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resistance in tobacco as a protein elicitor
Bo Wei Yan2,3,4,5†, Wen Zhi Liu1†, Wen Qing Yu1,2*  , Peng Li2, Chang Jiang Zhao3, Feng Chao Yan2, 
Gui Jiang Wang5, Li Guo Zhang5, Hong Ping Xie1 and Zu Ming Qiu1 

Abstract 

Background:  The antitoxin EndoAI is a TA system component that directly inhibits EndoA activity in vitro. The tar-
geted activation of a TA system represents a potentially novel antimicrobial or antiviral strategy. However, whether the 
antitoxin functions alone and can induce plant disease resistance remain unknown.

Results:  An endoAI was previously identified in the genome of Paenibacillus terrae NK3-4. It underwent a bioinfor-
matics analysis, cloned and expressed in Escherichia coli. Then the functions of EndoAI inducing plant resistance to 
diseases as an elicitor were evaluated. The results showed that, EndoAI is a stable, alkaline, and hydrophilic protein, 
with a J-shaped three-dimensional structure in the absence of a ligand. It was clustered on the same branch with an 
antitoxin from Paenibacillus polymyxa SC2. Ectopically expressed EndoAI triggered a reactive oxygen species burst and 
a positive hypersensitive response (HR) in tobacco leaves. Moreover, 2 μmol EndoAI induced HR activity in tomato leaf, 
and it remained active after a 15-min exposure at 4–50 °C, and pH 6–8. Additionally, EndoAI induced plant systemic 
resistance against Alternaria alternata and tobacco mosaic virus, and the up-regulated transcription of PR genes, 
including PR1a, PR1b, PR5, PDF1.2, COL1, NPR1, and PAL.

Conclusions:  These results imply that EndoAI may enhance the disease resistance of tobacco by promoting a series 
of early defense responses and up-regulating PR gene expression. These findings are relevant for future investigations 
on the mechanism underlying the EndoAI–plant interaction that leads to enhanced disease resistance. Furthermore, 
the endoAI may be useful for developing effective biocontrol agents to protect plants from diseases.

Keywords:  Antitoxin, Elicitor, Hypersensitive response, Reactive oxygen species, Induced systemic resistance, 
Pathogenesis-related gene
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Introduction
Toxin–antitoxin (TA) systems are encoded in the plas-
mids and chromosomes of bacteria and archaea. Tox-
ins and antitoxins are co-expressed to form a stable 
complex. Chromosomally encoded TA systems help 
regulate cell growth, thereby allowing cells to adapt to 
various environmental stresses [1, 2]. Some antitoxins 
bind to homologous toxin molecules to protect cellu-
lar targets, but also contain a DNA-binding domain, 
which enables them to bind to promoters near TA 
operons, typically as TA complexes [3, 4]. The TA sys-
tems have been classified into five groups (types I–V) 
[5], of which the type II TA system, in which antitox-
ins inhibit toxin functions via protein–protein inter-
actions, has been the most extensively studied. The 
MazE–MazF complex is one of the most thoroughly 
characterized type II TA systems [6, 7]. Four MazE–
MazF complexes in Mycobacterium tuberculosis arrest 
cell growth when expressed in Escherichia coli [8], 
whereas another four reportedly cleave mRNAs, some 
of which encode proteins associated with M. tuberculo-
sis immunity and pathogenesis [9]. In addition to path-
ogens, MazE–MazF complexes have been identified in 

non-pathogenic microorganisms, including Bacillus 
subtilis [10].

The antitoxin EndoAI (toxin MazF complexed with the 
cognate antitoxin MazE in B. subtilis), which is a TA sys-
tem component, directly inhibits EndoA activity in vitro 
[11, 12]. The targeted activation of a TA system, resulting 
in the release of free toxin proteins in response to patho-
gens, including viruses, represents a potentially novel 
antimicrobial or antiviral strategy [13]. Whether anti-
toxin functions alone can induce plant disease resistance 
remains unknown.

A gene encoding EndoAI was identified in the genome 
of Paenibacillus terrae NK3-4. NK3-4 was recently stud-
ied as a potential biocontrol bacterium useful for pro-
tecting plants from diseases [14]. However, there are no 
reports describing the functions of EndoAI in Paeniba-
cillus strains, and it is unclear whether EndoAI contrib-
utes to the biocontrol effects of Paenibacillus species. 
The objectives of this study were to clone the endoAI in 
the P. terrae NK3-4 genome for the subsequent expres-
sion in Escherichia coli cells and to determine whether 
EndoAI functions as an elicitor to induce plant systemic 
resistance. The results presented herein may be useful for 
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clarifying the mechanism by which Paenibacillus strains, 
including NK3-4, induce plant systemic resistance to dis-
eases as well as the potential utility of EndoAI for con-
trolling plant diseases.

