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Abstract

Tobacco black shank is a kind of soil-borne disease caused by the Oomycete Phytophthora
parasitica. This disease is one of the most destructive diseases to tobacco (Nicotiana taba-
cum L.) growth worldwide. At present, various measures have been taken to control this dis-
ease, but they still have different challenges and limitations. Studies have shown that 3-
aminobutyric acid (BABA), a nonprotein amino acid, can enhance disease resistance in
plants against different varieties of pathogens. However, it is unclear whether BABA can
induce plants to resist Phytophthora parasitica infection. Therefore, this study aims to
explore the effect and related mechanism of BABA against tobacco black shank. Our results
showed that 5 mmol'L™" BABA had an obvious anti-inducing effect on the pathogenic fungus
and could effectively inhibit the formation of dark spots in the stems. The results also
showed that a large amount of callose deposition was observed in BABA-treated tobacco.
Furthermore, the application of BABA induced the accumulation of H,O in tobacco and
effectively regulated the homeostasis of reactive oxygen in tobacco plants, reducing the tox-
icity of HoO, to plants while activating the defense system. In addition, BABA spray treat-
ment could induce an increase in the concentrations of salicylic acid (SA) and jasmonic
acid-isoleucine (JA-lle) in tobacco, and the gene expression results confirmed that BABA
upregulated the expression of SA-related genes (PR1, PR2 and PR5), JA-related genes
(PDF1.2) and ET-related genes (EFE26 and ACC oxidase) in tobacco plants. Taken
together, BABA could activate tobacco resistance to black shank disease by increasing
H>O, accumulation, callose deposition, plant hormone (SA and JA-lle) production, and SA-,
JA-, and ET- signaling pathways.

1. Introduction

Plants increase their resistance to diseases after being stimulated by biotic and abiotic factors.
When plants are later attacked by the same disease, they can have a stronger and faster defense
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response, which is called plant-induced disease resistance. Generally, plant-induced disease
resistance is divided into systemic acquired resistance (SAR) and induced systemic resistance
(ISR) [1]. Of the various categories of inducers, chemical inducers are environmentally safe
and well documented for inducing long-lasting resistance. Moreover, chemical inducers do
not produce chemical-tolerant pathogen strains or the breakdown of plant resistance [2]. For
example, methyl jasmonate (Me-JA) [3], salicylic acid (SA) [4], benzo-(1,2,3)-thiadi S-methyl
oxazole-7-carbosulfate (BTH) [5] and other chemical inducers can induce resistance against a
variety of pathogens. f-Aminobutyric acid (BABA), a nonprotein amino acid, can induce sys-
temic acquired resistance in multiple plants [6], such as tobacco [7], Arabidopsis [8], tomato
[9] and cauliflower [10]. In recent years, it has been found that 10 mmol'L ! BABA can effec-
tively induce grape resistance to Botrytis cinerea [11]. In addition, BABA application improves
soybean resistance to aphids through the activation of phenylpropanoid metabolism and cal-
lose deposition [12]. Therefore, as an efficient and broad-spectrum inducer, BABA has great
development potential in the treatment of plant diseases.

Tobacco plays an important role in the Chinese national economy. However, fungal dis-
eases have greatly influenced the quality and yield of tobacco. Tobacco black shank is a kind of
soil-borne disease caused by P.parasitica [13]. Pathogens mainly damage the stem base and
roots of adult plants, causing large economic losses to tobacco production every year [14]. In
recent years, tobacco black shank has become increasingly serious because of the influence of
climate change, continuous cropping and fertilization conditions. In production, the disease is
generally controlled by planting disease-resistant varieties and chemical pesticide control mea-
sures. Although these methods have a certain control effect, they also have some disadvantages,
such as weakened resistance of disease-resistant varieties, pesticide residues, and drug resis-
tance of pathogenic bacteria. With the development of nonpolluting tobacco production, the
use of inducers is an ideal way to control tobacco diseases and develop plant resistance mecha-
nisms. To date, there is no research report about the effect of BABA on tobacco black shank.
Therefore, we used tobacco and Phytophthora parasitica to explore the effect and intrinsic
mechanism of BABA application in tobacco resistance against tobacco black shank. The pur-
pose of this study was to explore the ideal drugs and control methods for tobacco black shank
and to provide a scientific basis for their practical application in the field.

