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pathogen Sclerotinia sclerotiorum. BnaNAC55 has transac-
tivation activity and is located in the nucleus. BnaNAC55 
is able to form homodimers in planta. Unlike ANAC055, 
full-length BnaNAC55, but not either the N-terminal NAC 
domain or C-terminal regulatory domain, induces ROS 
accumulation and hypersensitive response (HR)-like cell 
death when expressed both in oilseed rape protoplasts and 
Nicotiana benthamiana. Furthermore, BnaNAC55 expres-
sion causes obvious nuclear DNA fragmentation. More-
over, quantitative reverse transcription PCR (qRT-PCR) 
analysis identified that the expression levels of multiple 
genes regulating ROS production and scavenging, defense 
response as well as senescence are significantly induced. 
Using a dual luciferase reporter assay, we further confirm 
that BnaNAC55 could activate the expression of a few 
ROS and defense-related gene expression. Taken together, 
our work has identified a novel NAC TF from oilseed rape 
that modulates ROS accumulation and cell death.

Keywords Brassica napus · Cell death · NAC · 
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Introduction

The NAC [no apical meristem (NAM), Arabidopsis thaliana 
transcription activation factor (ATAF1/2) and cup-shaped 
cotyledon (CUC2)] proteins constitute one of the larg-
est transcription factor (TF) families and are plant-specific 
(Olsen et al. 2005). NAC-type TFs were originally identified 
from petunia (Petunia hybrida) NAM (Souer et al. 1996),  
A. thaliana ATAF1, ATAF2 and CUC2 (Aida et al. 1997). 
NAC TFs are characterized by a well-conserved N-terminal 
NAC domain and highly divergent C-terminus. Based on 
its motif distribution, the NAC domain, which comprises 

Abstract NAC transcription factors (TFs) are plant-spe-
cific and play important roles in development, responses to 
biotic and abiotic cues and hormone signaling. So far, only 
a few NAC genes have been reported to regulate cell death. 
In this study, we identified and characterized a NAC55 gene 
isolated from oilseed rape (Brassica napus L.). BnaNAC55 
responds to multiple stresses, including cold, heat, abscisic 
acid (ABA), jasmonic acid (JA) and a necrotrophic fungal 
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respiratory burst oxidase homologs (Rboh), which are 
similar to NADPH oxidase (NOX) present in mammalian 
neutrophil cells and generate superoxide in the apoplastic 
side, has been characterized in several plant species as an 
essential ROS-producing system activated during the early 
stages of plant–pathogen interaction (Torres and Dangl 
2005). Moreover, oxidative stress increases the activity of 
antioxidant enzymes, such as superoxide dismutase (SOD), 
catalase (CAT), ascorbate peroxidase (APX), glutathione 
peroxidases (GPX) and glutathione S-transferase (GST), 
which in turn help to adjust ROS levels and maintain ROS 
homeostasis (Apel and Hirt 2004).

During defense response, one of the most efficient and 
immediate immune responses is hypersensitive response 
(HR) cell death, which is characterized by rapid, localized 
death of plant cells at the site of pathogen infection (Lam 
2004). HR cell death is a form of programmed cell death 
(PCD). Environmental stresses such as nutrient deficiency, 
high salt, and drought also induce cell death in plants, sug-
gesting that the process may confer resistance to stress. 
Although HR cell death shows morphological and bio-
chemical traits similar to animal apoptosis, the most charac-
terized form of PCD, several characteristics differ between 
these two forms of PCD. On one hand, apoptotic bodies are 
not formed during plant HR cell death, because of the pres-
ence of a cell wall. On the other hand, caspase genes and 
enzymes are key components of animal apoptosis, however, 
plants lack obvious homologous sequences of caspases in 
their genomes, although caspase activities are detected in 
both animal and plant cells (Bonneau et al. 2008). In addi-
tion, vacuoles, which are multifunctional plant cell organ-
elles, have an important function in plant PCD, with a key 
role for VPE (Hara-Nishimura et al. 2005). Although the 
existence of HR cell death in plants has been recognized for 
many years (Van Hautegem et al. 2015), our knowledge of 
the genetic mechanisms that regulate and execute cell death 
is still very limited.

ROS have been proposed as key inducers of different 
types of developmental and/or environmental cell death. 
The most studied ROS signal is H2O2 (Gechev and Hille 
2005). H2O2 is perhaps the most prominent signaling mol-
ecule characterized by its relative stability and significant 
mobility. ROS accumulation, or the oxidative burst, its 
causal relationship with cell death has been an active area 
of research and, evidence has accumulated that ROS trigger 
cell death and are not merely cell death by-products (De 
Pinto et al. 2012). For instance, pharmacological treatments 
with ROS antagonists block induction of HR-associated cell 
death and, transgenic plants with lower levels of antioxida-
tive enzymes display aggravated cell death responses (Van 
Breusegem and Dat 2006). These observations highlight the 
importance of understanding how the plant interprets ROS 
signaling to induce cell death. However, our knowledge 

nearly 160 amino acid residues, can be divided into five sub 
domains (A–E) (Puranik et al. 2012).

There are 117 putative NAC genes in Arabidopsis and 151 
in rice (Nuruzzaman et al. 2010). The NAC TFs are multi-
functional proteins, which have been shown to be involved 
in a variety of developmental and physiological processes, 
such as shoot apical meristem development, lateral root 
formation, secondary cell wall formation, hormone signal 
pathways and leaf senescence (Olsen et al. 2005; Puranik et 
al. 2012). Moreover, quite a few members of the NAC TF 
family also function in abiotic and biotic stress signaling and 
tolerance (Nakashima et al. 2012; Nuruzzaman et al. 2013). 
For instance, Arabidopsis ANAC072 (RD26), ANAC019 
and ANAC055 regulate ABA-dependent drought signaling 
(Fujita et al. 2004; Tran et al. 2004). Arabidopsis ATAF1 
and -2 are negative regulators of defense responses against 
bacterial and fungal pathogens (Delessert et al. 2005; Wang 
et al. 2009) and ATAF1 plays a dual role in mediating Ara-
bidopsis response to both abiotic and biotic stresses (Lu 
et al. 2007; Wu et al. 2009). Arabidopsis ANAC019 and 
ANAC055 mediate drought tolerance, but their overexpres-
sion also decreases resistance to B. cinerea (Bu et al. 2008). 
It is thought that such dual modulation of NAC proteins in 
plants implies their alliance with distinct regulatory com-
plexes. However, the underlying mechanisms remain to be 
investigated. Recent evidence also indicates that NAC TFs 
play a role in endoplasmic reticulum (ER) or osmotic stress-
induced cell death in Arabidopsis, rice and soybean, pos-
sibly through regulating vacuolar processing enzyme (VPE) 
or caspase-like protein activity (Kaneda et al. 2009; Faria et 
al. 2011; Mendes et al. 2013; Yang et al. 2014). However, 
whether there are other NAC TFs regulating cell death is 
unknown.