Materials and methods
Materials
Nicotiana tabacum L. cv. Samsun NN and Nicotiana 
benthamiana LAB (susceptible tobacco phenotype to 
TMV) plants were cultivated in a phytotron with a 12-h 
light (25  °C)/12-h dark (18  °C) cycle for 6  weeks. Addi-
tionally, N. tabacum cells were cultured in Murashige 
and Skoog medium (4.2 g L−1) supplemented with 0.2% 
KH2PO4, 100 mg mL−1 inositol, 3% sucrose, 0.2 mg mL−1 
2,4-dichlorophenoxyacetic acid, and 1  mg L−1 VB1 (pH 
5.2) at 25 °C (150 rpm) in darkness for 7 days.

Paenibacillus terrae NK3-4 harboring the EndoAI 
gene was maintained in our laboratory. It was cultured 
in potato dextrose broth at 28 °C (180 rpm) in darkness 
for 24 h, after which genomic DNA was extracted from 
the bacterial cells. Tobacco mosaic virus (TMV-GFP) 
and Alternaria alternata, which is a fungal pathogen of 
tobacco, were maintained in our laboratory. The pET28a 
plasmid used for protein expression was kept in our labo-
ratory, whereas competent E. coli Trans1-T1 and BL21 
cells were purchased from TransGen Biotech Co., Ltd. 
(Beijing, China).

Bioinformatics analysis of endoAI
The endoAI sequence was obtained by sequencing the P. 
terrae NK3-4 genome. The physicochemical properties of 
the encoded EndoAI, including the molecular weight and 
isoelectric point (pI), were determined using the ExPASy 
Proteomics Server (https://​web.​expasy.​org/​protp​aram/). 
The conserved domain was identified by analyzing the 
amino acid sequence using the NCBI BLASTp tools. 
The protein secondary structure was analyzed with the 
SOPMA online software (https://​npsa-​prabi.​ibcp.​fr/​cgi-​
bin/​npsa_​autom​at.​pl?​page=​npsa_​sopma.​htmL), whereas 
the three-dimensional (3D) structure was predicted 
using the SWISS-MODEL online tool (https://​www.​swiss​
model.​expasy.​org/). The amino acid sequence was aligned 
to sequences in the UniProt database (https://​www.​unipr​
ot.​org/) using the BLAST tool. Additionally, a phyloge-
netic tree was constructed based on protein sequences 
highly homologous to EndoAI using the neighbor-joining 
method of the MEGA X program.

Cloning and expression of endoAI
Genomic DNA was isolated from P. terrae NK3-4 using 
a Bacterial Genomic DNA Extraction kit (Beijing Solar-
bio Technology Co., Ltd., Beijing, China), and the DNA 
quality was examined using a ultra-micro ultraviolet 

spectrophotometer (NanoDrop one, Thermo Fisher 
Scientific, Waltham, Massachusetts, USA), according to 
the method described in our previously published arti-
cle [15]. The full-length EndoAI coding gene sequence 
was amplified by PCR using the following gene-specific 
primers (Fig.  1), which included BamHI (GGA​TCC​
) and XhoI (CTC​GAG​) restriction sites and protec-
tive bases. The PCR amplification was completed in 
a 50-μL solution comprising 25 μL 2 × HiFiMix I, 20 
μL ddH2O, 2 μL DNA template, and 1 μL each primer 
(10  μM). The PCR program was as follows: 95  °C for 
5 min; 35 cycles of 95 °C for 30 s, 60.4 °C for 40 s, and 
72  °C for 1.5 min; 72  °C for 10 min. The PCR product 
was maintained at 4 °C until it was analyzed by agarose 
gel electrophoresis.

Purification of the PCR product
The PCR product was purified from the agarose gel 
using the QIAquick Gel Extraction Kit (Qiagen, Frank-
furt, Germany). The quality and concentration of the 
recovered DNA were determined, after which the DNA 
was stored at − 20 °C.

Insertion of endoAI into the pET28a vector
The EndoAI gene and the pET28a vector were separately 
digested with BamHI and XhoI in 50-μL solutions con-
sisting of 43 μL EndoAI gene (approximately 50  ng) or 
pET28a vector (approximately 300  ng), 2 μL BamHI 
and XhoI (1 U each), and 5 μL 10 × CutSmart buffer. 
The samples were digested at 37  °C for 2 h, after which 
the digested products were analyzed by 1% agarose gel 
electrophoresis and purified using the QIAquick Gel 
Extraction Kit (Qiagen). The digested pET28a vector and 
EndoAI gene were ligated in a 10-μL solution containing 
3.5 μL pET28a (100  ng), 3.5 μL EndoAI gene (17  ng), 2 
μL 5 × ligase buffer, and 1 μL T4 ligase (1 U). The ligation 
was completed during a 10-min incubation at 25 °C.