2. Materials and methods

2.1 Experimental site and experimental materials

The experimental tobacco cultivar Yunyan 87 was used here, and the experimental strain was
P. parasitica. Tobacco plants were grown in the greenhouse of Yunnan Agricultural University
in northern Kunming (25°7'N, 105°45’E, 1 960 m).

2.2 Determination of the direct bacteriostatic effect of BABA on P.
parasitica

Make Reference to that method for determining the toxicity of bactericide-growth rate method
[15] P. parasitica was cultured on potato dextrose agar (PDA) medium. A 6 mm diameter bac-
terial disk was cut with a hole punch and then placed using tweezers onto PDA plates contain-
ing 0, 1, 5, 10, 20 mmol L' BABA for inoculation, with 0 mmol'L™' BABA PDA plates used as a
control. Three replicates were used per concentration. The cells were cultured at 30°C for 2-7
days, and the growth of mycelia was observed during this period. The cross method was used
to measure the colony diameter and calculate the inhibition rate. Inhibition rate = (controlled
colony diameter-treated colony diameter)/controlled colony diameterx100% (1)
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2.3 Experimental design

2.3.1 Effects of BABA treatment on leaf phenotype. This study used a floating seedling
system to raise tobacco seeds. When the tobacco plants grew to the seedling stage, they were
transferred to a plastic bowl filled with sterilized nutrient soil. When the tobacco plants grew
to the 5-6 leaf stage, 1, 5, 10, and 20 mmol' L' BABA were sprayed on the leaf surface, and dis-
tilled water was used as the control. Three replicates were used per concentration. Leaf pheno-
types were observed after three days.

2.3.2 Effects of BABA on tobacco black shank in a greenhouse. Selected plants with con-
sistent growth were then sprayed with distilled water and 5 mmol' L' BABA. Spraying was per-
formed three times total at once every three days. P. parasitica was inoculated three days after
the last spray. The incidence of tobacco black shank was observed and recorded. The following
is a classification of the severity of tobacco black shank disease. Level 0: The whole plant is dis-
ease-free. Level 1: The diseased spot on the stem does not exceed one-third of the stem circum-
ference, or less than one-third of the leaves are wilted. Level 3: The diseased spots on the stem
surround one-third to one-half of the stem circumference, or one-third to one-half of the
leaves are slightly withered, or a few spots appear on the lower part of the leaves. Level 5: The
diseased spots on the stem exceed one-half of the stem circumference, but do not cover the
entire stem circumference, or one-half to two-thirds of the leaves are wilted. Level 7: The dis-
eased spots on the stem surround the stem circumference, or more than two-thirds of the
leaves are wilted. and Level 9: The diseased plants are considered dead.

2.3.3 Physiological, biochemical and molecular mechanisms of BABA-induced resis-
tance to black shank disease in tobacco. When the tobacco plants grew to the 5-6 leaf stage,
5 mmol' L' BABA or distilled water was sprayed on the surface of the leaves. Half of the
tobacco plants with different spray treatments were inoculated with mycelial pellets of P. para-
sitica at the base of the wounded stem. Four days after inoculation, tobacco leaves at the same
stage were collected from plants undergoing various treatments and stored in the refrigerator
at -80°C for testing after quickly freezing them in liquid nitrogen.

2.4 Detection of callose and H202 content

The callose deposition was measured based on a protocol reported by Lin Jin [16]. The tobacco
leaves were stained for callose by aniline blue. The callose deposition was fluorescent micro-
scope and further quantified by Image J software. Each treatment included three plants.

The H,0, detection: A total of 0.1 g of sample was weighed, ground evenly with 1 mL of
cold acetone, and centrifuged at 12 000 rpm for 10 min (4°C). A total of 1 mL of supernatant
was collected to determine the absorbance at 415 nm according to the method of Patterson
[17], with units of umol'g". The results were measured based on fresh weight.

