourfold and threefold higher than

that of the control, respectively (Figure 3c). Secondly, fluo-

rescein diacetate (FDA) is a fluorescent dye for detecting

living cells; only live cells stained with FDA can emit

Figure 2. Overexpression of BnaNAC60DTM in Arabidopsis promotes age-dependent leaf senescence. (a) Phenotype of two BnaNAC60DTM overexpression

lines OE-31# and OE-28# compared to the transgenic GFP control line. Photographs were taken at 40 days post-stratification (dps) and the 5th to 8th true leaves

were stained with DAB. Bar, 1 cm. (b–d) Quantification of H2O2 content (b), chlorophyll content (c), and relative conductivity (d) in these two OE lines compared

with the control line. Values represent the means of three independent replicates � SE. Asterisks indicate significant differences compared to the GFP control

line by Student’s t-test (*P ≤ 0.05; **P ≤ 0.01). (e) qRT-PCR analysis of the expression of senescence-, ROS-, and cell death-related marker genes in these two OE

lines at 40 dps. Age-matched plants of the GFP line were used as the control. Data are presented as the mean of three replicates � SE. Asterisks indicate signifi-

cant differences compared to the expression levels in the GFP control line by Student’s t-test (*P ≤ 0.05; **P ≤ 0.01).
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fluorescence. FDA staining verified that 30.5% and 13.9%

of protoplasts transfected with BnaNAC60DTM and Bna-

NAC60 plasmids were dead, respectively; these percent-

ages were significantly higher than that of the control

(Figure 3b,d). In addition, a ROS-specific fluorescent dye,

20,70-dichlorodihydrofluorescein diacetate (H2DCFDA), was

used to detect the accumulation of ROS. We found that

protoplasts transfected with BnaNAC60DTM and Bna-

NAC60 plasmids showed stronger fluorescence than con-

trols (Figure 3e). These results collectively demonstrated

that BnaNAC60 positively modulates cell death and ROS

accumulation in oilseed rape too.

BnaNAC60 binds to a cis-element sequence other than

NACRS

Next, we aimed to identify the direct target genes of Bna-

NAC60 to better understand its function. One prerequisite

is to identify the cis-element bound by BnaNAC60. Previ-

ous work on the recognition sites of representative ANAC

TFs has identified a couple of sites for several NACs (Lin-

demose et al., 2014). Specifically, members of the stress-

responsive NAC (SNAC) subfamily were previously shown

to bind to the consensus motif TTNCGT(G/A) (NAC recog-

nition sequence, NACRS) in the promoters of target genes

(Puranik et al., 2012). It has also been reported that the

putative binding element for NTL8/ANAC040 is TTNCTT

(Lindemose et al., 2014), which is named NTLBS in this

study. A phylogenetic analysis of BnaNAC60 indicated it

was clustered together with NTL8 (Figure S2). We there-

fore hypothesized that BnaNAC60 may be able to recog-

nize and bind to this element too. To test this, we

conducted a dual-luciferase (LUC) reporter assay. Five tan-

dem repeats of TTNCTT sequences named 5xNTLBS were

synthesized and inserted, together with the CaMV35S

minimal promoter upstream of the firefly LUC gene (Fig-

ure 4a). The Renilla luciferase (REN) gene driven by the

CaMV35S promoter was co-expressed as an internal con-

trol. Expression of the full-length BnaNAC60 and the

active BnaNAC60DTM was driven by the CaMV35S pro-

moter and they were used as the effectors. GUS was used

as the control. The results showed that BnaNAC60DTM,

but not BnaNAC60, strongly activated the 5xNTLBS-

35Smin controlled LUC expression with LUC/REN ratios

significantly increased compared with the GUS control at

two time points (Figure 4b). In contrast, neither Bna-

NAC60 nor BnaNAC60DTM significantly activated the

expression of LUC when driven by the NACRS-35Smin

promoter (Figure S17), suggesting that NACRS is not a

cis-element recognized by BnaNAC60.

To confirm the binding of BnaNAC60 to NTLBS, an elec-

trophoretic mobility shift assay (EMSA) was performed.

For this purpose, the glutathione S-transferase (GST)-Bna-

NAC60DTM fusion protein was purified from Escherichia

coli. An examination of the purity indicated it was

Figure 3. BnaNAC60 expression induced ROS accumulation and cell death in oilseed rape protoplasts. (a) Examination of cell death by Evans blue staining.

Arrows represent dead protoplasts stained by Evans blue dye. Bars, 50 lm. (b) FDA staining to investigate the cell viability. Bars, 100 lm. Arrows indicate dead

protoplasts. Autofluorescence of chloroplasts is shown in the second last panel in both (a) and (b). (c,d) Percentages of dead protoplasts as detected by Evans

blue staining (a) and FDA staining (b). Data are presented as the mean of three replicates � SE (n = 20). Asterisks indicate significant differences by Student’s t-

test (*P ≤ 0.05; **P ≤ 0.01). (e) Detection of ROS levels through the fluorescent H2DCFDA dye. Green fluorescence indicates ROS. Bars, 50 lm.
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sufficient, and its molecular weight was as predicted (Fig-

ure S18). 5xNTLBS probes were labeled with biotin. GST

alone was also expressed and purified independently to be

used as a control. As shown in Figure 4(c), GST-Bna-

NAC60DTM bound to 5xNTLBS, forming a DNA–protein
complex, which migrated more slowly than free probes.

When unlabeled DNA fragments were added in excess, the

signal intensity of the shifted band was strongly reduced.

Collectively, these data indicate that BnaNAC60DTM binds

to NTLBS directly and specifically.