Fig. 1  Information of EndoAI gene and primers. Full length of EndoAI 
gene (in square frame), primers with recognized bases and restriction 
sites of BamHI and XhoI, as well as protective bases (bold letters) are 
shown

https://web.expasy.org/protparam/
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.htmL
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.htmL
https://www.swissmodel.expasy.org/
https://www.swissmodel.expasy.org/
https://www.uniprot.org/
https://www.uniprot.org/
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Transformation of competent E. coli Trans1‑T1 cells 
with the pET28a‑endoAI recombinant plasmid
A 10-μL aliquot of the ligation product (pET28a-endoAI) 
was added to competent E. coli Trans1-T1 cells (100 μL) 
on ice. The cells were incubated on ice for 30 min, after 
which they were heated at 42 °C for 45 s and then main-
tained in an ice bath for 2 min. Next, 200 μL LB medium 
was added to the cells, which were incubated at 37  °C 
(200 rpm) for 1 h. The cell suspension was spread onto LB 
agar medium containing kanamycin (1  mg L−1) in Petri 
plates, which were incubated overnight at 37 °C. Colonies 
were randomly selected for colony PCR to identify posi-
tive clones. The PCR product was sequenced to confirm 
the cells were transformed with pET28a-endoAI and to 
verify that the EndoAI sequence was accurate. The cells 
were used to inoculate LB medium containing kanamy-
cin (1 mg L−1). The pET28a-endoAI recombinant plasmid 
was extracted from the bacterial culture using the Easy-
Pure® Plasmid MiniPrep Kit (Beijing Quansi Gold Bio-
technology Co. Ltd., Beijing, China) for the subsequent 
transformation of competent E. coli BL21 cells.

Transformation of E. coli BL21 cells and heterologous 
expression of endoAI
Competent E. coli BL21 cells were transformed and posi-
tive clones were selected and analyzed as described for 
the E. coli Trans1-T1 cells. The correctly transformed 
E. coli BL21 cells were used to inoculate LB medium, 
which was then incubated at 37  °C (200  rpm) for 4  h 
or until the optical density at 595  nm (OD595) of the 
bacterial culture reached 0.6–0.8. To induce endoAI 
expression, 0.1 mM (final concentration) isopropyl β-D-
1-thiogalactopyranoside (IPTG) was added to the cul-
ture, which was then incubated at 25 °C for 18 h. Cultures 
comprising E. coli BL21 cells transformed with pET28a 
alone and induced with IPTG and E. coli BL21 cells trans-
formed with pET28a-EndoAI but not induced with IPTG 
were used as controls.

Purification of the expressed product
To purify the recombinant EndoAI, the transformed 
E. coli BL21 cells were harvested by centrifugation at 
12,000g for 5 min at 4  °C, after which the cells were re-
suspended in buffer (50  mM Tris–HCl and 200  mM 
NaCl, pH 7.5) and then disrupted ultrasonically. This 
step was repeated twice. The lysed cells were centrifuged 
at 12,000g for 30 min at 4 °C and the protein-containing 
supernatant was collected and analyzed by SDS-PAGE 
to detect EndoAI. The protein samples for the cells 
transformed with pET28a alone and induced with IPTG 
and the cells transformed with pET28a-EndoAI but 
not induced with IPTG were analyzed as controls. The 
expressed EndoAI was purified using Ni–NTA (Sangon 

Biotech Co., Ltd., Shanghai, China). After desalting 
via dialysis (2000 D) in 50  mM PBS (pH 7.5), the puri-
fied EndoAI protein was analyzed by SDS-PAGE, with 
the supernatant (i.e., non-purified proteins) as the con-
trol. Protein concentrations were determined using the 
Pierce® BCA Protein Assay Kit (Thermo, MA, USA). The 
purified protein samples were stored at − 80 °C.

Induction of the plant reactive oxygen species (ROS) 
accumulation and hypersensitive response (HR) by EndoAI
Induction of the oxidative burst and H2O2 accumulation
Reactive oxygen species were qualitatively detected by 
3,3′-diaminobenzidine (DAB) staining method [16]. 
Leaves of 6-week-old tobacco plants were infiltrated with 
EndoAI or bovine serum albumin (BSA; control) through 
the stomata. After 8  h, the leaves above the EndoAI-
infiltrated and BSA-infiltrated leaves were collected and 
rinsed with ddH2O, dried, and immersed in 1 mg mL−1 
DAB solution (pH 3.8). After an overnight incubation 
in darkness, the DAB solution was discarded and the 
leaves were decolorized in a solution comprising etha-
nol and glycerin [9:1 (v/v)] in a boiling water bath. After 
the chlorophyll was completely decolorized, the leaves 
were placed on separate glass slides and 75% glycerin was 
added dropwise to flatten the leaves, which were then 
examined with a microscope (1000× magnification). This 
analysis was repeated three times.