2.5 Determination of and plant hormones

The ethylene (ET) content was determined by gas chromatography with the following parame-
ters: chromatographic column: capillary column; carrier gas speed: 1 mL' min™'; injection vol-
ume: 5 pL; injection port temperature: 130°C; detector temperature: 230°C; and column
temperature: 80°C. After the instrument was ready, the sample and standard were injected
into the gas chromatograph for analysis. Based on the retention time of the peak of the stan-
dard solution, the ethylene content measured in the sample was calculated from the peak area.

Enzyme-linked immunosorbent assay (ELISA) was used to detect the levels of salicylic acid
(SA), jasmonic acid (JA), jasmonic acid-isoleucine (JA-Ile) and abscisic acid (ABA). (1) Reagents,
samples and standards were prepared; (2) prepared samples and standards were reacted at 37°C
for 30 minutes; (3) the plate was washed 5 times, followed by the addition of enzyme-labeled
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reagent and reaction at 37°C for 30 minutes; (4) the plate was washed 5 times and colored liquids
A and B were reacted at 37°C for 10 minutes; (5) termination liquid was added; (6) the OD450
value was read within 15 minutes; and (7) the linear regression equation of the standard curve
was calculated with the concentration of the standard substance and the OD value. Substituting
the OD value of the sample into the equation, the sample concentration was calculated by multi-
plying the dilution multiples to obtain the actual concentration of the sample.

2.6 Determination of NADPH oxidase gene and plant hormone-related genes

The conventional TRIzol method was used to extract and purify RNA. The first strand of
cDNA was reverse transcribed and used as a template for RT-PCR. Real-time quantitative
PCR was carried out in a real-time quantitative PCR detection system. The 20 uL reaction sys-
tem contained 2 uL of cDNA, 10 pL of SYBR Green supermix solution, 0.8 pL of upstream and
downstream primers, and 7.2 uL of ddH,O. The basic PCR procedure was as follows: predena-
turation at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s, annealing
at 60°C for 30 s, and extension at 72°C for 30 s. Fluorescence data were collected at the end of
annealing stage within each cycle. The calculated internal standard was the fluorescence value
of the ACTIN gene in tobacco, and the relative expression level of the gene was calculated
according to the 27*4“™ method of Livak and Schmittgen [18] with three replicates. The spe-
cific primer sequences in Table 1 were used for amplification of genes.

2.7 Statistical analyses

The data obtained from these experiments were statistically analyzed by Excel 2013 software.
One-way analysis was used to analyze the difference significance, and GraphPad Prism soft-
ware was used to draw the graph.

3. Results
3.1 BABA has a direct antibacterial effect on P. parasitica

After P. parasitica was cultured for 6 days, it was found that BABA had an inhibitory effect on
the growth of P. parasitica hyphae. The P. parasitica colony diameter decreased with increas-
ing BABA concentration (Fig 1). P. parasitica was inhibited by 21.78% at 5 mmol L' BABA; P.
parasitica was inhibited by 40.10% at 10 mmol'L ™' BABA. However, P. parasitica was inhibited
by only 26.73% at 20 mmolL™' BABA (Table 2). BABA had extremely significant effect on the
inhibition rate of P. parasitica.

Table 1. Genes and primers used in real-time PCR analysis.

Gene
Actin
PRI
PR2
PR5
PDF1.2
NtrbohD
ABI4
ABA2
EFE26
ACC Oxidase

https://doi.org/10.1371/journal.pone.0267960.t001

Forward primer(5’-3’) Reverse primer(5’-3’)
ACTGGTGTTATGGTTGGTATGGGTC ATGACCTGCCCATCTGGTAACTC
TTCTCTTTTCACAAATGCCTTC CACCTGAGTATAGTGTCCACAC
CACCATTTGTTGCTCCTG ATTCGCTAAGATCCCTGA
GCTTCCCCTTTTATGCCTTC CCTGGGTTCACGTTAATGCT
GCGCCGGTATTTTTATATTATTGTAACAACAA GCGCCACACAACACATACATCTATACATTG
TGGAGGAAATAATTTCAATACAAGG GCATCACAACCACAACTATATATCAAC
TACTCTACGGCTCAAGGGCT TTGTGTGGAAGACGAGGAGC
GCTTCCTGCTGGGAATAGCA CGCTCGGTATCTTCTGCCTT
CGGACGCTGGTGGCATAAT CAACAAGAGCTGGTGCTGGATA
GACAAAGGGACATTACAAGAAGT GAGAAGGATTATGCCACCAG
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Fig 1. P. parasitica cultures in PDA medium illustrating that the inhibition of mycelial radial growth is affected by BABA at
various concentrations. The mycelial colonies were six days old.