BnaNAC60 modulates the expression of genes related to

cell death, ROS, senescence, and defense

In order to explore the molecular mechanism underlying

the function of BnaNAC60, we performed qRT-PCR to

examine the expression of an array of marker genes

involved in PCD, ROS accumulation, defense, and leaf

senescence. To this end, BnaNAC60 and BnaNAC60DTM
were individually transiently expressed in 10-day-old oil-

seed rape seedlings, and the GFP gene was expressed as

the control. The results showed that BnaNAC60 expression

was significantly induced at 1 and 2 dpi in seedlings over-

expressing full-length BnaNAC60, while it was significantly

induced only at 1 dpi in seedlings overexpressing Bna-

NAC60DTM. BnaBFN1 expression was slightly induced at

1 dpi, but was significantly induced at 2 dpi (Figure 4d).

BnaZAT12 expression was significantly induced at 1 dpi

and was mildly induced at 2 dpi in BnaNAC60DTM-overex-

pressing seedlings. Expression of BnabVPE was signifi-

cantly induced at 1 dpi, while BnaaVPE and BnacVPE
expression was induced at 1 dpi as well (Figure 4d).

Besides, the expression levels of BnaRbohD and BnaRbohF

were examined and both were induced at 1 dpi, with the

change in BnaRbohD levels being significant in

Figure 4. Identification of the binding motif of BnaNAC60 and expression analysis of marker genes. (a) A schematic diagram showing the double reporter and

effector plasmids. The double reporter plasmid contains the synthetic 5xNTLBS elements fused to the minimal promoter sequence of CaMV35S inserted

upstream of the LUC reporter gene. Renilla luciferase (REN) driven by the CaMV35S promoter included in the same construct served for internal normalization.

The effector plasmid contains BnaNAC60 or its truncated form BnaNAC60DTM driven by CaMV35S. A GUS expression plasmid was used as the control effector.

TL, translational leader sequence; Ter, transcriptional termination sequence. (b) A dual-luciferase assay of BnaNAC60-mediated transactivation of the LUC repor-

ter gene driven by 5xNTLBS-35S min promoter in N. benthamiana leaves. Ratios of LUC to REN activities were used to reflect the transcriptional ability. Aster-

isks indicate significant differences by Student’s t-test (**P ≤ 0.01). (c) Electrophoretic mobility shift assay (EMSA) of BnaNAC60DTM binding to the 5xNTLBS

element labeled with biotin. The GST-BnaNAC60DTM fusion protein was used to detect its binding ability to 5xNTLBS and the GST protein was used as a nega-

tive control. Competitor (unlabeled probes) was used in molar excess. The bands in the upper and lower panels indicate shift (protein–DNA complex) and

unbound free probes, respectively. (d) Transcript abundance analysis of ROS-, cell death-, senescence-, and defense- related marker genes in cotyledons of oil-

seed rape transiently expressing BnaNAC60 and BnaNAC60DTM. Transcript levels were measured at two time points (1 and 2 dpi). GFP-expressing tissues were

used as the control. Data represent the geometric mean � SE of three biological replicates. The BnaUP1 and BnaUBC9genes were used as the endogenous ref-

erences. Asterisks indicate significant differences compared toGFP-expressing tissue by Student’s t-test (*P ≤ 0.05; **P ≤ 0.01).
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BnaNAC60DTM-overexpressing seedlings (Figure 4d). SAG

and Pathogenesis-Related (PR) genes are prominently

induced during leaf senescence and HR, so the expression

of these marker genes was also examined. The results

showed BnaSAG13 and BnaSAG15 expression was signifi-

cantly induced at one or two time points, and BnaSAG12

expression was also induced at 2 dpi in BnaNAC60DTM-

overexpressing seedlings; however, BnaSAG29 expression

was induced only at 1 dpi in BnaNAC60-overexpressing

seedlings (Figure 4d). BnaPR1 expression was significantly

induced at 2 dpi, while BnaPR2 expression was signifi-

cantly induced at both time points in BnaNAC60DTM-over-

expressing seedlings only. BnaCEP1, similar to BnaSAG12,

encoding a papain-like cysteine protease involved in tape-

tal PCD and pollen development (Zhang et al., 2014), was

also detected but its expression showed no significant

change (Figure 4d). Harpin Inducing 1 (HIN1) or its Ara-

bidopsis ortholog Yellow Leaf-Specific 9 (YLS9), whose

expression is highly induced during HR-like cell death and

leaf senescence (Zheng et al., 2004), was also analyzed.

The result showed that BnaHIN1 was induced at 1 dpi only

(Figure 4d). In addition, we examined two chlorophyll

degradation genes (NYC1 and NYE1), and the data showed

that both BnaNYC1 and BnaNYE1 were significantly

induced at 1 dpi only (Figure 4d). Overall, the magnitude

of increase in transcript levels in BnaNAC60-overexpress-

ing seedlings was much lower than that in BnaNAC60DTM-

overexpressing seedlings.

To further examine the expression changes of these

genes, we performed a similar assay using oilseed rape

protoplasts. A Western blot assay confirmed the expres-

sion of BnaNAC60DTM, BnaNAC60, and GFP (control) in

protoplasts (Figure S19a). The results showed that the

expression of BnaBFN1, BnaaVPE, BnabVPE, BnacVPE,
BnaRbohD, BnaSAG13, BnaSAG15, and BnaNYC1 was sig-

nificantly induced in the BnaNAC60DTM-overexpressing

protoplasts, while transcripts of these genes did not show

any significant change in BnaNAC60-overexpressing proto-

plasts (Figure S19b). These results suggested that Bna-

NAC60 mediates ROS accumulation and cell death likely

through inducing the expression of some of these key

genes.