The accumulation of H2O2 in tobacco cells was quan-
titatively analyzed based on chemiluminescence using 
luminol and the GloMax-96 luminometer (Promega, 
Madison, WI, USA) [17, 18]. Briefly, tobacco suspen-
sion cells cultured for 7  days were harvested and re-
suspended in hydroxyethyl piperazine ethylsulfonic acid 
buffer (10  mmol L−1 hydroxyethyl piperazine ethylsul-
fonic acid, 175 mmol·L−1 mannitol, 0.5 mmol·L−1 CaCl2, 
and 0.5 mmol·L−1 K2SO4, pH 5.75) and then incubated at 
24 °C (150 rpm) for 1 h. After adding 50 μL 0.3 mmol L−1 
luminol to the tobacco suspension cells, EndoAI or BSA 
(control) was added for a final concentration of 1  μmol 
L−1. The chemiluminescence intensity was measured 
using an enzyme labeling instrument Bio-Tek synergy 4 
(Bio-Tek Instruments Co., LTD, Burlington, Vermont, 
USA). This analysis was repeated three times.

Induction of the HR in tobacco leaves
Six-week-old tobacco plants were used as the test plants. 
Specifically, HR test was conducted according a method 
described in a previously published article [14]. Briefly, 
20 μL EndoAI solution (30  μmol mL−1) was infiltrated 
into one side of each leaf, whereas bovine serum albumin 
(BSA) was injected into the other side as a control treat-
ment. Additionally, another tobacco leaf injected with 
BSA served as a control for the ROS burst test. Analyses 
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were repeated three times. 48 h after infiltration, the HR 
response in leaves was observed.

To determine the EndoAI concentration required to 
induce the HR, 20 μL EndoAI at various concentrations 
(1, 2, 5, 10, 15, 20, and 30 μmol mL−1) was injected into 
tobacco leaves. Additionally, EndoAI solutions (30 μmol 
mL−1) were incubated at different temperatures (4, 30, 
40, 50, 60, 80, or 100 °C) for 15 min to evaluate the effect 
of temperature on the ability of EndoAI to induce the HR. 
Furthermore, the pH of the protein solution was adjusted 
(4, 5, 6, 7, 8, 9, or 10). The HR was analyzed 48  h after 
the infiltrations. The experiments were conducted three 
times, with each as one replicate. The HR lesion area in 
leaf was measured using AutoCAD 2019.

Induction of tobacco resistance to Alternaria alternata 
and TMV by EndoAI
Alternaria alternata, which causes tobacco brown spot 
disease, was cultured on PDA medium in Petri plates at 
28 °C for 7 days to allow the mycelia to cover the medium 
surface. Next, PDA plugs (6  mm diameter) containing 
mycelia were used to inoculate tobacco (N. tabacum) 
systemic leaves, which were collected from 6-week-old 
plants in which the fourth reciprocal leaf was infiltrated 
with 20 μL EndoAI solution (30  μmol mL−1) or BSA 
(control) 24  h before the inoculation with A. alternata. 
Three A. alternata-inoculated leaves were incubated at 
28 °C for 5 days under humid conditions. The PDA plugs 
were removed and the incubation continued for an addi-
tional 3 days. Disease severity was assessed by measuring 
the lesion area. The fungal inhibition rate was calculated 
using the following formula:

 where Ac and AT represent the lesion areas on the con-
trol and EndoAI-treated leaves, respectively.

The fourth reciprocal leaf of 6-week-old tobacco (N. 
benthamiana) plants was infiltrated with 20 μL EndoAI 

Inhibition rate (%) = (Ac − AT)/Ac × 100,

solution (30  μmol mL−1) or BSA (control). After 24  h, 
systemic leaves were inoculated with TMV-GFP. Briefly, 
leaves that were previously infected with TMV-GFP were 
ground to a homogenate in PBS (150 mmol L−1, pH 7.4; 
15 mL g−1 leaves) and then centrifuged at 3600g at 4  °C 
for 5 min. The supernatant was collected and spread on 
systemic leaves to inoculate tobacco plants. The inocu-
lated plants were incubated at 25 °C with a 12-h light/12-
h dark cycle. The TMV-GFP lesions were counted under a 
UV lamp at 4 days after the TMV-GFP inoculation. Three 
leaves from three plants were examined. The viral inhibi-
tion rate was calculated using the following formula:

 where Nc and NT represent the number of lesions on the 
control and EndoAI-treated leaves, respectively.