Reactive oxygen species (ROS), including the superox-
ide radical (O2

−), hydrogen peroxide (H2O2), the hydroxyl 
radical (OH) which are chemically reactive, oxygen-con-
taining molecules, can react with proteins, DNA, and mem-
brane lipids to reduce photosynthesis, increase electrolyte 
leakage, and accelerate senescence and cell death (De Pinto 
et al. 2012). ROS play important role in many other bio-
logical processes such as growth, development, and stress 
adaptation (Gechev et al. 2006). Under biotic and abiotic 
stress conditions, plant cells are capable of producing a 
burst of ROS that is primarily made up of H2O2. At the 
same time, ROS represent important signaling molecules 
in the coordination of stress acclimation pathways (Suzuki 
et al. 2012). Therefore, a tight control is needed to balance 
these activities and maintain coordination, including activa-
tion of signalling pathways by ROS-responsive regulatory 
genes and buffering of ROS by ROS-scavenging enzymes 
and antioxidant molecules (Apel and Hirt 2004). Several 
enzymatic systems may contribute to this overproduction 
of ROS. Among these, plasma membrane (PM)-associated 
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Transcriptional activity assay in yeasts

The coding regions of TFs was cloned into the pGBKT7 
(BD) vector (Clontech, USA), using the primers listed in 
Supplementary Table S1. The assay in yeast was performed 
as described previously (Wang et al. 2015).

Transactivation assay in plants

The coding regions of NAC genes were amplified by high-
fidelity PCR with primers included in Supplementary Table 
S1. The PCR products were digested and then cloned into 
pYJHA plasmid. Reporter plasmid 3xNACRS::LUC con-
tains triple tandem repeats of NACRS element and the min-
imal TATA region of 35S promoter of cauliflower mosaic 
virus (CaMV), which are located upstream of the firefly 
luciferase (LUC) gene in the pGreenII0800-LUC vector 
(Hellens et al. 2005). Internal control is Renilla (REN) LUC 
driven by 35S promoter. The control plasmid is a binary 
vector pYJGFP, in which expression of green fluorescent 
protein (GFP) gene is controlled by CaMV35S promoter. 
All plasmids were introduced into agrobacterium strain 
GV3101 individually through a freeze-thaw method and 
agrobacterial cultures transformed with the effector plasmid 
and reporter plasmid (9:1, v/v) were co-infiltrated into the 
lower epidermal side of 30 d old N.benthamiana leaves. At 
2 and 3 dpi, leaf discs with a diameter of 1 cm were har-
vested and ground in liquid nitrogen and extracted in 300 µl 
of lysis buffer, with supernatant used to assay LUC and 
REN activity by dual LUC assay kit according to the manu-
facturer’s instructions (Promega) on a GloMax™ 20–20 
luminometer (Promega). The binding ability of NAC TFs to 
the NACRS element was indicated by the ratio of LUC to 
REN. Triplicate measurements were performed.

Quantitative RT-PCR (qRT-PCR) assay

Oilseed rape tissues of three independent biological rep-
licates were prepared as described previously (Niu et al. 
2014). Total RNA samples were isolated and the first-
strand cDNAs were synthesized from 2.5 µg of total RNA 
as described previously (Liang et al. 2013). qRT-PCR was 
performed using tenfold diluted cDNA samples and SYBR 
Premix Ex Taq (TaKaRa, Japan) on the CFX96 real-time 
thermocycler (Bio-Rad, USA). Primers used for qRT-PCR 
were designed using PrimerSelect (DNASTAR Inc. USA), 
which targeted mainly 3′UTRs, with an amplicon size of 
75–300 bp (Supplementary Table S1). The specificity and 
amplification efficiency of each pair of primers were exam-
ined through both BLASTn searches in the NCBI database 
and by running standard curves with melting curves. Isola-
tion RNA from N. benthamiana leaf discs was performed as 
described above, again from three biological replicates. The 

of transcriptional induction mechanism of HR cell death 
remains elusive.

Oilseed rape is a very important oil crop worldwide and 
its yield is frequently limited by environmental stresses 
including drought, salinity, cold and fungal pathogens. In 
our previous studies with oilseed rape, we mined the avail-
able expressed sequence tags (ESTs) to identify NAC genes 
in oilseed rape and, cloned the cDNA sequences of over 41 
NAC genes from oilseed rape. We further identified three 
NAC TF genes that modulate ROS accumulation and cell 
death with in-depth work still underway (Niu et al. 2014; 
Wang et al. 2015). In the present study, we describe the 
characterization of one of the BnaNAC genes, BnaNAC55, 
which shows similarity to Arabidopsis ANAC055 and could 
induce ROS over accumulation and elicit cell death when 
transiently expressed in both oilseed rape protoplasts and N. 
benthamiana leaves, possibly through modulating ROS and 
defense-related gene expression.

Materials and methods

Plant materials and growth condition

Oilseed rape, N. benthamiana and Arabidopsis plants were 
grown in Pindstrup soil mix (Denmark) in the greenhouse at 
22 °C with 14 h light/10 h dark, and a light intensity of ca. 
150 µEm−2 s−1. The relative humidity is 60–70 %.

RNA isolation and RT-PCR

Young leaves of oilseed rape, N. benthamiana or Arabidop-
sis seedlings were harvested for RNA isolation using the 
Plant RNA kit (Omega bio-tek, USA). First-strand cDNA 
synthesis and high-fidelity PCR amplification using Prime-
STAR HS DNA polymerase (TaKaRa, Japan) were per-
formed as previously described (Liang et al. 2013). Primers 
used are listed in Supplementary Table S1. PCR products 
were purified and cloned into pJET1.2 vector (Fermentas, 
USA). At least two clones were sequenced and sequencing 
results were analyzed by DNASTAR.

Phylogenetic tree reconstruction and bioinformatics

The predicted amino acid sequences of NACs of oilseed rape 
and other species were aligned using ClustalX1.83 and then 
a phylogenetic tree was reconstructed using the maximum 
parsimony (MP) algorithm implemented in MEGA6.06 
(release 6,140,226). Motif analysis of BnaNACs was deter-
mined by using Prosite program (http://prosite.expasy.org/
prosite.html). The respective domains of NAC proteins were 
aligned using ClutsalX1.83 and illustrated by Boxshade 
(http://www.ch.embnet.org/software/BOX_form.html).
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with absorbance at 530 and 657 nm measured using a spec-
trophotometer (Thermo Scientific, USA). By subtracting 
the A657 from the A530, the relative amount of anthocyanin 
per mg of tissue was calculated (Neff and Chory 1998). 
For malondialdehyde (MDA) content determination, about 
100 mg of leaf discs were homogenized in 4 mL of 0.1 % 
trichloroacetic acid (TCA), with the concentration mea-
sured as described previously (Niu et al. 2014). H2O2 was 
extracted and determined against a standard curve of H2O2 
(Chen et al. 2016).

DNA ladder and terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) assays

DNA ladder assay was performed as described previously 
(Niu et al. 2014). For TUNEL assay, a GUS gene fragment 
(2.053 kb) was amplified through high-fidelity Pfu and 
subcloned into Nco I-Sal I sites of pYJHA plasmid using 
the same restriction sites, with the resultant transient vec-
tor called pYJHA-GUS. An agrobacterial GV3101-medi-
ated infiltration of N.benthamiana leaves was performed 
as described previously. Leaves from control (GUS) and 
BnaNAC55 plants were fixed in 3.7 % paraformaldehyde 
in 1× PBS buffer and treated with DNase-free RNase A 
(30 µg/ml; Promega) and Proteinase K (20 µg/ml; Sigma-
Aldrich) for 5 min before the TUNEL assay according to the 
manufacturer’s manual (Promega). Tissue was then coun-
terstained with Vectashield and DAPI solution (Vector Labs, 
USA) for 5–10 min and examined with an FV1000MPE 
confocal microscopy (Olympus, Japan).