Given that transient expression of BnaNAC60 in N. ben-

thamiana leaves also caused severe cell death and ROS

accumulation (Figure S8), we also examined the changes

in transcript abundance of representative marker genes in

tobacco to confirm the similarity of BnaNAC60 function in

different expression systems. Most of these marker genes

showed significant changes in the BnaNAC60DTM-overex-

pressing tissues; however, no significant change or much

smaller changes were observed in BnaNAC60-overexpress-

ing tissues. The expression of NbRbohB (ortholog of

RbohD in Arabidopsis and oilseed rape) was slightly

induced at 3 dpi (Figure S20a) and the expression of

NbRbohA (ortholog of RbohF) did not show any significant

change as a result of BnaNAC60DTM expression. NbVPE3

expression was significantly induced at 3 dpi among the

four VPE genes examined here. Similarly, none of the

three metacaspase genes showed any difference. The

expression of Zinnia Endonuclease 1 (ZEN1), which is the

homolog of BFN1 in Arabidopsis involved in PCD of apical

bud meristem (Aoyagi et al., 1998), was highly induced in

BnaNAC60DTM-overexpressing tissues, with a fold change

of 38 and 42 at 2 and 3 dpi, respectively (Figure S20a).

Moreover, the expression of NbSAG12 and NbSAG101

was also identified to be significantly induced at 2 dpi, and

the latter encodes an acyl hydrolase involved in senes-

cence (He and Gan, 2002). NbZAT12 expression was highly

induced at 3 dpi as well (Figure S20b). The expression of

NbLDS1 and NbLOL1, encoding two antagonistic regula-

tors of cell death and defense (Epple et al., 2003), was

induced and repressed, respectively. Lastly, the expression

of the defense response marker genes NbPR2, NbPR5,

NbHIN1, NbACRE31, and NbCYP71D20, which is induced

in HR-like cell death or by pathogen attack (Pontier et al.,

1999), was mostly induced by BnaNAC60DTM as well (Fig-

ure S20b).

BnaNAC60 positively modulates the promoter activities of

genes involved in ROS production, PCD, and leaf

senescence

The above investigations indicated that some of these

induced genes may constitute the regulon of BnaNAC60

and part of them may be direct targets. We therefore per-

formed a LUC reporter assay to examine the ability of Bna-

NAC60 and its active form BnaNAC60DTM to activate the

transcription of these genes. Promoter regions (including

50 UTRs) of these marker genes were fused upstream of

the LUC gene, which was used as a reporter. The REN

gene driven by the CaMV35S promoter was used as the

internal control (Figure 5a). The plasmids expressing Bna-

NAC60DTM or BnaNAC60 and GUS (control) were used as

effectors. LUC/REN ratios reflected the ability of BnaNAC60

to transcriptionally activate its putative downstream genes.

The results showed that co-expression of BnaNAC60 or

BnaNAC60DTM with ProBnaZAT12:LUC and ProBnaBFN1:

LUC significantly increased LUC/REN ratios at 2 and 3 dpi

(Figure 5b,h). In addition, LUC/REN ratios of ProBnaRbohD,

ProBnacVPE, and ProBnaNYE1 reporters increased about

twofold at 3 dpi when BnaNAC60DTM was used as the

effector (Figure 5c,f,g). Besides, BnaNAC60DTM signifi-

cantly induced the expression of LUC driven by promoters

of ProBnaaVPE, ProBnabVPE, and ProBnaNYC1 compared

with the GUS control at the two time points (Figure 5d,e,i).

In contrast, neither BnaNAC60 nor BnaNAC60DTM
increased the activities of ProBnadVPE and ProBnaRbohF

(Figure S21), suggesting these two genes are not regulated

directly by BnaNAC60.
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BnaNAC60 binds to promoters of target genes both

in vitro and in vivo through the NTLBS cis-element

To explore whether there was a direct regulatory relation-

ship between BnaNAC60 and the aforementioned putative

target genes, we analyzed the promoter regions of BnaR-

bohD, BnaaVPE, BnabVPE, BnacVPE, BnaNYC1, BnaZAT12,

and BnaBFN1. It was revealed that multiple NTLBS ele-

ments (50TT(N)CTT30 or 50AAG(N)AA30) were present in the

promoters of these genes (Figure 6a). Next, EMSA was

performed to determine the binding in vitro. The results

showed that BnaNAC60DTM bound to the F2, F3, and F4

segments of the BnaRbohD promoter, but not to F1. As for

the three VPE promoters, BnaNAC60DTM bound to the F1,

F2, and F4 segments of ProBnaaVPE, the F2 and F3 seg-

ments of ProBnabVPE, and the F1 and F2 segments of

ProBnacVPE, and no binding was detected with the other

labeled probes (Figure 6b). Besides, BnaNAC60DTM bound

to four probes of ProBnaNYC1 except its F5 segment.

Moreover, BnaNAC60DTM bound to the F1 and F2 seg-

ments of the BnaBFN1 promoter, but not to the F3 seg-

ment (Figure 6b). Lastly, only the F3 segment of

ProBnaZAT12 was bound by BnaNAC60DTM (Figure 6b).

As a control, purified GST protein alone did not bind to

any of these labeled segments. To further confirm the

binding specificity, a competition assay was performed.

The results showed that when the unlabeled probes were

added in excess, the binding shifts became weaker or even

disappeared (Figure S22), supporting the conclusion that

BnaNAC60DTM binds specifically to the respective frag-

ments of putative target genes in vitro.