Analysis of defense gene transcription in EndoAI‑treated 
tobacco leaves
The fourth reciprocal leaf of nine 6-week-old tobacco (N. 
tabacum) plants was infiltrated with 20 μL EndoAI solu-
tion (30 μmol mL−1) or BSA (control). After 0, 1, 2, 3, 4, 
and 5  days, total RNA was extracted from the systemic 
leaves of three EndoAI-treated and BSA-treated plants 
using the RNAprep Pure Plant Kit (TIANGEN Biotech, 
Beijing, China). First-strand cDNA was synthesized 
from 1.0 μg total RNA using the ReverTra Ace qPCR RT 
Master Mix with gDNA Remover [TOYOBO Biotech 
(Shanghai) Co., Ltd., Shanghai, China]. A quantitative 
real-time PCR (RT-qPCR) assay was performed using 
the IQ-5 real-time system (Bio-Rad Laboratories, Hercu-
les, California, USA) and the ReverTra Ace qPCR RT Kit 
[TOYOBO Biotech (Shanghai) Co., Ltd.]. An N. tabacum 
actin gene (Accession: X63603.1, GI: 22608) was used as 
an internal reference. The relative gene expression levels 
were calculated using the 2−ΔΔCT method [19]. The analy-
sis was repeated three times. Details regarding the prim-
ers are listed in Table 1.

Inhibition rate (%) = (Nc − NT)/Nc × 100,

Table 1  Primer information

Gene name Sequences of prime GenBank Accession No.

Forward primer Reverse primer

PR1-a 5’-TTC​ATT​TCT​TCT​TGT​CTC​TAC-3’ 5’-CGA​GGT​TAC​AAT​CTG​CAG​CC-3’ X12737.1

PR1-b 5’-CCT​TTG​CTA​TAT​TAT​TTC​ACT-3’ 5’-GTT​TTC​GCC​GTA​AGG​GCC​ACC-3’ X66942.1

PR5 5’-AGT​GGC​CGA​GGT​AAT​TGT​GA-3’ 5’-CAT​TGG​TCG​GGC​TGA​ATT​CC-3’ X03913.1

PDF1.2 5’-ATA​GCA​ACT​GTG​CCA​CCG​TT-3’ 5’-AAT​TGC​ATA​CAA​TCA​AAG​AT-3’ X99403.1

NPR1 5’-TTT​CAG​AGA​CAC​CTA​CTG​GAT-3’ 5’-GAA​TCA​GTA​ATT​TGT​TTT​ACA-3’ AF480488.1

COI1 5’-AAC​TGG​TCG​GGA​TCT​CTT​GG-3’ 5’-TAG​GCA​AGT​ATA​TGG​GCG​GG-3’ XM016645834.1

PAL 5’-AAG​GAT​ATT​CTG​GCA​TCA​GAT-3’ 5’-TTC​AGC​ATT​GAG​GGT​CTC​ACC-3’ AB289452.1

Actin 5’-AGC​AAC​TGG​GAT​GAC​ATG​GA-3’ 5’-GCG​GTG​ATT​TCC​TTG​CTC​AT-3’ U60495.1
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Statistical analysis
The SPSS 13.0 software (Chicago, USA) was used to eval-
uate the significance of the difference between two vari-
ables (one-way ANOVA).

Results
Properties, structures, and phylogenetic relationships 
of EndoAI
The endoAI coding sequence was submitted to the Gen-
Bank database (Accession: MW603604). The EndoAI 
gene open reading frame was revealed to comprise 
279 bp, encoding a protein consisting of 93 amino acids 
with a chemical formula of C456H750N136O141S7. The 
predicted molecular weight was 10,618.22  Da and the 
theoretical pI was 8.28. The extinction coefficient was 
4470  M−1 cm−1. The grand average of hydropathic-
ity index was − 0.435, the instability index was 39.79, 
and the aliphatic index was 83.98. These results indicate 
EndoAI is a stable, alkaline, and hydrophilic protein. The 
EndoAI sequence includes the HicB domain, similar to 
members of the antitoxin and NikR superfamilies. Mod-
eling predictions revealed that EndoAI consists of two 
α-helices connected by a random coil, with an extended 
strand–random coil–beta turn–random coil–extended 
strand–random coil at the N-terminal of the short 
α-helix (Fig.  2A). The predicted 3D structure indicated 
the EndoAI amino acid sequence most closely matches a 
module protein named antitoxin EndoAI (crystal struc-
ture similar to that of the cognate antitoxin MazE in B. 
subtilis) in the SWISS-MODEL template library (ver-
sion 2021-01-20; PDB release 2021-01-15). The sequence 
identity was 46.74%, and the similarity between the 
submitted protein sequence and the module was 0.42. 
On the basis of the predicted 3D structure, EndoAI is a 
J-shaped protein in the absence of a ligand. Moreover, 

both the N-terminal (positively charged) and C-terminal 
(negatively charged) are exposed (Fig. 2B).