Transient expression assay in oilseed rape protoplasts

The expression cassettes of BnaNAC55 was released through 
a Sac I–Sph I restriction from the aforementioned pYJHA 
recombinant plasmid and subcloned into pUC19 plasmid, 
with the resultant plasmid called pUC19-BnaNAC55. The 
control plasmid pUC19-GFP was described previously 
(Wang et al. 2015). Protoplasts were isolated from leaves 
of 6 week old oilseed rape plants grown in a 12-h light/12-
h dark photoperiod with a relative humidity of 60–70 % 
according to the protocol for Arabidopsis mesophyll pro-
toplasts (Yoo et al. 2007). The protoplast concentration was 
quantified using a hemocytometer and a light microscope 
(DM750, Leica, Germany). A PEG4000-mediated transfor-
mation of protoplast suspension was performed with 20 µg 
of the expression plasmids isolated by a Plasmid DNA Maxi 
kit (CWBIO, China). After incubated for 18 h at 22 °C, 
GFP signal was observed under a fluorescent microscope 
(DM5000B, Leica). For cell death detection in protoplasts, 
transformed protoplasts were first cultivated for 18 h at 
22 °C, and then were incubated for 15 min in 0.05 % Evans 
blue solution (117 mM KCl, 82 mM MgCl2, and 85 mM 

NbPP2A, NbL23 and NbF-box were used as the reference 
genes (Liu et al. 2012). Two technical replicates for each 
biological replicate were run and the significance was deter-
mined using a t test in SPSS statistical software (p ≤ 0.05).

Subcellular localization and bimolecular fluorescence 
complementation (BiFC) assays

To examine the localization of BnaNAC55 in planta, the 
coding region was amplified using Pfu polymerase (Bioer, 
China) with primers listed in the Supplementary Table S1. 
After purification, PCR products were restricted and then 
fused upstream of GFP gene in the pYJGFP vector. Trans-
formed Agrobacterium tumefaciens GV3101 culture was 
resuspended in infiltration media before infiltration into 32 
d old leaves of N. benthamiana (Liang et al. 2013). 2 days 
later, leaf discs were observed of GFP under a confocal 
microscope (FV1000MPE, Olympus, Japan).

For BiFC, the coding region of BnaNAC55 was sub-
cloned into both 35S-SPYNE(R)173 and 35S-SPYCE(M) 
vectors (Waadt et al. 2008) before being introduced into A. 
tumefaciens strain GV3101 and coinfiltrated into 32 d old 
N. benthamiana leaves. The fluorescence of yellow fluores-
cence protein (YFP) in the lower epidermal cells of leaves 
was examined 3 d after infiltration on a Nikon A1 confocal 
microscope (Nikon, Japan).

Transient expression and physiological assays

The full-length coding region or different fragments of NAC 
genes were amplified by high-fidelity Pfu polymerase with 
primers listed in Supplementary Table S1. After digestion, 
the PCR products were inserted downstream of a double 
CaMV 35S promoter in the binary vectors pYJHA and/or 
pYJGFP, in which a hydrophobic peptide linker of VDGAP-
GGG exists between target proteins and HA or GFP tag. 
Coinfiltration of p19 and BnaNAC55 or fragments into the 
lower epidermal side of 30 day old leaves of N. benthami-
ana plants were performed as described previously (Sun et 
al. 2014). The control plasmid pCsGFPBT together with 
p19 was similarly infiltrated into the other halves of leaves. 
For each construct, 15 independent leaves of 5 independent 
plants (3 leaves per plant) were used for each time-point 
tested. After that, infiltrated plants were kept under normal 
growth condition. To quantify the degree of cell death, elec-
trolyte leakage was measured according to (Sun et al. 2014). 
Distribution of H2O2 was detected by 3,3′-diaminobenzi-
dine (DAB) staining according to the previously described 
protocol (Sun et al. 2014). Total chlorophyll was extracted 
in absolute ethanol in the dark at 4 °C. Relative chlorophyll 
levels were determined by fluorescence using a spectrom-
eter (Thermo Scientific, USA). Anthocyanin was extracted 
in methanol supplemented with 1 % HCl overnight at 4 °C 
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belongs. RT-PCR cloning and sequence analysis indicate 
that two slightly different alleles are obtained (Supplemen-
tary Fig. S1). The translated proteins from both alleles con-
tained 333 amino acids, which bore domains and motifs that 
were typical of NAC proteins (Fig. 1a). Further comparison 
of BnaNAC55 with Arabidopsis NAC genes demonstrated 
that it shows an identity of 82.5 and 82 % to ANAC055 at 
the nucleotide and amino acid residues levels, respectively. 
Moreover, the two alleles of BnaNAC55 show an identity of 

CaCl2) (Kaneda et al. 2009). Protoplasts were also subjected 
to fluorescein diacetate (FDA) staining by incubating for 
5 min in 0.01 % FDA solution in acetone. After washing, 
the survival rate of protoplasts was determined by counting 
multiple individual fields.

Promoter cloning and luciferase reporter assay

Young leaves of N. benthamiana seedlings were harvested 
for DNA isolation through the 2 % CTAB method (Niu et al. 
2014). Primers for amplification of promoter regions were 
designed through a BLAST search against the SOL Genom-
ics Network database (http://solgenomics.net/tools/blast) 
based on orthologous published sequences of Nicotiana 
tabacum and/or Arabidopsis. High-fidelity PCR amplifica-
tion was performed using PrimeSTAR HS DNA polymerase 
(TaKaRa, Japan). Primers were designed to amplify the 1 kb 
regions upstream of the translational start codon (ATG) and 
were listed in Supplementary Table S1. PCR products were 
purified, sequenced and fused upstream of firefly LUC gene 
in the pGreenII0800-LUC vector, in which renilla (REN) 
LUC under the control of the 35S promoter was the endog-
enous control. The effector plasmid is pYJHA-BnaNAC55 
and the control plasmid is pYJGFP. Dual LUC assay was 
performed as described previously. The binding ability of 
BnaNAC55 to various promoter regions was indicated by 
the ratio of LUC to REN. Triplicate transient assay mea-
surements were included for each pair.

Statistical analysis

All experiments were repeated three times (three biologi-
cal replicates). All data were statistically analyzed by using 
SPSS 16.0 software. The accession numbers of oilseed rape 
NAC55 genes in GenBank are KJ670121 and KJ670123, 
and promoter regions of N.benthamian genes reported in 
this study were deposited in the GenBank under the acces-
sion numbers KP747642–KP747651.