To further examine whether these genes are direct tar-

gets of BnaNAC60 in vivo, chromatin immunoprecipitation

(ChIP)-qPCR was performed. An antibody specific to the

HA epitope tag was used to collect chromatin DNA bound

by BnaNAC60DTM. The utility and specificity of the anti-HA

antibody was examined and good results were obtained

(Figure S23a). Agarose gel electrophoresis was also

Figure 5. The dual-luciferase reporter assay of transcriptional activation of putative target genes by BnaNAC60. (a) A schematic diagram of the double reporter

and effector plasmids. LUC and REN represent firefly luciferase and Renilla luciferase, respectively. pYJHA-GUS plasmid was used the control effector. Ter, ter-

minatior sequence of transcription. (b–i) Examination of the ability of BnaNAC60 and BnaNAC60DTM to activate the transcription of the LUC reporter gene under

the control of different promoter regions of marker genes from oilseed rape. Relative reporter activity was normalized by the ratio of LUC/REN. Data were from

three independent replicates � SE at two time points. dpi, days post-infiltration. Asterisks indicate significant differences compared to the GUS effector by Stu-

dent’s t-test (*P ≤ 0.05; **P ≤ 0.01).
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performed to ensure the quality of chromatin DNA frag-

ments after sonication. As shown in Figure S23(b), the size

of the DNA smear was mostly located between 200 bp and

1 kb, indicating a good quality. Immunoprecipitated chro-

matin DNA was thus subjected to qPCR analysis. Primers

were designed according to the previous EMSA results,

and were subjected to PCR amplification and agarose gel

electrophoresis examination before use. Primers that did

not show good specificity were discarded and designed

again before further testing. As a negative control, primers

targeting a region located at least 1 kb far from the binding

site were designed, tested, and used in parallel (Figure 7a).

Our results showed that BnaNAC60DTM significantly

enriched the P1–P3 fragments of the BnaRbohD and

BnaaVPE promoters, the P1 and P2 fragments of the

BnabVPE, BnacVPE, and BnaBFN1 promoters, the P1 frag-

ment of the BnaZAT12 promoter, and the P1–P5 fragments

of the BnaNYC1 promoter (Figure 7b). In contrast, no sig-

nificant enrichment of control fragments (CK) was detected

for any of these seven genes. Collectively, these results

indicate that the active form of BnaNAC60 binds to the pro-

moter of ROS production-, PCD-, and leaf senescence-re-

lated genes via the consensus NTLBS sequence.

DISCUSSION

Leaf senescence is a highly coordinated process influenced

by the massive reprogramming of gene expression

through the action of TFs (Kim et al., 2016). Investigation

and illumination of the mechanisms modulating plant

senescence have great potential for improving crop yield,

stress tolerance, and nutritional quality (Uauy et al., 2006;

Rivero et al., 2007). NAC TFs are plant-specific and play

diverse roles in plant development, abiotic and biotic

stress responses, and leaf senescence (Olsen et al., 2005;

Puranik et al., 2012). A few members of the NAC family

have been reported to positively or negatively modulate

leaf senescence in Arabidopsis, rice, tomato, wheat and

cabbage (Brassica rapa) (Guo and Gan, 2006; Balazadeh

et al., 2010, 2011; Wu et al., 2012; Kim et al., 2013; Liang

et al., 2014; Mahmood et al., 2016; Oda-Yamamizo et al.,

Figure 6. Electrophoretic mobility shift assay (EMSA) of BnaNAC60DTM binding to different fragments in the promoter regions of putative target genes. (a)

Schematic diagrams of NTLBS elements in the promoters of putative target genes. White and black diamonds indicate the binding elements on sense and anti-

sense strands, respectively. The promoter lengths and sites of NTLBS elements are drawn in scale. Fxs represent the fragments tested by EMSA. ATG is the

translational start codon. (b) Assay of GST-BnaNAC60DTM fusion protein binding to different biotin-labeled fragments of promoter regions of putative target

genes. GST protein was used as a negative control. Competitor probes (unlabeled) were added in molar excess as shown above the images. ‘+’ and ‘�’ repre-

sent the presence and absence of one component in binding reactions, respectively. Shifts indicate the protein–DNA complex while free probes mean unbound

probes.
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2016; Pimenta et al., 2016; Mao et al., 2017; Fan et al., 2018;

Ma et al., 2018). Despite the importance of understanding

how developmental and environmental signals are inte-

grated to modulate leaf senescence in oilseed rape, the

transcriptional control of leaf senescence in this important

crop plant remains poorly understood.

In this study, we demonstrated that a membrane-teth-

ered NAC60 in oilseed rape is involved in age-dependent

leaf senescence and may integrate stress signals, ROS sig-

naling, and PCD with an inner natural leaf senescence pro-

gram through activating different but related target genes.

BnaNAC60 is associated with the ER and its expression can

be induced by ER and oxidative stresses to translocate to

nuclei (Figure 1b; Figures S5 and S7). In this aspect, Bna-

NAC60 is very different from its ortholog in Arabidopsis

Col-0, which has no transmembrane domain at all and is

targeted to nuclei only (Figure S3) (Liang et al., 2015). Bna-

NAC60 is phylogenetically close to ANAC089 (Figure S2),

an NTL previously reported to modulate ER stress-induced

PCD in Arabidopsis (Yang et al., 2014b). Consistently, Bna-

NAC60 showed an ability to activate the expression of sev-

eral unfolded protein response marker genes under ER

stress conditions (Figure S6), which is, to some degree, dif-

ferent from ANAC089 (Yang et al., 2014b).