The constructed phylogenetic tree was separated into 
two sub-trees, with a big branch and a small branch. 
The P. terrae NK3-4 EndoAI (marked with red dots) was 
positioned at the end of the small branch, and was highly 
similar to an antitoxin from Paenibacillus polymyxa SC2 
(sequence identity of 98.9%) (Fig.  3). The phylogenetic 
tree indicated the antitoxins are relatively conserved 
at the Paenibacillus genus level, with the exception of a 
CopG family transcriptional regulator/antitoxin EndoAI 
(A0A369BFZ7) in Fontibacillus phaseoli and a putative 
CopG family transcriptional regulator (D3EFV2) in Geo-
bacillus sp. Y412MC10.

EndoAI gene was cloned and expressed in prokaryotic cells
The full-length endoAI amplified from genomic DNA 
by PCR (Fig. 4A, B) was purified by extracting the band 
with the expected size from the agarose gel (Fig. 4C). The 
purified sequence was inserted into the pET28a vector 
(Fig.  4D). The resulting recombinant plasmid was used 
to transform E. coli BL21 cells (Fig.  4E). After inducing 
the production of EndoAI, the recombinant protein was 
extracted and purified using Ni–NTA and then desalted. 
The purified His-tagged protein was detected as a single 
band in an SDS-PAGE gel, with an apparent molecular 
mass of approximately 13 kDa (Fig. 5). This was consist-
ent with the predicted size of EndoAI.

EndoAI‑induced HR and ROS accumulation in tobacco 
leaves
At 24 h after tobacco leaves were infiltrated with EndoAI, 
clearly defined HR necrotic areas were detected in the 
infiltrated area, whereas chlorotic lesions were observed 
outside of the infiltrated area (Fig. 6A). At 5 days after the 
infiltration, the chlorosis had extended to the leaf edge 
(Fig. 6B). The BSA injected into the other side of the leaf 
did not induce any detectable HR (Fig. 6A, B).

The DAB tissue staining analysis revealed signifi-
cant brown DAB-stained precipitates in the EndoAI-
treated tobacco leaves at 5 h post-infiltration (Fig. 6C, E), 
whereas there were no obvious stained precipitates in the 
BSA-treated (control) leaves (Fig.  6D, F). The EndoAI-
induced H2O2 production in tobacco cells was quantita-
tively analyzed based on chemiluminescence. Following 
the treatment of tobacco suspension cells with EndoAI, 
the chemiluminescence intensity, which reflected the 
ROS content, increased rapidly after 20 min and peaked 
at 30  min, after which it decreased, reaching baseline 
levels at 55 min. In contrast, the ROS level in the control 
cells was relatively unchanged at all time-points (Fig. 6G). 
These results suggested that EndoAI induced the ROS 
burst in tobacco cells.

Fig. 2  Structural analysis of antitoxin EndoAI of in Paenibacillus terrae 
NK3-4. A Predicted EndoAI secondary structure. h: alpha helix; e: 
extended strand; c: random coil; t: beta turn. B Predicted EndoAI 3D 
structure. a and c present EndoAI; b and d present the calculated 
surface potential maps (blue, positive charge; orange, negative 
charge; green, neutral); c and d present the images of a and b rotated 
180°, respectively
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Leaves were also infiltrated with serially diluted recom-
binant EndoAI solutions to analyze the HR. The results 
indicated that the minimum concentration of EndoAI 
inducing HR was 1  μmol mL−1 and 2  μmol mL−1, and 
5 μmol mL−1 induced clear HR, while 30 μmol mL−1 had 
the largest HR lesion area in leaf (Fig.  7A, D). EndoAI 

retained its ability to induce clear HR in leaves after 
a 15-min exposure at 4, 30, 40, and 50  °C (Fig.  7B, E). 
The EndoAI was able to induce a distinct HR at pH 6–8 
(Fig. 7C, F).

Fig. 3  Phylogenetic tree of antitoxin EndoAI of Paenibacillus terrae NK3-4. The tree includes the accession number of each protein in the UniProt 
database and the  source species or strain name

Fig. 4  Electrophoretic analysis of the endoAI of Paenibacillus terrae 
NK3-4. A 1–2: Paenibacillus terrae NK3-4 genomic DNA. B 3–4: PCR 
amplification of the EndoAI gene. C 5: recovered EndoAI gene from 
the agarose gel. D 6–8: vector preparation. E 9–10: PCR amplification 
of the EndoAI gene in transformed E. coli BL21 cells; M: marker (bp)

Fig. 5  SDS-PAGE analysis of the expressed and purified EndoAI. M: 
protein molecular weight marker; 1, 2, and 5: crude extracts of cells 
harboring pET28a-endoAI with IPTG induction; 3: crude extracts 
of cells harboring pET28a-endoAI without IPTG induction; 4: crude 
extracts of cells harboring pET28a with IPTG induction; 6: protein 
purified from the crude extracts presented in 1 and 2 using Ni–NTA 
Sepharose
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EndoAI‑induced plant systemic resistance to Alternaria 
alternata and tobacco mosaic virus (TMV)
At seven days after plants were infected with A. alter-
nata, the leaf lesion area was 2.0 cm2 for the EndoAI-
treated tobacco (N. tabacum) plants. In contrast, the 
control plants infected with A. alternata had a leaf 
lesion area of 4.0 cm2, and the leaf tissue surrounding 
the lesions was yellow. Thus, the fungal inhibition rate 
for EndoAI was 50.1% (Fig. 8A–C).