Results and discussion

Identification, cloning and analysis of NAC55 gene from 
oilseed rape

In a recent systematical study of NAC TF gene family in 
oilseed rape, we identified and cloned over 41 BnaNAC 
(Brassica napus NAC, to differentiate them from Brassica 
nigra) genes through mining the public expressed sequence 
tag (EST) database (Wang et al. 2015). We initiated to char-
acterize each BnaNAC gene in the context of stress and 
ROS signaling, especially those BnaNAC genes classified 
as SNACs (stress-responsive NACs) to which BnaNAC55 

Fig. 1 Domain organization, phylogenetic analysis and expres-
sion profiling of oilseed rape NAC55. a Schematic representation of 
BnaNAC55 protein. A highly conserved NAC domain is located at the 
N-terminal which is further divided into five conserved subdomains 
(a–e; shown in gray boxes). This region holds DNA-binding (DB) 
ability. The C-terminal region is more diverged and serves as a poten-
tial transcriptional regulatory (TR) domain. b Phylogenetic relation-
ship of BnaNAC55 with those from representative species. The tree 
was reconstructed with amino acid sequences through the MP method 
implemented in MEGA6.06 with BnaNAC55 indicated by a filled dia-
mond. The numbers on the nodes are percentages from a bootstrap 
analysis of 500 replicates. Gm, Glycine max; Hv, Hordeum vulgare; 
Os, Oryza sativa; Pp, Physcomitrella patents; Ptr, Populus tricho-
carpa; Ta, Triticum aestivum; Sl, Solanum lycopersicum; Sm, Selagi-
nella moellendorffi; Zm, Zea may; Ph, Petunia hybrida. Tt, Triticum 
turgidum. c qRT-PCR analysis of BnaNAC55 in response to various 
treatments. Data is the mean of three biological replicates ± SE. Aster-
isks denote significant differences (compared to 1) by Student t test 
analysis (*p ≤ 0.05; **p ≤ 0.01)
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data indicate that BnaNAC55 gene participates in transduc-
tion of multiple stresses, including abiotic, biotic stresses 
and hormone stimuli.

BnaNAC55 has transcriptional activation activity

To characterize the function of a NAC protein in oilseed rape, 
it is necessary to know its ability to activate or repress tran-
scription. To this end, we analyzed the ability of BnaNAC55 
TF to activate reporter genes LacZ, TRP1, LEU1 and ADE2 
in budding yeast (S. cerevisiae). Firstly, the coding region 
of BnaNAC55 gene was fused to the GAL4 DNA-binding 
domain to examine its ability to activate transcription from 
the GAL4 upstream activation sequence (UAS) and thereby 
promote yeast growth. The yeast cells transformed with the 
pGBKT7-BnaNAC55 plasmid or control plasmid pGBKT7 
grew well on SD-WL medium, while on SD-WLH medium 
supplemented with 5 mM 3-AT or on SD-LWHA, only 
yeast containing pGBKT7-BnaNAC55 plasmid could grow 
(Fig. 2a). X-Gal staining also indicated that another reporter 
gene LacZ was expressed. Therefore, BnaNAC55 protein 
has transcriptional activation activity, while the empty vec-
tor (EV) showed no transcriptional activation activity, as 
expected. A previous study with Arabidopsis ANAC055 
using a similar approach demonstrated that full-length 
ANAC055 has no transcriptional activation activity while 
its C-terminal regulatory domain has transactivation activity 
in yeast (Bu et al. 2008). We previously also observed this 
type of difference between oilseed rape and Arabidopsis in 
a few NAC orthologs (Wang et al. 2015).

The cis-DNA elements for several NAC proteins have 
been identified and it is known that NACs of SNAC subfam-
ily can bind to the NAC recognition site (NACRS) containing 
the core CATGTG motif (Puranik et al. 2012). We therefore 
investigated if BnaNAC55 and ANAC055 can bind to this 
element in dual LUC assay system. Triple tandem repeats of 
NACRS sequences were synthesized and inserted, together 
with the CaMV35S minimal promoter, upstream of firefly 
LUC gene (Supplementary Fig. S2A). The effector plasmids 
were pYJHA-NACs. The results showed that BnaNAC55 
showed significant transactivation activity at two time-points 
examined (Fig. 2b), while ANAC055 showed repressor 
activity (Supplementary Fig. S2B). This suggests differ-
ences in regulatory mechanism exist between oilseed rape 
and Arabidopsis orthologous genes, highlighting the neces-
sity of studying oilseed rape NAC genes directly, rather than 
making inferences about their functions.

BnaNAC55 localizes in nuclei and form homodimers

To investigate the subcellular localization of BnaNAC55 
protein, its coding region was fused upstream of GFP and 
expressed in leaves of N. benthamiana. We found that in 

98.2 and 98.8 % at the nucleotide and amino acid residues 
levels, respectively.

We further examined conserved domains and motifs 
within the BnaNAC55 protein. From this alignment (Sup-
plementary Fig. S1), it is clear that BnaNAC55 protein pos-
sesses a ca. 160 amino acid amino-terminal NAC domain, 
which is further divided into five highly conserved subdo-
mains (A–E) (Puranik et al. 2012). These five subdomains 
are interspersed by short and variable sequences. In sub-
domain D, there is a short sequence containing conserved 
basic amino acids, which is the nuclear localization signal 
(NLS) (Supplementary Fig. S1).

To examine the evolutionary relationships of oilseed rape 
NAC55, we constructed a phylogenetic tree using a MP algo-
rithm after performing an alignment of full-length amino 
acid sequences of NAC proteins from Arabidopsis, oilseed 
rape, rice, wheat, maize, soybean, poplar and other repre-
sentative species. It can be seen that the BnaNAC55 forms a 
unique subclade with homologs from Arabidopsis (Fig. 1b).

Expression of BnaNAC55 responds to multiple stress 
treatments

To elucidate the functions of BnaNAC55 in the context 
of abiotic, biotic and hormone stimuli, its expression pat-
tern was studied in response to a variety of stress condi-
tions using quantitative real-time PCR (qRT-PCR). The 
stress conditions applied to oilseed rape seedlings included 
abscisic acid (ABA), salicylic acid (SA), Paraquat [methyl 
viologen (MV)], high salinity (200 mM NaCl), dehydra-
tion (12.5 % PEG8000), jasmonic acid (JA), 1-aminocyclo-
propane-1-carboxylate (ACC), cold (4 °C), heat (37 °C), a 
necrotrophic fungal pathogen Sclerotinia sclerotiorum and 
its secreted virulence factor oxalic acid (OA). Among these 
stress treatments, ABA is a well-known stress hormone 
and MV is a herbicide triggering ROS burst. JA and SA 
are two known plant defense hormones, with JA mediat-
ing responses to necrotrophs and SA regulating responses 
to biotrophic pathogens and systemic acquired resistance. 
ACC was used to mock the effect of ethylene, which is 
an important hormone in many processes including fruit 
ripening and leaf senescence. We subjected oilseed rape 
seedlings to moderate stress treatments and measured the 
response at two time-points to better monitor the transcript 
changes of the investigated BnaNAC55 gene. Data of three 
independent biological replicates showed that expression of 
BnaNAC55 was significantly up-regulated by ABA and JA 
at the 1 h time-point, and by ACC, heat, and S. sclerotiorum 
treatments at the 24 h time-point (Fig. 1c). In contrast, cold 
treatment significantly down-regulated BnaNAC55 expres-
sion at both 1 and 24 h time-points. The other stress or hor-
mone treatments did not significantly change the expression 
of BnaNAC55 at the transcript level. Taken together, these 
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leaves led to (HR)-like symptom within 2 d after infiltration. 
HR is a common feature of plant immune responses and a 
type of PCD. Activation of cell death is one of the aspects of 
plant defense responses where ROS play a crucial role (Coll 
et al. 2011). Consequently, we initiated further experiments 
to investigate the potential connection between BnaNAC55 
and cell death signaling. In this regard, we performed 3, 
3′-diaminobenzidine (DAB) staining of the agroinfiltrated 
leaves and identified obvious staining, indicative of ROS 
accumulation (data not shown). To further explore the roles 
of BnaNAC55 gene in inducing ROS accumulation and cell 
death, we constructed the coding region, N-terminal NAC 
domain (BnaNAC55-∆C) or the C-terminal regulatory 
domain (BnaNAC55-∆N) of BnaNAC55 into another binary 
vector pYJHA individually under the control of CaMV 35S 
promoter (Fig. 3b). Then we performed individual agroin-
filtration into N. benthamiana leaves and evaluated the phe-
notype daily for a total of 7 d. Interestingly, expression of 
BnaNAC55 indeed caused pathogen-independent cell death 