Figure 7. ChIP-qPCR assay of binding of BnaNAC60DTM to the promoter regions of target genes in oilseed rape. (a) Schematic representation of NTLBS ele-

ments in promoter regions of target genes. ATG, translational start codon. The diamonds indicate the NTLBS binding elements. The thin black bars indicated by

Pxs above the promoters represent regions which were amplified in qPCR and the numbers show the distance (in bp) from the ATG start codon. CK, genomic

control regions amplified in qPCR in parallel. (b) ChIP-qPCR results. Chromatin DNA was co-immunoprecipitated with anti-HA antibody or no antibody. Frag-

mented genomic DNA was released from the protein–DNA complexes and subjected to qPCR analysis. Input sample was used to normalize the qPCR results in

each ChIP sample. Data are presented as the mean � SE of three biological replicates. Asterisks indicate significant differences by Student’s t-test (*P ≤ 0.05;

**P ≤ 0.01).
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Moreover, transient heterologous expression of

ANAC060 from Arabidopsis Col-0 in tobacco leaves indi-

cated that ANAC060, unlike BnaNAC60, failed to induce

ROS accumulation or HR-like cell death (Figure S10). A pre-

vious report indicated ANAC060 from ecotype C24 is differ-

ent from that in ecotype Col-0 in that ANAC060 from C24 is

an NTL, and this shorter version of the ANAC060 protein is

found in approximately 12% of natural Arabidopsis acces-

sions (Li et al., 2014). A quantitative comparison of identi-

ties indicates that BnaNAC60 is more similar to ANAC060

(C24, with an identity of 87.5%) than to ANAC060 (Col-0,

84.2% identity). However, different from BnaNAC60, ecto-

pic overexpression of neither ANAC060 nor ANAC060DTM
from C24 induced any significant cell death or ROS accu-

mulation (Figure S11). These results suggest that the func-

tion of ANAC060 is different from that of BnaNAC60, at

least in terms of ROS, PCD, and leaf senescence, though

ANAC060 from C24 is more similar to BnaNAC60, at least

in amino acid sequence. An examination of the domain of

ANAC060 from Col-0 suggests that it is likely still func-

tional as it contains the typical domains of a regular NAC

TF, including an N-terminal NAC domain harboring five

subdomains (A, B, C, D, E) and a C-terminal transcriptional

regulatory domain (Figure S1).

NTLs are usually inactive or in a dormant state through

association with the cellular membrane system via their

transmembrane domains (Kim et al., 2010a). Upon internal

and environmental stimuli, NTLs could be activated

through proteolytic cleavage either by membrane-associ-

ated proteases or by the ubiquitination-dependent protea-

some (Kim et al., 2010a). This constitutes an intriguing

mechanism of ensuring rapid transcriptional responses to

internal and environmental changes as transcriptional and

translational regulations are skipped (Chen et al., 2008;

Seo et al., 2008). Although the mechanisms of a few NTLs

in Arabidopsis entering nuclei have been explored (Seo

et al., 2010; Kim et al., 2010a), for instance, ANAC017 may

be cleaved by a rhomboid protease (Ng et al., 2013), there

is no uniform pathway for all NTLs. Previous studies have

shown that increased levels of endogenous ROS induced

by various environmental stresses such as drought, salt,

and extreme temperatures as well as some developmental

changes can induce leaf senescence and cell death

(Khanna-Chopra, 2012; Lee et al., 2012; Woo et al., 2013).

Accumulation of ROS can cause protein and lipid dysfunc-

tion as well as chlorophyll degradation, which are typical

syndromes accompanied with leaf senescence (Lim et al.,

2007). We found that Tn and H2O2 treatments triggered the

membrane release of BnaNAC60 (Figures S5 and S7), indi-

cating that the activity of BnaNAC60 is mediated by con-

trollable membrane release and follow-up nuclear

localization, which ensures rapid adaptation responses to

environmental changes and the progression of leaf senes-

cence. Stress-induced activation of membrane-tethered

NAC proteins have been reported with NTL4 (ANAC053),

NTL6 (ANAC062), and NTL17 (ANAC089) in Arabidopsis

(Seo et al., 2010; Lee et al., 2012; Yang et al., 2014a,b).

The expression of BnaNAC60 was induced during leaf

senescence (Figure 1c), suggesting that the function of it

may be linked to the age-dependent leaf senescence pro-

gram. BnaNAC60 expression was also induced by a set of

environmental stresses and phytohormones, including

drought, salt, ABA, and MV (Figure 1d), which are gener-

ally positively involved in leaf senescence. To substantiate

the role of BnaNAC60, we provided several lines of evi-

dences to support that it plays a positive role in natural leaf

senescence. Initially, we demonstrated that constitutive

overexpression of the activated form of BnaNAC60 (i.e.,

BnaNAC60DTM) accelerates leaf senescence, which was

reflected in quite a few hallmarks such as leaf yellowing,

H2O2 accumulation, chlorophyll degradation, ion leakage,

and increased expression of senescence- and PCD-associ-

ated marker genes (Figure 2; Figure S13). We further

showed that transient expression of BnaNAC60 in leaves

of tobacco also led to a similar phenotype, with the pheno-

type of BnaNAC60 being much weaker than that of Bna-

NAC60DTM, as indicated by the measurements of relevant

physiological indices (Figure S8). The function of Bna-

NAC60 in protoplasts of oilseed rape was also tested and

showed expected results (Figure 3), which is highly similar

to rice NAC4 (Kaneda et al., 2009). Different from SNAC-

type NAC TFs, BnaNAC60 showed great affinity towards

the NTLBS element (Figure 4), but not towards the NACRS

element (Figure S17). Furthermore, screening of a collec-

tion of marker genes related to ROS, PCD, defense

responses, and leaf senescence via qRT-PCR and dual-LUC

reporter techniques revealed that BnaNAC60 may modu-

late the transcription of multiple genes from this collection

(Figures 2e, 4d, 5; Figures S19 and S20). We also observed

that ProBnaZAT12:LUC and ProBnaBFN1:LUC were acti-

vated by both BnaNAC60 and BnaNAC60DTM, which sug-

gests the regulatory effect of BnaNAC60 and

BnaNAC60DTM on different promoters is different, as a

basal level of proteolytically processed, activated Bna-

NAC60 proteins is expected to exist in cells. Through

in vitro EMSA and in vivo ChIP-qPCR techniques, we

showed that the active form of BnaNAC60 bound directly

to the promoter regions of BnaRbohD, BnaaVPE, BnabVPE,
BnacVPE, BnaNYC1, BnaBFN1, and BnaZAT12 (Figures 6

and 7; Figure S22). Thus, this study has built a direct link

between BnaNAC60 function and genes whose encoded

proteins participate in ROS production, PCD, and chloro-

phyll degradation.