At three days after the infection with TMV, the 
EndoAI-treated tobacco (N. benthamiana) plants had 
21.0 lesions per leaf, which was fewer than the 45.3 

lesions per leaf of the control plants. The viral inhibi-
tion rate for EndoAI was 53.3% (Fig. 8D–F).

EndoAI‑induced up‑regulated expression 
of pathogenesis‑related (PR) genes
The expression levels of PR genes PR1a, PR1b, PR5, and 
PAL, all of which are marker genes for the salicylic acid 
(SA)-dependent defense pathway, were significantly up-
regulated in response to EndoAI. However, the expres-
sion levels decreased after day 3 or 4 (post-treatment) 
(Fig. 9). More specifically, the PR1a and PR1b transcrip-
tion levels were, respectively, 18.5-times and 15.7-times 

Fig. 6  Hypersensitive response (HR) and reactive oxygen species (ROS) accumulation in tobacco leaves induced by EndoAI. A, B HR in tobacco 
leaves at 24 h and 5 days post-infiltration with EndoAI, respectively. C, D Bleached systemic leaves from EndoAI-treated and control plants, 
respectively. E, F Microscopy images of EndoAI-treated and control systemic leaves, respectively. G The chemiluminescence intensity after EndoAI 
treatment which reflected the ROS content, values represent mean ± standard errors of three independent assays

Fig. 7  Effects of concentration (A, D), temperature (B, E), and pH (C, F) on the activity of EndoAI to induce the hypersensitive response in tobacco 
leaf
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higher in the EndoAI-treated plants than in the control 
plants on day 3. The expression of PR5 peaked on day 
4, with a transcript level that was 9.6-times higher than 
that of the control plants. The PAL transcription level 
increased significantly after the EndoAI treatment and 
remained high for the duration of the test period.

The PDF1.2 transcription level was 12.7-times higher 
in the EndoAI-treated plants than in the control plants 
on day 3. The expression of NPR1 increased rapidly 
from day 1 to day 4, which is required for the activation 
of PR gene expression. Furthermore, EndoAI triggered 
the up-regulated expression of the coronatine insen-
sitive 1 gene (COI1), with transcript levels that were 
19.8-times higher in the EndoAI-treated plants than in 
the control plants on day 4.

Discussion
Characterizing and developing new elicitors is a prom-
ising strategy for generating viable alternatives to con-
ventional biocides used for plant disease management. 
More and more protein elicitors that enhance plant dis-
ease resistance have been identified, and the underlying 
mechanisms have been investigated in depth. Systemic 
acquired resistance induced by elicitors protects plants 
from invading pathogens is one of the most recognized 
mechanisms [20–23]. Previous studies have explored 
protein elicitors from plant growth-promoting rhizobac-
teria, such as Bacillus amyloliquefaciens [18], P. polymyxa 
[24], and B. subtilis [25], but there are no reports describ-
ing research focused on protein elicitors from P. terrae. 
In this study, the elicitor activity of the antitoxin EndoAI 
from P. terrae NK3-4 was demonstrated. It induced the 
HR, ROS burst, and PR gene expression in the treated 
tobacco plants, which are features of induced systemic 
resistance.

The HR contributes to plant innate immunity [26]. 
The effects of the HR on stress resistance-related gene 
expression as well as the association between the HR 
and death-related signals have been elucidated, such 
as calcium, ROS, NO, SA, and sphingolipids [27]. One 
of the early events during the HR is the generation of 
ROS that activate downstream cellular processes [28]. 
The ROS burst is the main source of ROS in plants in 
response to pathogens or pathogen-derived elicitors, 
which are also known as PAMPs [29]. The ROS regulate 
multiple cellular activities in plants, including redox reac-
tions, that directly affect specific transcription factors 
and antimicrobial properties [30, 31]. For example, ROS 
metabolism may provide plant cells with the redox condi-
tions required for regulating the function of NPR1. The 
expression of NPR1 was up-regulated by EndoAI in this 
study (Fig. 9). The importance of NPR1 as a mediator of 