leaf cells harboring the fusion proteins of BnaNAC55-GFP, 
GFP signals were present in the nucleus only (Fig. 2c), 
which is in agreement with its role as a TF. As a control, we 
also examined the subcellular localization of the GFP pro-
tein in leaf cells, and green signals were present obviously 
both in cytosol and nuclei (Fig. 2c).

Next, BiFC assay was employed to examine whether 
BnaNAC55 protein could form homodimers in plant cells. 
As a result, leaf cells expressing BnaNAC55, which was 
fused to both the N-terminal half and C-terminal half the 
YFP reporter gene, displayed strong yellow signals in nuclei 
(Fig. 2d), indicating that BnaNAC55 protein can interact 
with itself and form homodimers.

Expression of BnaNAC55 induces ROS accumulation 
and cell death

In the aforementioned GFP subcellular assay using N. ben-
thamiana, we noticed that expression of BnaNAC55 in 

Fig. 2 Analysis of transactivational activity, subcellular localization 
and interaction of BnaNAC55. a The yeast cells of strain AH109 har-
boring the indicated plasmids were grown on either the nonselective 
(SD-WL) or selective (SD-WLH + 5 mM 3-AT and SD-LWHA) media, 
followed by β-galactosidase assay (X-Gal staining). Decreasing cell 
densities in the dilution series are illustrated by narrowing triangles. 
EV represents empty pGBKT7 vector. b Effects of BnaNAC055 and 
GFP control on firefly LUC gene expression controlled by triple tandem 
repeats of NACRS element as revealed by dual LUC assay. Asterisks 
denote significant differences by Student t test analysis (**p ≤ 0.01). c 
Subcellular localization of BnaNAC55 protein in N. benthamiana cells 

using green fluorescence protein (GFP). The upper and lower panels 
represent BnaNAC55 and GFP alone, respectively. In each panel, the 
extreme left is GFP fluorescence, the middle bright field and the right 
an overlay of the two images as indicated on the top of the picture. Bar 
50 µm. d Bimolecular fluorescence complementation (BiFC) analysis 
of interactions between BnaNAC55 and BnaNAC55 in N. benthami-
ana leaf cells. The coding region of BnaNAC55 was fused to both the 
N- and C-terminal halves of YFP, respectively. The fluorescence of 
YFP was observed by confocal laser microscopy. The left panel is YFP 
fluorescence, the middle bright field and the right represents an overlay 
of the two images. Bar 50 µm
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truncated fragments were expressed in the respective leaf 
tissues after agroinfiltration (Supplementary Fig. S3). More-
over, we examined the electrolyte leakage of leaf discs taken 
from leaves expressing BnaNAC55 or its truncated versions 
and the GFP alone. The results showed that a significant 
increase in ion leakage was visible with leaf sites expressing 
BnaNAC55 at 2 dpi in contrast to that of leaves expressing 
either the N-terminal NAC domain or C-terminal regula-
tory domain and, the GFP gene alone (Fig. 3c), which fur-
ther demonstrates that HR-like cell death associated with 

compared with GFP vector control, beginning 2 days post-
infiltration (dpi) and proceeded as expected (Fig. 3a). How-
ever, expression of either the N-terminal NAC domain or 
C-terminal regulatory domain did not induce HR-like cell 
death. To examine the role of ROS, especially H2O2 dur-
ing cell death, we performed DAB staining and the results 
showed there was staining in sites expressing BnaNAC55 
beginning at 2 dpi and continued till 7 dpi, but not in sites 
expressing BnaNAC55-∆N, BnaNAC55-∆C or GFP con-
trol (Fig. 3a). Semi-quantitative RT-PCR and Western blot 
assays indicate that both GFP and BnaNAC55 as well its 

Fig. 3 Overexpression of BnaNAC55 induced pathogen-independent 
cell death in N. benthamiana leaves. a Symptoms of N. benthami-
ana leaf areas expressing BnaNAC55, its two truncated fragments or 
GFP control gene from 1 to 7 days post-infiltration (dpi). The left, 
middle and right panels represent the front, back sides and DAB stain-
ing, respectively. Leaves were infiltrated with agrobacterium carrying 
individual plasmids. b Schematic representation of domain structures 
of BnaNAC55 protein. The DNA-binding NAC domain (open boxes) 
is located at the N-terminal region and the transcriptional regulatory 
domain is located at the C-terminal region. The numbers of total amino 

acid (AA) residues of full-length protein or truncated fragments are 
shown at the right side of each structure. Numbers at the bottom row 
indicate residue positions. c Measurement of electrolyte leakage in leaf 
discs expressing BnaNAC55, its truncated versions and GFP at 2, 4, 
6 and 7 dpi. d Quantification of MDA contents in leaf discs express-
ing BnaNAC55, its truncated versions and GFP at 1, 2, 3, 5 and 7 dpi. 
Values represent the means of three independent assays for each time-
point ± SE. Asterisks denote significant differences by Student t test 
analysis (**p ≤ 0.01)
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symptom of HR-like cell death (data not shown). At either 
1 or 2 dpi, we did not observe obvious signal of FITC in 
leaf tissues expressing BnaNAC55 (Supplementary Fig. 
S4). Beginning at 3 dpi, leaf discs expressing full-length 
BnaNAC55 exhibited strong fluorescent signals of fluores-
cein in the epidermal nuclei based on confocal microscopy, 

hydrogen peroxide production is triggered by expression of 
BnaNAC55.

Considering that intracellular ROS accumulation could 
cause lipid peroxidation, which damages cell membranes 
and therefore the cells, we therefore monitored the content 
of MDA formed by the decomposition of polyunsaturated 
fatty acids. The data showed that in leaf discs expressing the 
full-length BnaNAC55, the MDA concentration was signifi-
cantly higher than that in the GFP control at 2, 3, 5 and 7 
dpi (Fig. 3d), although the difference was insignificant at 1 
dpi. This further indicates that the aforementioned cell death 
is associated with ROS-induced cell membrane breakage.