https://doi.org/10.1371/journal.pone.0267960.9001

3.2 Phenotypic comparison of tobacco treated with different
concentrations of BABA and P. parasitica

Spraying BABA on plants caused necrotic spots on leaves, which represents a response of the
plants to external stresses (irritation) and induces plants to enter a defensive state. Tobacco
leaves were sprayed with 0 (water), 1, 5, 10 and 20 mmol'L ™' BABA solutions. After three days,
there was no obvious change in tobacco leaves sprayed with water and 1 mmolL™'1 BABA.
When the concentration of BABA was 5 mmol'L", a small number of spots appeared on the
tobacco leaves. A large number of spots appeared on the tobacco leaves when the concentra-
tions of BABA were 10 mmol'L"! and 20 mmol L™ (Fig 2). The results showed that the number
and size of spots were positively correlated with the concentration of BABA. When the concen-
tration of BABA is high, it will cause great damage to tobacco leaves.

In this experiment, three days after tobacco inoculated with P. parasitica, Water + P. parasi-
tica treatment had a disease severity of grade 3, and the color depth and area of black spots
were obvious. 5 M BABA + P. parasitica treatment had a black shank disease severity of grade
1, and the dark spots are not obvious (Fig 3). This result shows that 5 mmolL ™' BABA can
effectively reduce the effect of P. parasitica on tobacco.

3.3 Callose in tobacco

Callose acts as a barrier against pathogenic microorganisms. To study the effect of BABA on
tobacco callose, the changes in tobacco callose under different treatments were compared (Fig
4). when tobacco was not inoculated with pathogenic fungus, the callose deposition levels were
extremely low in water-treated tobacco, but the callose deposition was significantly increased
with the BABA treatment. When tobacco is inoculated with P. parasitica, the callose deposition
was significantly higher in the BABA-treated tobacco plants than the Water-treated ones.
Therefore, we think that BABA-induced resistance to tobacco black shank is related to the
accumulation of callose in tobacco cells.

Table 2. Inhibition rate of BABA on P. parasitica growth.

C(BABA)/(mmolL™) Colony diameter(cm) Inhibition rate (%) Remarkable analysis
0 6.73 0
1 5.83 13.37 wE
5 527 21.78 wE
10 4.03 40.10 wE
20 4.93 26.73 wE

https://doi.org/10.1371/journal.pone.0267960.t002
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Fig 2. Phenotype of tobacco leaves sprayed with different concentrations of BABA.

https://doi.org/10.1371/journal.pone.0267960.9002

3.4 H,0, content and NtrbohD expression in tobacco

To study the potential mechanism of BABA-induced resistance to tobacco black shank, H,O,
accumulation was compared across different treatments (Fig 5). The H,0, content was signifi-
cantly increased in the BABA-treated tobacco plants compared with Water-treated plants
without the inoculation of P. parasitica. The results indicated an enhanced ROS burst in the
BABA-treated tobacco plants. The H,O, content of BABA-treated tobacco plants decreased
significantly by 25.6% compared with Water-treated plants under the inoculation of P. parasi-
tica. We further quantified the changes in the expression level of NtrbohD related to the ROS
burst. The qPCR results showed that the transcription level of NtrbohD was not significantly
changed between the Water- and BABA-treated tobacco plants without P. parasitica treat-
ment. However, the BABA-treated tobacco plants had significantly lower expression levels of
NtrbohD than the water-treated plants under the inoculation of P. parasitica, which was con-
sistent with the H,O, content results. BABA inhibits the burst of ROS after inoculation with P.
parasitica and reduces the toxic effect of H,0O, on tobacco plants. These results indicated that
BABA may induce resistance to tobacco black shank by enhancing the accumulation of H,0,
in tobacco plants.