Among the target genes, RbohD is responsible for ROS

production in many processes, including pathogen infec-

tion (Torres et al., 2002). As ROS levels have to be tightly

restrained to avoid detrimental consequences to plant

cells, RbohD is not only modulated by post-translational
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phosphorylation but is also under transcriptional control

by TFs (Kadota et al., 2015). Previously, it was reported

that RbohC and RbohE are regulated by transmembrane

motif 1-like 4 (NTL4, also referred to as ANAC053) to

mediate drought-induced leaf senescence (Lee et al.,

2012). This indicates that different NTLs may target differ-

ent members of the RBOH gene family. ZAT12 is a mem-

ber of the C2H2-type plant-specific zinc finger TF family

and its expression is induced by many different types of

abiotic stresses, including oxidative stress; ZAT12 is also

required for the upregulation of many ROS signaling

genes (Rizhsky et al., 2004; Davletova et al., 2005). Here,

we identified BnaZAT12 as a direct target of BnaNAC60

and we found that the expression of BnaZAT12 is induced

by BnaNAC60.

Interestingly, we also found that BnaNAC60 targeted

multiple VPE genes, indicative of the execution of a cell

death program. VPEs are cysteine proteases exhibiting cas-

pase-like activity (Hara-Nishimura et al., 2005). Originally

found to be responsible for the maturation of seed storage

proteins and vacuolar proteins, VPEs have also been

shown to trigger vacuolar collapse-mediated PCD during

defense responses and development (Hatsugai et al.,

2004). Here, we reported that overexpression of the acti-

vated form of BnaNAC60 led to premature leaf senescence,

cell death, and upregulation of VPEs (Figure 4; Figure S19),

suggesting activation of VPEs and dPCD play a role in this

process. De-greening of leaves as a consequence of chloro-

phyll degradation is a characteristic of leaf senescence

(Hortensteiner and Krautler, 2011). NYC1 is a Chl b reduc-

tase catalyzing the first step of Chl degradation (Horie

et al., 2009). Overexpression of BnaNAC60DTM promoted

NYC1 expression and trans-activated its promoter (Fig-

ures 2e, 4d, 5h; Figure S19). Recent studies demonstrated

that ANAC019/055/072 can directly promote the expression

of three CCGs (NYE1, NYE2, and NYC1) in jasmonate (JA)-

triggered Chl degradation (Zhu et al., 2015); ORE1

(ANAC092) also activates the expression of CCGs in ethy-

lene-triggered Chl degradation (Qiu et al., 2015); ANAC016

can directly induce NYE1 transcription (Sakuraba et al.,

2016); and ANAC046 positively modulates the expression

of CCGs and leaf senescence (Oda-Yamamizo et al., 2016).

These data suggest that distinct NACs could be recruited

individually or together to ensure a temporally and spa-

tially coordinated regulation of Chl degradation leading to

leaf senescence through different signaling pathways in

different scenarios.

BFN1 is among the genes that are positively regulated

by BnaNAC60 (Figures 2e, 4d, 5i; Figure S19). It encodes a

type I nuclease responsible for the degradation of RNA and

single-stranded DNA during several growth and develop-

mental processes, sharing high similarity to ZEN1, which

is associated with PCD in Zinnia elegans (Ito and Fukuda,

2002). BFN1 expression was found to be specifically

increased during leaf and stem senescence (Perez-Amador

et al., 2000). In addition, BFN1 is also specifically expressed

in the leaf and fruit abscission zones, suggesting an

involvement in dPCD (Farage-Barhom et al., 2008). In

plants, age-induced dPCD occurs in all cell types of organs

or even whole plants as the endpoint of plant senescence

(Daneva et al., 2016). Previously, ORE1 was found to target

BFN1 to modulate leaf senescence in Arabidopsis (Matal-

lana-Ramirez et al., 2013). However, the binding site of

ORE1 is obviously different from that of BnaNAC60 (Fig-

ures 6 and 7), suggesting BFN1 could be regulated by dis-

tinct NAC TFs as well.

In conclusion, this study has revealed an ER membrane-

tethered NAC TF from oilseed rape, NAC60, that acts as an

upstream regulator of ROS accumulation, cell death, and

leaf senescence, likely through activating the expression of

ROS-generating RbohD, the ROS signaling gene ZAT12,

dPCD-associated VPEs and BFN1, and Chl degradation-re-

lated NYC1 genes (Figure S24).

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

Seeds of oilseed rape (B. napus), tobacco (N. benthamiana), and
Arabidopsis (ecotypes Col-0 and C24) were surface-sterilized for
1 min in 70% ethanol and then in 2.6% bleach solution (containing
0.01% Tween-20) for 2–4 min, before being washed four or five
times in sterile deionized water. The seeds were stratified for
2 days at 4°C and germinated on 1/2 MS (Murashige and Skoog)
medium (Caisson labs, USA, https://www.caissonlabs.com/) at
22°C in a greenhouse with a 14 h light/10 h dark photoperiod.
Seven-day-old seedlings were transplanted to soil or used in other
experiments.