To further confirm the accumulation of H2O2, we mea-
sured the content of it using an improved protocol. We 
observed significantly higher content of H2O2 in leaf discs 
expressing BnaNAC55 than that of GFP, beginning at 3 dpi 
and lasting till 7 dpi tested (Fig. 4a). We then examined the 
concentration of chlorophyll and anthocyanins in leaf discs 
expressing different genes or fragments. Anthocyanins are 
present in a wide range of plant species and are responsible 
for the purple coloration of plant parts. Anthocyanins are 
also important antioxidants and can help protect plants from 
damage by ROS (Nagata et al. 2003). The results showed 
that in leaf discs expressing BnaNAC55, the concentration 
of chlorophyll decreased significantly compared to GFP 
control or the two truncated versions at the three time-points 
(Fig. 4b). In addition, this decrease in total chlorophyll in 
leaf tissues expressing BnaNAC55 proceeded as the symp-
toms developed more seriously, although a slight decrease 
in the control leaf tissues was also observed, possibly as 
result of agrobacterium infiltration. We also quantified the 
anthocyanin concentration in different leaf tissues and the 
results showed that expressing BnaNAC55 significantly 
increased anthocyanin accumulation (Fig. 4c).

Because chromatin condensation and DNA fragmen-
tation occur in naturally senescent tissues or during cell 
death, we further examined the change in nuclear DNA in 
leaf discs expressing BnaNAC55, its truncated fragments or 
GFP. The results showed that nuclear DNA extracted from 
leaf discs expressing full-length BnaNAC55 showed frag-
mentation with an obvious smear of shorter DNA fragments 
in the agarose gel, whereas DNA from tissues expressing 
the GFP gene alone, or the N-terminal or C-terminal half of 
BnaNAC55 did not (Fig. 4d).

Next, we examined nuclear DNA fragmentation as a 
hallmark of cell death in leaf cells using the TUNEL assay, 
which detects single- and double-strand DNA breaks by 
addition of fluorescent dUTP to free 3′ DNA termini (Kang 
et al. 2012). For this assay, β-glucuronidase (GUS) gene 
was used as the control, because the excitation wavelength 
(488 nm) of GFP and fluorescein (FITC) overlaps and so 
GFP interferes with TUNEL assay (data not shown). We 
also confirmed that expression of GUS did not cause any 

Fig. 4 Quantitative analysis of physiological indexes in N. ben-
thamiana leaves expressing BnaNAC55 and DNA ladder assay. a 
Quantification of hydrogen peroxide contents in leaf discs express-
ing BnaNAC55 and GFP at various time-points. b Quantification of 
chlorophyll contents in leaf discs expressing BnaNAC55, its truncated 
versions and GFP at 3, 5 and 7 dpi. c Quantification of anthocyanin 
accumulation in leaf tissues expressing BnaNAC55 or GFP genes. 
Values represent the means of three independent assays for each time-
point ± SE. Identical and different letters represent non-and significant 
differences (p ≤ 0.05). d DNA ladder assay of cell death induced by 
expression of BnaNAC55 gene. Genomic DNA was extracted from 
leaf discs expressing full-length, N- or C-terminal BnaNAC55 gene 
or GFP gene (control) at specified time points. Lanes 1–5 represent 
10 µg of genomic DNA extracted from leaf discs at 3, 4, 5, 6 and 7 
dpi, respectively. After electrophoresis, DNA was visualized with EB 
staining. M is the commercial 1 kb DNA marker
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GFP (control) and BnaNAC55 under the control of a con-
stitutive CaMV35S promoter into the pUC19 backbone. 
Secondly, we introduced the two expression vectors into 
protoplasts prepared from wild-type oilseed rape leaves, and 
then examined cell death using Evans blue dye, a marker of 
PM integrity (Kaneda et al. 2009). As expected, we identi-
fied that in protoplasts transformed with BnaNAC55 plas-
mids, a portion of protoplasts displayed PM shrinkage and 
loss of PM integrity (Fig. 6a). As a result, the dead proto-
plasts accumulated the dye, whereas in protoplasts express-
ing the GFP gene alone, all protoplasts excluded the dye 
(Fig. 6a). In addition, the transformed protoplasts were sep-
arately stained in FDA solution and intact protoplasts could 
be stained, while dead ones were not (Fig. 6b). Overall, the 

suggesting single- or double-stranded DNA breaks in the 
nuclei (Fig. 5a, c). The signal was not detectable in con-
trol leaf cells expressing GUS gene (Fig. 5b, d). Overall, 
both the DNA ladder and TUNEL assays support that there 
was internucleosomal degradation of genomic DNA in 
BnaNAC55-expressing leaf tissues undergoing cell death.

BnaNAC55 expression also induces cell death in oilseed 
rape protoplasts

To confirm that BnaNAC55 induced HR-like cell death in 
oilseed rape, we used a transient assay system in oilseed 
rape protoplasts. Firstly, we constructed two transient 
expression plasmids by introducing expression cassettes of 

Fig. 5 Confocal images of the 
TUNEL assay. a, c Images of 
leaves of BnaNAC55 plants 
at 3 and 5 dpi, respectively. 
b, d Images of leaves of 
GUS control at 3 dpi and 5 
dpi, respectively. FITC is the 
fluorescein channel and DAPI 
staining indicates nuclei with an 
overlay at the rightmost. Scale 
bars 20 µm
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NAC domains, while the C-termini are quite divergent 
(Supplementary Fig. S1). Overexpression of NbNAC55 
showed enhanced ROS accumulation and cell death, which 
is supported by DAB staining and increased relative con-
ductivities, compared to the GFP control (Supplementary 
Fig. S6A and B). To investigate if silencing of NbNAC55 
has an opposite effect, we employed virus-induced gene 
silencing technique (Supplementary methods) and gene-
specific fragments were used to construct the silencing 
plasmids. A qRT-PCR assay confirmed that transcript level 
of NbNAC55 was decreased by 65 and 70 % at 15 and 20 
dpi, respectively (Supplementary Fig. S6C). Scoring of 
ROS- and cell death-related phenotype showed that there 
is no significant difference between the newly emerged true 
leaves infiltrated with pTRV2-NbNAC55 or pTRV2-GUS at 
both 15 and 20 dpi (Supplementary Fig. S6C), which may 
be explained by the functional redundancy between NAC 
genes in N. benthamiana.

BnaNAC55 modulates ROS and defense-related gene 
transcription

Our data presented above showed that ROS accumulation and 
cell death are correlated with expression of BnaNAC55 gene. 
To determine how BnaNAC55 modulates these two processes, 
we first employed qRT-PCR to examine the expression of an 

death rate in protoplasts of oilseed rape transformed with 
BnaNAC55 plasmids was 16 %, while that in GFP control 
was almost undetectable (Fig. 6c).