3.5 The level of plant hormones and the expression of their related genes

In order to further study the BABA-induced signal transduction pathway of resistance to
tobacco black shank, the levels of plant hormones were quantified in tobacco plants with

Al

Fig 3. Three days after the tobacco plant was inoculated with P. parasitica, the symptoms of dark spots on the stem of the tobacco plant
appeared. (A) Water + P. parasitica treatment. (B) 5 M BABA + P. parasitica treatment.

https://doi.org/10.1371/journal.pone.0267960.g003
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represents the standard deviation (n = 3), * represents a significant difference at P <0.05, and ** represents an extremely significant
difference at P <0.01. The same as below.

https://doi.org/10.1371/journal.pone.0267960.9004

different treatments (Fig 6). The levels of free SA did not shows significant differences in the
Water- and BABA-treated tobacco plants without the inoculation of P. parasitica. However,
compared with the Water-treated ones, free SA levels were significantly higher in the BABA-
treated tobacco plants under the inoculation of the P. parasitica. The BABA-treated tobacco
plants had significantly lower the level of free JA and ABA than that of the Water-treated ones
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Fig 5. The effect of BABA on the H,O, content of tobacco.
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under the inoculation of the P. parasitica. The level of JA-Ile was significantly increased in the

BABA-treated tobacco plants compared with water-treated ones with or without the inoculate
P.parasitica. Compared with the Water-treated ones, ET levels were significantly higher in the
BABA-treated tobacco plants under the without the P. parasitica treatment. However, the lev-

els of ET did not shows significant differences in the Water- and BABA-treated tobacco plants
under the inoculation of the P. parasitica. The hormone results indicated that BABA may have
activated tobacco resistance by enhancing the accumulation of SA and JA-Ile.

In addition, the transcription levels of several typical genes were quantified in SA, JA, ABA
and ET related pathways (Fig 7). the transcription levels of SA-responsive genes were analyzed,
including PR1, PR2, and PR5 in higher plants. The expression levels of PRIPR2, PR5 in BABA-
treated tobacco plants were significantly higher than Water-ones with or without the inoculate
P. parasitica. The levels of ET did not shows significant differences in the Water- and BABA-
treated tobacco plants under the inoculation of the P. parasitica. However, The expression lev-
els of ACC Oxidase and EFE26 genes related to the ET pathway in BABA-treated tobacco
plants were significantly higher than Water-ones. PDFI1.2 is a typical gene of JA-response.
ABI4 and ABA2 are related genes with ABA. The results showed that The expression levels of
PDF1].2 was significantly increased in the BABA-treated tobacco plants compared with Water-
treated ones with or without the inoculate P. parasitica. The expression levels of ABA2 and
ABI4 in BABA-treated tobacco plants were significantly lower than Water-ones under the
inoculation of the P. parasitica, which is consistent with the level of ABA. Taken together, SA-,
JA-, and ET-signaling pathways may contribute to the BABA-induced resistance to tobacco
black shank, while ABA may not be very important for the BABA-induced plant disease
resistance.

4. Discussion

BABA can induce the resistance of many annual and perennial crops to oomycetes. Oort first
discovered that BABA induced the resistance of tomato to late blight infection by P. infestans
in 1960 [19]. Slaughter found that BABA can induce resistance of grapes to downy mildew in
2008 [20]. Subsequently, Walz and Simon found that BABA enhanced cucumber resistance to
downy mildew and anthracnose pathogens [21]. Tobacco black shank is an important soil-
borne fungal disease. Therefore, in the present study, the related responses and mechanisms of
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Fig 6. The effect of BABA on the levels of different plant hormones in tobacco.
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the induction of tobacco resistance to tobacco black shank by BABA were investigated mainly
using P. parasitica as the pathogen.