Fig. 8  Induction of tobacco resistance to Alternaria alternata (A–C) 
and tobacco mosaic virus (TMV) by EndoAI (D–F). A–C Nicotiana 
tabacum. D–F Nicotiana benthamiana. B, E BSA-treated leaves 
(control). C, F EndoAI-treated leaves. a and b in B: 0 h and 7 days after 
the Alternaria alternata inoculation, respectively. a and b in C: 0 h and 
3 days after the TMV-GFP inoculation, respectively. Values represent 
mean ± standard errors of three independent assays, ** represents 
difference between columns was significant at P = 0.01 level (A)
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systemic plant responses to disease was confirmed in an 
earlier study [32]. Reactive oxygen species can also acti-
vate defense gene expression, leading to the formation of 
defense-related papillae and the production of antimicro-
bial secondary metabolites, which protect plants from 
pathogens [26, 33, 34]. Accordingly, ROS, which accumu-
lated in EndoAI-treated tobacco plants (Fig.  6), induce 
plant resistance through diverse pathways. For example, 
ROS strengthen host cell walls via cross-linking glyco-
proteins, while also functioning as intercellular or intra-
cellular signaling molecules that interact with various 
molecules, including lipids, Ca2+, NO, mitogen-activated 
protein kinases, and wounding-induced protein kinases. 
These signaling molecules are involved in defense signal-
ing pathways [35, 36].

There is evidence that crosstalk among the SA, jas-
monic acid (JA), and ethylene (ET) pathways modulates 
plant defense responses to various pathogens [37]. In this 
study, we proved that EndoAI enhances the transcription 
of several SA-responsive genes, including PR1a, PR1b, 
PR5, and PAL, and JA/ET-responsive genes, includ-
ing PDF1.2 and COI1, as well as NPR1 (Fig. 9). Of these 
genes, COI1 encodes a protein that is essential for SA-
mediated systemic acquired resistance and an important 
contributor to rhizobacterium-triggered induced sys-
temic resistance [38]. Several studies confirmed NPR1 
is required for the induction of PR gene expression 
because of its interactions with TGA transcription fac-
tors [39–41]. Moreover, it differentially regulates defense 
responses, depending on the signals that are elicited dur-
ing the induction of disease resistance [42]. The PDF1.2 
gene encodes a phytoalexin that mediates plant resist-
ance to fungi, viruses, and environmental stresses [43]. 
Additionally, accumulating secondary metabolites can 
enhance plant defenses against pathogens by establishing 
mechanical barriers. The PAL enzyme is a key compo-
nent of the phenylpropanoid metabolic pathway, wherein 
it synthesizes various phenolic compounds related to 
plant disease resistance [44]. Thaumatin-like proteins, 
such as PR5, are associated with plant responses to many 
biotic and abiotic stresses. They can enhance plant resist-
ance to fungal pathogens [45] including A. alternata [46]. 
A recent study confirmed the interaction between PR5 
and PR1 influences wheat defense responses to the leaf 
rust fungus [47]. Another study demonstrated that PR1 
(subtilisin-like protease isoform) can mediate defense 
activities by releasing C-terminal peptides, which are 
targeted by fungal pathogen effectors [48]. The expres-
sion of signaling-related genes (e.g., NPR1 and PR1) is 
reportedly up-regulated in Brassica napus plants infected 
with Xanthomonas campestris pv. Campestris [49]. These 
PR genes play important roles in SA-dependent and JA/

ET-dependent pathways, which may be involved in the 
EndoAI-induced systemic defense responses in tobacco.

Not all PR genes up-regulated expression in toler-
ant plants suffering biological and abiotic stresses, and 
different PR genes are differently expressed in various 
plants in response to same or different stress, although 
many PR genes are essential for plant defense. One 
example showed that one PR gene LsHPL1 was not up-
regulated expressed in tolerant Jahrom lettuce accessions 
compared with susceptible Mazandaran line 1 by the 
infection of Sclerotinia sclerotiorum in Lactuca sativa–
Sclerotinia sclerotiorum interaction [50]; another exam-
ple showed that PR1 was not up-regulated expressed in 
one tolerant wheat (Triticum aestivum) phenotype and 
all of the susceptible wheat phenotype which involved in 
defense against Puccinia striiformis f [51]. It can be seen 
that the mechanisms of plant confronting with stress are 
diverse, and the mechanisms of elicitors activating plant 
defense are also different because they trigger differ-
ent signal pathway among which different PR genes are 
involved [31, 35, 52, 53]. In this study, we confirmed the 
function of EndoAI in inducing tobacco disease resist-
ance, although we examined only a few PR genes.

Conclusions
In this study, we analyzed the antitoxin EndoAI, which is 
encoded by genes in Paenibacillus species, including P. 
terrae NK3-4. The functional analysis of P. terrae NK3-4 
EndoAI revealed it is an elicitor that activates early 
defense-related events in plants, including the HR and 
ROS burst. Furthermore, EndoAI treatments up-regu-
lated the expression of PR genes and enhanced the resist-
ance of tobacco plants to TMV and A. alternata. These 
findings may be useful for elucidating the mechanisms 
underlying the inductive effects of EndoAI on plant dis-
ease resistance. The data presented herein are relevant 
for the development of new biocontrol agents to protect 
agriculturally important plants from pathogens.
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