NbNAC55 but not ANAC055 showed a similar function 
to BnaNAC55 in inducing ROS accumulation and cell 
death

To further compare the functions of BnaNAC55 and 
ANAC055, we also analyzed if ANAC055 has a similar 
role in inducing ROS accumulation and cell death, and the 
results showed that expression of ANAC055 in leaves of N. 
benthamiana did not have significant change compared to 
the GFP control (Supplementary Fig. S5A). A similar mea-
surement of relative conductivities at three time-points also 
supports this (Supplementary Fig. S5B). Examination of the 
ANAC055 and GFP protein expression in leaf discs showed 
expected results (Supplementary Fig. S5C). These evidences 
support our previous conclusion that role of BnaNAC55 in 
modulating ROS accumulation and cell death is different 
from its Arabidopsis counterpart.

Similarly, we mined the sequenced draft genome of 
N.benthamiana and cloned the cDNA sequence of a puta-
tive ortholog of BnaNAC55, which is named as NbNAC55. 
Sequence analysis demonstrated that amino acid sequence of 
NbNAC55 is highly similar to BnaNAC55 at the N-terminal 

Fig. 6 Expression of BnaNAC55 gene in oilseed rape protoplasts 
induced cell death. a Detection of cell death through Evans blue stain-
ing. Protoplasts were transfected with the pUC19-BnaNAC55 and 
pUC19-GFP (control) plasmids, respectively. After 18 h, viability of 
protoplasts was assayed with Evans blue staining. Red arrow indicates 
a dead protoplast. Chlorophyll means auto-fluorescence of chloro-
plasts with red circle representing the site of a dark dead protoplast. b 

Detection of cell viability through FDA staining. Red arrow indicates a 
dead protoplast and red circle represents the site of a dead protoplast. c 
Percentages of dead protoplasts transfected with pUC19-GFP (control) 
or pUC19-BnaNAC55 plasmids. 18 h after transfection, dead proto-
plasts were scored using a light microscope. The values with error 
bars were mean values of three independent assays ± SE
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(Apel and Hirt 2004) as well as alternative oxidase (AOX) low-
ering mitochondrial ROS production in plant cells (Maxwell 
et al. 1999). The results demonstrated that transcript levels of 
NbAOX1a, NbCAT3, NbGPX2, NbGR2, NbGST and NbSOD 
were most prominently increased with an average of two to 
over thirty fold higher in leaf discs expressing BnaNAC55 
compared to the GFP control (Fig. 7a). The expression level of 
NbAPX1 gene was slightly increased as a result of BnaNAC55 
expression. In addition, this increase in gene induction was 
observed at either 2 or 3 dpi or both time-points. We therefore 
propose that the up-regulation of the activities of ROS-scav-
enging enzymes could help protect plants against oxidative 

array of downstream marker genes. ROS are produced via 
diverse biosynthetic pathways, the most prominent of which 
is the NOX (Rboh)-mediated pathway. Previous study has 
demonstrated that NbRbohA and NbRbohB, the orthologs of 
Arabidopsis RbohF and RbohD, respectively, mediate H2O2 
accumulation (Yoshioka et al. 2003). qRT-PCR assays of 
three biological replicates showed that the transcript levels of 
NbRbohA and NbRbohB were approximately twofold higher in 
leaf discs expressing BnaNAC55 than that in the GFP control 
(Fig. 7a). Next we examined the transcript changes of a vari-
ety of genes encoding antioxidant metabolic enzymes, such as 
APX, CAT, GPX, GST, glutathione reductase (GR) and (SOD) 

Fig. 7 qRT-PCR analysis 
of changes at the transcript 
levels of ROS- and defense-
related marker genes. a, b 
Real-time quantitative RT-PCR 
analyses were performed to 
determine transcript levels of 
marker genes in control and 
BnaNAC55 leaves at 2 and 3 
dpi. Each value represents the 
mean ± SE of three biological 
replicates. The PP2A, L23 and 
F-box mRNA levels were used 
as the endogenous control. 
Asterisks denote significant 
differences (compared to 
1) by Student t test analysis 
(*p ≤ 0.05; **p ≤ 0.01)
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homologs of Arabidopsis senescence-associated gene (SAG) 
12, SAG101, NAP/ANAC029 (Guo and Gan 2006), WRKY53 
(Miao et al. 2004) and ZAT12 (Davletova et al. 2005). We 
found that expression of NbSAG101 and NbNAP increased 
significantly as a result of BnaNAC55 expression at one or 
two time-points tested, and that expression of NbSAG12 was 
also increased at 3 dpi. The most prominent change occurs 
to NbZAT12, whose transcript level was induced by over 
50-folds at both 2 and 3 dpi. In Arabidopsis, the zinc-finger 
TF ZAT12 plays a central role in reactive oxygen and abiotic 
stress signaling (Rizhsky et al. 2004; Davletova et al. 2005). 
However, the transcript abundance of NbWRKY53 did not 
show any significant change (Fig. 7b).

The next question is whether BnaNAC55 directly regu-
lates the transcription of the above marker genes. Since 
BnaNAC55 is a transcriptional activator, we are interested 
in characterizing those genes that are up-regulated as a result 
of BnaNAC55 expression. Therefore, we first used PCR to 
clone the ca. 1 kb upstream regions (relative to the trans-
lational start codon ATG, containing promoter and 5′UTR) 
of each up-regulated genes using high-fidelity polymerase. 
We succeeded in cloning the upstream regions of NbRbohB, 
NbAOX1a, NbGPX2, NbGST, NbSOD, NbCYP76C2, 
NbHIN1, NbPR2, NbNAP and NbZAT12 genes, but failed to 
clone those of NbRbohA and NbCAT3 gene. Next, we per-
formed a transcriptional fusion of these promoter regions to 
the upstream regions to the firefly LUC gene (Fig. 8a). The 
different combinations of reporter vectors and an effector 
vector pYJHA-BnaNAC55 were individually co-infiltrated 
into the leaf epidermis of N. benthamiana. Another effector 
vector, pCsGFPBT, was used as the negative control. The 
renilla (REN) LUC driven by the constitutive CaMV 35S 
promoter was included to monitor transformation efficiency 
(Hellens et al. 2005). To better monitor the transcriptional 
regulation, two time-points (2 and 3 dpi) after agroinfiltra-
tion were included in this assay. The results demonstrated 
that co-infiltration of the pYJHA-BnaNAC55 and pProNbA-
OX1a-LUC vectors activated LUC reporter gene expression 
by 6.4 and 2.8 folds at the 2 and 3 dpi, respectively, com-
pared with the GFP control (Fig. 8b). Similarly, the ability of 
upstream region of NbHIN1 to activate LUC expression was 
increased by BnaNAC55 to 18.9 and 15.2 folds at the 2 and 3 
dpi, respectively (Fig. 8c). Besides, a significant increase in 
LUC activity was also observed with the promoter regions of 
NbPR2, NbCYP76C2 and NbZAT12 genes (Fig. 8d–f). These 
observations demonstrate that the BnaNAC55 TF could acti-
vate transcription of LUC reporter gene driven by the pro-
moters of NbAOX1a, NbHIN1, NbPR2, NbCYP76C2 and 
NbZAT12 in planta. In contrast, co-infiltration of the reporter 
vector pYJHA-BnaNAC55 with either pProNbRbohB-LUC, 
pProNbGST-LUC, ProNbPR5-LUC, pProNbSOD-LUC, 
pProNbNAP-LUC or pProNbGPX2-LUC vectors did not 
significantly influence the LUC reporter gene expression 