BABA is an inducer, and the proper concentration is important for effective induction. P.
parasitica was inhibited by 21.78% at 5 mmol'L "' BABA. 10 mmol' L™ BABA had the strongest
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Fig 7. The effect of BABA on the expression of plant hormone related gene in tobacco.

https://doi.org/10.1371/journal.pone.0267960.g007

inhibition of P. parasitica, but this level did not reach 50%. In addition, P.parasitica was not
completely inhibited at 20 mmol'L"' BABA. This may be due to the ability of P.parasitica iso-
lates to detoxify BABA. In addition, it was found that when the concentration of BABA was
more than 5 mmol' L', BABA had great toxic effects on tobacco leaves. The effect of BABA on
tobacco black shank in a greenhouse showed that 5 mmolL"' BABA can effectively alleviate
tobacco black shank disease. In view of its efficacy and safety, 5 mmol L' BABA was consid-
ered the optimal concentration to induce resistance to tobacco black shank.
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Callose under biotic or abiotic stress plays a regulatory role in plant life activities. Plant cell
wall and related structures, such as plasmodesmata, regulate the bottleneck of plasmodesmata
through the deposition and degradation of calcium loss, contraction or expansion, so as to
cope with biological stress caused by mechanical damage, various pathogens and insects [22,
23]. It is generally believed that BABA induces callose formation, papilla formation or cell lig-
nification in plant cell walls, which can prevent infection and enhance disease resistance [24-
26]. In this study, a large amount of callose deposition was observed in BABA-induced
tobacco. Therefore, We think that callose deposition also plays an important role in BABA-
induced tobacco resistance to tobacco black shank.

When plants are under abiotic and biotic stresses during their growth, the burst of reactive
oxygen species (ROS) is one of their fastest defense responses. ROS play an important role in
the immune process of plants [27, 28]. NADPH oxidases, members of the respiratory burst
oxidase homolog (RBOH) family, are very important in ROS production. NADPH oxidase can
transfer electrons from NADPH to O, to form O, ", which further reacts to form H,O, [27-
29]. NtrbohD is a gene encoding NADPH oxidase in tobaccos; it has been proven to be able to
produce ROS when tobacco cells are affected by the fungal inducer Cryptogein [30]. In this
study, the accumulation of H,O, may contribute to BABA-induced plant disease resistance.
However, the BABA-treated tobacco plants had significantly lower H,O, content and expres-
sion levels of NtrbohD than the Water-treated plants under the inoculation of P. parasitica.
This is contrary to the result of Peng Qin [31]. The reason for this discrepancy may be that the
test sampling time is different, and production of reactive oxygen species under pathogen
infection is reported to create oxidative stress [32]. The BABA-induced antioxidant enzyme
system balances the content of H,O, and the expression of NtrbohD and alleviates the oxida-
tive damage of reactive oxygen species in plants.

After the plants were treated with an inducer, the disease-resistant signals were amplified
through complex signal transduction pathways, which stimulated the plants to produce defen-
sive responses and finally obtain resistance to pathogens. Plant disease resistance signaling
pathways mainly include the SA pathway, JA pathway and ET pathway [33, 34]. Generally, SA
mainly regulates resistance to hemibiotrophic and biotrophic pathogens. JA and ET play a
more important role in plant defense against necrotrophic pathogens [33]. ABA regulates
many complicated physiological processes, such as seed germination, root growth inhibition
and stomatal closure. In addition, ABA also plays a role in biological stress [35, 36]. In this
study, SA-, JA-, and ET-signaling pathways may contribute to BABA-induced resistance to
tobacco black shank. Some scholars found that BABA-induced resistance to Oomycetes was
not dependent on the SA signaling pathway but that induced resistance to TMV, bacteria and
Botrytis cinerea was mediated by SA signaling [8, 37]. Our results are inconsistent with this
finding. The reason for this discrepancy may be that different plants and pathogens invoke dif-
ferent resistance mechanisms to BABA induction. However, there was no accumulation of JA
in the process of BABA-induced resistance to tobacco black shank. The possible reason for this
phenomenon is that the sampling time of this experiment was too long, and JA forms JA-Ile
with isoleucine under the catalysis of JAR1 when plants are subjected to external stimulation.
ABA is usually a negative regulator in plants that helps them resist the infection of necro-
trophic and biotrophic pathogens [33]. ABA pathways may not be involved in BABA resis-
tance to tobacco black shank.

We found that BABA activated resistance to tobacco black shank by increasing H,O, accu-
mulation, callose deposition, SA and JA-Ile production and SA-, JA-, and ET-signaling path-
ways in the plants. This study helps us understand the possible mechanism by which BABA
induces resistance to tobacco black shank and provides a theoretical basis for the application
of BABA in tobacco.