Stress treatments and quantitative RT-PCR

Seven-day-old oilseed rape seedlings were transferred onto 1/2
MS medium supplemented with different hormones or other
chemicals with normal 1/2 MS medium used as the control. For
the cold and heat treatments, seedling plates were placed at 4°C
and 38°C, respectively. Leaf tissues at different developmental
stages were harvested at specific time points (Yan et al., 2018).
The whole process was repeated three times independently to
prepare three biological replicates. Total RNA was extracted using
a plant RNA kit (Omega Bio-tek, USA, https://www.omegabiotek.c
om/) and was treated with DNaseI (Ambion, USA, https://www.the
rmofisher.com/). cDNA synthesis was performed using 5 lg total
RNA and RNaseH- M-MLV (Takara, Japan, https://www.takarab
iomed.com.cn/). qRT-PCR was performed using SYBR GreenI pre-
mix (CWbio, China, https://www.cwbiotech.com/) on the CFX96
real-time system (Bio-Rad, USA, https://www.bio-rad.com/) with
the following program: 10 min at 95°C, followed by 35 cycles of
95°C for 15 sec and 60°C for 1 min. Gene-specific primers were
designed using PrimerSelect or Primer 3. The specificity and
amplification efficiency were examined by BLAST and melting
curve analyses. The reference genes used were BnaUP1 and
BnaUBC9 for oilseed rape (Chen et al., 2010) and AtUBC21 and
AtUBQ10 for Arabidopsis (Czechowski et al., 2005). Relative
expression levels (fold changes) were calculated according to a
previous formula (Pfaffl, 2001).
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Subcellular localization assay

The coding sequences (CDSs) of BnaNAC60 (full-length) and Bna-
NAC60DTM (deleted transmembrane domain) were amplified and
fused downstream of GFP in the p35SNGFP binary vector, which
was modified from pCsGFPBT (GenBank Accession No.
DQ370426). Agrobacterium tumefaciens GV3101 cells were trans-
formed with these constructs through a freeze-thaw method.
Leaves of 28-day-old N. benthamiana were infiltrated and the GFP
signals were detected after 2 days on a confocal microscope
(Olympus, Japan, https://www.olympus-global.com/). The HDEL-
mCherry marker (CD3-959) was described previously (Nelson
et al., 2007).

Plant transformation and leaf senescence assay

The CDSs of BnaNAC60 and BnaNAC60DTM were subcloned into
pHFGFP and pYJGFP binary vectors, respectively, which were
modified from pCsGFPBT. Recombinant plasmids were introduced
into A. tumefaciens GV3101, which was then used to transform
wild-type A. thaliana (Col-0) plants via the floral dip method
(Clough and Bent, 1998). Putative transformants (T1) were
selected by placing seeds on agar-solidified 1/2 MS medium con-
taining 25 mg L�1 hygromycin B (Amresco, USA, https://www.a
mresco-inc.com/). At the T3 generation, high-expression lines
were screened through qRT-PCR. An empty vector pYJGFP carry-
ing GFP alone was also transformed into wild-type A. thaliana
plants separately. Seeds of homozygous T3 and control plants
grown at the same time under identical standard conditions were
used for the phenotypic assay (Yang et al., 2018).

Isolation of protoplasts from oilseed rape and transient

expression

The expression cassettes (CaMV35S::gene of interest followed by
a terminator sequence) of individual genes were released from
the above recombinant plasmids for overexpression through
restriction before ligation into the pUC19 plasmid. Mesophyll cell
protoplasts were isolated from the fifth and sixth leaves of 6-
week-old oilseed rape plants grown under 14 h light/10 h dark
conditions as previously described (Yoo et al., 2007). Plasmid DNA
(20 lg) was transfected into 2 9 105 protoplasts by a PEG4000/
CaCl2-mediated method. Transfected protoplasts were incubated
at room temperature in 24-well plates for 14–16 h.

For the membrane-to-nucleus translocation analysis, Tn
(Sigma-Aldrich, USA, https://www.sigmaaldrich.com/) was added
to transfected protoplasts at a final concentration of 5 lg ml�1,
and cells were incubated for 6 h. For the H2O2 treatment, trans-
fected protoplasts were subjected to 10 mM H2O2 (Alfa Aesar,
France, https://www.alfa.com/) for 15 min and washed once with
19 PBS buffer, before incubation for a further 5 h. Images were
taken on a laser confocal microscope (TCS-SP8, Leica, Germany,
https://en.leica-camera.com/). For the staining, transfected proto-
plasts were incubated in a 0.05% Evans blue (MP Biomedicals,
USA, https://www.mpbio.com/) staining buffer for 15 min or in a
0.01% FDA (MP Biomedicals) staining buffer for 5 min. After wash-
ing, images were taken on a fluorescence microscope (DM500B,
Leica). Scoring of dead protoplasts was performed by counting 20
individual fields of three replicates. H2DCFDA staining was per-
formed as described previously (Yan et al., 2018).

Measurement of hydrogen peroxide and DAB staining

About 0.1 g of fresh sample was extracted with 1 ml 5% (w/v) tri-
chloroacetic acid (Alfa Aesar) buffer. After spinning, the

supernatant was neutralized to pH 7.5 with 1 M NH4OH (Alfa
Aesar). Extract was divided into two aliquots of 100 ll. One aliquot
supplemented with catalase (Sigma-Aldrich) was used as the con-
trol, and the other aliquot was processed without catalase. Both
aliquots were supplemented with 400 ll of 0.1 M Tris-HCl followed
by the addition of 500 ll colorimetric reagent. The colorimetric
reagent was prepared freshly by mixing 1:1 (v/v) 0.3 mM potas-
sium titanium oxalate (Alfa Aesar) and 0.3 mM resorcinol monoso-
dium salt (Alfa Aesar). Absorbance at 508 nm was measured
against a standard curve of H2O2, after incubation at room temper-
ature for 15 min (Patterson et al., 1984). For DAB (MP Biomedicals)
staining, the detached leaves were incubated in DAB staining
solution for 4 h at room temperature and decolorized in a destain-
ing solution at 95°C for 15 min (Sun et al., 2014).