damage due to ROS accumulation. However, the transcription 
of NbAXP4, NbtAPX and NbCAT1 was slightly down-regu-
lated or did not show any significant change, suggesting that 
these three genes may not act downstream of BnaNAC55 TF. 
Thirdly, the transcript levels of plant-specific genes encoding 
enzymes functioning as executors of cell death, such as VPEs 
(Hatsugai et al. 2004; Hara-Nishimura et al. 2005) were also 
investigated. Besides, two metacaspase genes MC4 and MC8 
(also known as MCP2d and MCP2e, respectively), encod-
ing cysteine proteases structurally related to animal caspases, 
were also included in our analysis. In Arabidopsis, MC4 is the 
predominant and constitutively expressed member of type II 
metacaspases and plays a positive regulatory role in biotic and 
abiotic stress-induced PCD (Vercammen et al. 2004; Wata-
nabe and Lam 2011), while MC8 modulates PCD induced by 
ultraviolet light and H2O2 (He et al. 2008). Our results demon-
strated that transcript levels of none of the five genes showed 
significant induction at either 2 or 3 dpi (Fig. 7a). Instead, the 
transcript abundance of NbMC4 gene was slightly decreased in 
leaf discs undergoing cell death. These data suggest that these 
protease-encoding genes are not directly related to BnaNAC55-
mediated cell death.

Considering the facts that accumulation of ROS is 
involved in plant defense response and HR-like cell death is 
a common feature of defense response (Heller and Tudzyn-
ski 2011), we further examined the expression of a set of 
genes implicated in plant defense response and marker genes 
of HR-like cell death. These include pathogenesis-related 
(PR)2, PR5, Harpin inducing (HIN)1, and cysteine protease 
(CP)23 genes, which are all highly induced during HR-like 
cell death (Pontier et al. 1999). A cytochrome P450 gene, 
CYP76C2, whose expression was shown to be induced dur-
ing hypersensitive and developmental cell death (Godiard et 
al. 1998), was also included in the assay. Moreover, PHY-
TOALEXIN DEFICIENT4 (PAD4), encoding a lipase-like 
enzyme that is important for SA signaling and functions in 
resistance (R) gene-mediated basal plant disease resistance 
(Vogelmann et al. 2012), was assayed together. The results 
showed that, among these genes, only CYP76C2, NbHIN1, 
NbPR2 and NbPR5 genes were transcriptionally induced in 
BnaNAC55-expressing leaf discs at one or two time-points 
(Fig. 7b). Expression of NbCP23 was slightly repressed or 
did not show significant change at the 2 and 3 dpi, respec-
tively. Furthermore, three marker genes that are rapidly and 
transiently up-regulated upon pathogen-associated molecu-
lar pattern (PAMP) treatment in N. benthamiana, namely 
NbACRE31, NbACRE132 and NbCYP71D20 (Heese et al. 
2007) were examined. qRT-PCR data showed that transcript 
abundance of NbACRE31 and NbCYP71D20 were induced by 
BnaNAC55 expression at 2 and/or 3 dpi (Fig. 7b). However, 
no significant change was observed with NbACRE132. Lastly, 
expression of a subset of marker genes of leaf senescence and 
ROS-induced cell death was also monitored. These include 
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Conclusion

NAC TFs are plant-specific and play important roles in 
plant development, abiotic stress and defense responses 
(Nakashima et al. 2012; Puranik et al. 2012). Over the past 
decade or longer, studies have indicated that ROS, such as 
hydrogen peroxide, are not only toxic by-products of aero-
bic metabolism with cellular levels strictly controlled, but 
they also function as signaling agents regulating many bio-
logical processes including stress adaptation and PCD in 
plants (Apel and Hirt 2004; De Pinto et al. 2012). However 
whether and how NAC TFs trigger ROS burst and cell death 
remain elusive.

In the present study, we described the functional char-
acterization of NAC55 TF gene isolated from oilseed rape, 
one of the most important oil crops in China and world-
wide. BnNAC55 responded to multiple stress and hormone 
treatments as well as caused ROS accumulation and cell 
death in N. benthamiana leaves. The expression profil-
ing data suggested that NAC55 TF may participate in the 
cross-talk of different signaling pathways under abiotic and 
biotic stress conditions (Fig. 1). Moreover, we found that 
there was a difference in transcriptional activity and func-
tion of orthologous NAC genes between oilseed rape and 
Arabidopsis as ANAC055 was found to function as a tran-
scriptional repressor while BnaNAC55 is a transcriptional 
activator (Fig. 2), which highlights the limitations of apply-
ing conclusions from Arabidopsis to oilseed rape. More 
importantly, we identified BnaNAC55 as a novel regulator 
of ROS level and cell death in leaves of N. benthamiana 
(Fig. 3). In addition, quantification of physiological indexes 
indicated that BnaNAC55 expression led to accumula-
tion of H2O2, degradation of chlorophyll, accumulation of 
anthocyanins (Fig. 4). Besides, an increase in MDA content 
supports that BnaNAC55 expression indeed induced lipid 
peroxidation as a result of ROS accumulation. Further, 
the role of BnaNAC55 in inducing PCD was confirmed 
by nuclear DNA fragmentation (Fig. 5). The function of 
BnaNAC55 in inducing cell death was also confirmed 
with oilseed rape protoplasts (Fig. 6), since oilseed rape 
leaves are recalcitrant to agroinfiltration. A bioinformatic 
analysis and literature search indicated that BnaNAC55 is a 
novel gene modulating ROS accumulation and HR-like cell 
death in plants, as difference in the context of ROS and cell 
death exists between BnaNAC55 and ANAC055. We fur-
ther monitored the expression of a variety of marker genes 
encoding ROS-producing and ROS-scavenging enzymes 
as well as proteins mediating plant defense or senescence 
and, detected significant changes with quite a few genes 
(Fig. 7). Lastly, the role of BnaNAC55 on activating the 
promoter activities of five genes encoding a ROS-scaveng-
ing enzyme or mediating defense response was confirmed 
through a dual LUC system in planta. Taken together, our 

(Fig. 8g, h, data not shown), which suggests that BnaNAC55 
is not directly related to those gene expression and other 
unknown factors may participate in the activation of those 
gene transcription.

Fig. 8 BnaNAC55 activates the transcription of multiple ROS- and 
defense-related marker genes in a dual luciferase (LUC) assay. a 
Schematic representation of the double-reporter and effector plas-
mids used in the dual LUC assay. The double-reporter plasmid con-
tains the respective promoter regions fused to LUC and Renilla (REN) 
luciferase driven by CaMV35S. The effector plasmid contains the 
BnaNAC55 driven by the CaMV35S. b–h BnaNAC55 activates the 
promoter regions of respective genes in N.benthamiana leaves. The 
ability of BnaNAC55 TF to activate the reporter LUC gene was indi-
cated by the ratio of LUC to REN. Error bars indicate the SE of three 
biological replicates. Asterisks denote significant differences by Stu-
dent t test analysis (*p ≤ 0.05; **p ≤ 0.01)
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