PLOS ONE | https://doi.org/10.1371/journal.pone.0267960 June 9, 2022 11/14


https://doi.org/10.1371/journal.pone.0267960

PLOS ONE

BABA-induced resistance to tobacco black shank

Supporting information

S1 Table. The effect of different treatments on gene expression in tobacco.
(XLSX)

Acknowledgments

We thank the partners, editors, and reviewers for their work, comments, and suggestions for
improving the previous versions of this paper.

Author Contributions

Conceptualization: Xiyue Ren, Tao Liu.

Formal analysis: Jianjun Wang, Jian Mei.

Funding acquisition: Yonghui Xie.

Investigation: Faliang Zhu.

Writing - original draft: Jianjun Wang, Zhijiang Wang.

Writing - review & editing: Xiyue Ren, Yonghui Xie, Xianwen Ye.

References

1. TsaiCH, Singh P, Chen CW, Thomas J, Weber J, Mauch-Mani B, et al. Priming for enhanced defence
responses by specific inhibition of the Arabidopsisresponse to coronatine. The Plant Journal. 2011; 65
(3),469-479 https://doi.org/10.1111/j.1365-313X.2010.04436.x PMID: 21265899

2. Tanabe S, Okada M, Jikumaru Y, Yamane H, Kaku H, Shibuya N, et al. Induction of resistance against
rice blast fungus in rice plants treated with a potent elicitor, N-acetylchitooligosaccharide, Bioscience,
Biotechnology, and Biochemistry. 2006; 70(7): 1599—1605 https://doi.org/10.1271/bbb.50677 PMID:
16861793

3. Devoto A, Turner JG. Regulation of jasmonate-mediated plant responses in Arabidopsis. Annal of Bot-
any. 2003; 92(3): 329-337 https://doi.org/10.1093/aob/mcg151 PMID: 12871847

4. Pieterse CM, Van Loon LC. NPR1: the spider in the web of induced resistance signaling pathways. Cur-
rent Opinion in Plant Biology. 2004; 7(4): 456—464 https://doi.org/10.1016/j.pbi.2004.05.006 PMID:
15231270

5. Bokshi Al, Morris SC, Deverall BJ. Effects of benzothiadiazole and acetylsalicylic acid on -1,3-gluca-
nase activity and disease resistance in potato. Plant Pathology. 2003; 52(1): 22—-27

6. LiC,WangK, XuF, LeiC, Jiang Y, Zheng Y. Sucrose metabolism and sensory evaluation in peach as
influenced by B-aminobutyric acid (BABA)-induced disease resistance and the transcriptional mecha-
nism involved. Postharvest Biology and Technology. 2021; 174

7. CohenY. 3-Aminobutyric acid induces system resistance against Peronospora tabaina. Physiological
and Molecular Plant Pathology. 1994; 44:273-288

8. ZimmerliL, Jakab G, Metraux JP, Mauch-Mani B. Protentiation of pathogen-specific defense mecha-
nisms in Arabidopsis by -aminobutyric acid. Proceedings of the National Academy of Sciences of the
United States of America. 2000; 97(23): 12920-5 https://doi.org/10.1073/pnas.230416897 PMID:
11058166

9. CohenY. Local and systemic control of Phytophthora infestansin tomato plants by DL-3-amino-n-buta-
noic acids. Phytopathology. 1994; 84:55-59

10. Silué D, Pajot E, Cohen Y. Induction of resistance to downy mildew (Peronospora parasitica) in cauli-
flower by DL-3-amino-n-butyric acid (BABA). Plant Pathology. 2002; 51(1): 97—102

11. WangK, Wu D, Bo Z, Chen S, Wang Z, Zheng Y, et al. Regulation of redox status contributes to priming
defense against Botrytis cinerea in grape berries treated with 3-aminobutyric acid. Scientia Horticul-
turae. 2019; 244: 352-364

12. Yaol, ZhongY, Wang B, Yan J, Wu T. BABA application improves soybean resistance to aphid through
activation of phenylpropanoid metabolism and callose deposition. Pest Management Science. 2020;
76(1): 384-394 https://doi.org/10.1002/ps.5526 PMID: 31222925