Chlorophyll, anthocyanin, and malonaldehyde content

measurements and electrolyte leakage assay

Chlorophyll, anthocyanin, and MDA contents were quantified as
described previously (Chen et al., 2016). For the electrolyte leakage
assay, about 0.1 g of leaf tissue was immersed in 5 ml of deionized
water. After applying vacuum for 15 min and shaking at 180 rpm for
1 h at 25°C, the electrical conductivity of samples (C1) and deionized
water (C0) was determined with an electrical conductivity meter
(Leici, China, http://www.lei-ci.com/). Samples were boiled for
15 min and allowed to cool to room temperature, and the electrical
conductivity of samples (C2) and deionized water (C0’) was deter-
mined again. Total relative ion leakage was calculated as follows:
relative ion leakage (%) = ((C1 � C0) / (C2 � C0’)) 9 100%.

Dual-luciferase reporter assay

The CDSs of BnaNAC60 and BnaNAC60DTM were amplified and
inserted into the binary pYJHA vector (modified from pCsGFPBT)
and used as effectors. The GUS-encoding gene cloned into the
same empty vector, resulting in pYJHA-GUS, was used as the
control effector. Promoters plus 50 UTRs were amplified from
genomic DNA using PCR mediated by high-fidelity PrimeSTAR HS
DNA polymerase (TaKaRa, Japan). The promoters were inserted
into vector pGreenII0800-LUC (Hellens et al., 2005), in which REN
driven by the 35S promoter was used as the endogenous control.
Agrobacterium cultivation and infiltration into N. benthamiana
leaves were performed as described previously (Yan et al., 2018).
Leaf discs were harvested at 2 and 3 dpi. Samples were ground in
liquid nitrogen with luciferase activities measured using a Dual-
Luciferase Reporter Assay kit (Promega, USA, https://www.prome
ga.com/).

Protein purification and electrophoretic mobility shift

assay (EMSA)

The CDS of BnaNAC60DTM was recombined into the pGEX 4T-1
vector, and transformed into E. coli strain Rosetta (DE 3) (Nova-
gen, Germany, http://www.merckmillipore.com). Fusion protein
expression was induced at 25°C by 0.1 mM isopropyl b-D-thiogalac-
toside (Amresco) for 8 h. Cells were harvested by centrifugation at
12 000 g for 20 min and lysed by ultrasonication. The supernatant
was used for protein purification via GST bind resin (Merck, Ger-
many, http://www.merckmillipore.com). Double-stranded probes
were either annealed from synthesized single-stranded primers
(Sangon, China, https://www.sangon.com/) or amplified by the
high-fidelity Pfu polymerase (Bioer, China, http://www.bioer.com.c
n/). Primers are listed in Table S1. EMSA was performed using a
LightShift chemiluminescent EMSA kit (Thermo Scientific, USA,
https://www.thermofisher.com/). After binding reactions, samples
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were loaded into a 5% non-denatured polyacrylamide gel and
blotted onto a positively charged nylon membrane (GE Health-
care, USA, https://www.gehealthcare.com/) under UV cross-link-
ing. Signals were detected using the streptavidin-HRP system on a
ChemDoc system (Bio-Rad, USA).

Chromatin immunoprecipitation and quantitative PCR

The CDS of BnaNAC60DTM was constructed into an expression
vector pUC19-HF in which a CaMV35S promoter was used to drive
the expression of BnaNAC60DTM tagged with a sequence coding
for 39HA-39FLAG tag at its 30 end. ChIP was performed according
to (Lee et al., 2017) with minor modifications according to (Saleh
et al., 2008). Briefly, 2 9 105 oilseed rape protoplasts were trans-
fected with 20 lg of plasmid DNA and were incubated for 16 h at
room temperature before being harvested and washed with 19
PBS buffer (pH 7.4) twice. Samples were cross-linked with 1%
formaldehyde in 19 PBS for 10 min at room temperature. After-
wards, glycine (MP Biomedicals) was added at a final concentra-
tion of 0.1 M to quench the cross-linking reaction. An anti-HA
antibody (Sigma-Aldrich) was used for immunopurification of TF–
DNA complexes. A sample without HA antibody was used as the
control. Isolated chromatin was sheared by sonication to obtain
fragment sizes between 200 and 500 bp. Fragmented genomic
DNA was precipitated in the presence of glucogen (Fermentas,
USA, https://www.thermofisher.com/). qPCR was performed on the
immunoprecipitated DNA on a CFX96 thermocycler. Primers were
designed by Primer 3 and the control primers were designed so
that the amplified regions were located at least 1 kb away from the
ATG translation initiation site. Primers are listed in Table S1. The
percentage of genomic DNA precipitated by the anti-HA antibody
(ChIP signal) compared with the total input DNA was calculated as
follows: percentage of precipitated DNA = 2D(Ct(input) � Ct(sample)) 9

100% (Kumar and Lucyshyn, 2017).

Statistical analysis

All the data were generated from three to four biological repli-
cates. Statistical analysis was performed using SPSS (version
16.0, IBM, USA, https://www.ibm.com/products/spss-statistics)
software (ANOVA test) and MS Excel 2003 (Student’s t-test).
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