PLOS ONE | https://doi.org/10.1371/journal.pone.0267960 June 9, 2022 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267960.s001
https://doi.org/10.1111/j.1365-313X.2010.04436.x
http://www.ncbi.nlm.nih.gov/pubmed/21265899
https://doi.org/10.1271/bbb.50677
http://www.ncbi.nlm.nih.gov/pubmed/16861793
https://doi.org/10.1093/aob/mcg151
http://www.ncbi.nlm.nih.gov/pubmed/12871847
https://doi.org/10.1016/j.pbi.2004.05.006
http://www.ncbi.nlm.nih.gov/pubmed/15231270
https://doi.org/10.1073/pnas.230416897
http://www.ncbi.nlm.nih.gov/pubmed/11058166
https://doi.org/10.1002/ps.5526
http://www.ncbi.nlm.nih.gov/pubmed/31222925
https://doi.org/10.1371/journal.pone.0267960

PLOS ONE

BABA-induced resistance to tobacco black shank

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

de Haan JB. De Bibitziekte in de Deli-tabak veroorzaakt door Phytophthora nicotianae. Mded. Slands
Plentuim, 1896; 15:1-107

GuoD, Yuan C, Luo Y, Chen Y, Lu M, Chen G, et al. Biocontrol of tobacco black shank disease (Phy-
tophthora nicotianae) by Bacillus velezensis Ba168. Pesticide Biochemistry and Physiology. 2020,
104523 https://doi.org/10.1016/j.pestbp.2020.01.004 PMID: 32359551

Zhang Y, Dausse B, Sinay P, Afsahi M, Berthault P, Desvaux H. Synthesis and NMR study of a hepta-
saccharide, epitope of the stage-specific embryonic antigen-1 (SSEA-1). Carbohydrate Research.
2000; 324(4): 231—241 https://doi.org/10.1016/s0008-6215(99)00299-2 PMID: 10744332

Jin L.; Mackey D.M. Measuring Callose Deposition, an Indicator of Cell Wall Reinforcement, During
Bacterial Infection in Arabidopsis. Methods Mol. Biol. 2017, 1578, 195-205. https://doi.org/10.1007/
978-1-4939-6859-6_16 PMID: 28220426

Patterson BD, MacRae EA, Ferguson IB. Estimation of hydrogen peroxide in plant extracts using tita-
nium(IV). Analytical Biochemistry. 1894; 139(2): 487—492

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real time quantitative PCR
and the 2724€ (M method. Methods. 2001; 25 (4): 402-408 https:/doi.org/10.1006/meth.2001.1262
PMID: 11846609

Oort AJP, Van Andel OM. Aspects of chemotherapy. Mededelingen van de Landbouwhogeschool te
Gent, 1960, 25(3—4).

Slaughter AR, Hamiduzzaman MM, Gindro K, Neuhaus JM, Mauch-Mani B. Beta-aminobutyric acid-
induced resistance in grapevine against downy mildew: involvement of pterostilbene. European Journal
of Plant Pathology, 2008, 122(1):185—-195.

Walz A, Simon O. B-Aminobutyric acid-induced resistance in cucumber against biotrophic and necro-
trophic pathogens. Journal of Phytopathology. 2009; 157, 356-361

Hao PY, Liu CX, Wang YY, Chen RZ, Tang M, Du B, et al. Herbivore-induced callose deposition on the
sieve plates of rice: an important mechanism for host resistance. Plant Physiology 2008. 146. 1810
1820. https://doi.org/10.1104/pp.107.111484 PMID: 18245456

Zavaliev R, Ueki S, Epel BL, Citovsky V, Biology of callose(B-1,3-glucan) turnover at plasmodesmata.
Protoplasma. 2011. 248: 117—130. https://doi.org/10.1007/s00709-010-0247-0 PMID: 21116665

Torres MA, Dangl JL, Jones JDG. Arabidopsis gp91°"°* homologues AtrbohD and AtrbohF are required
for accumulation of reactive oxygen intermediates in the plant defense response. Proceedings of the
National Academy of Sciences of the United States of America. 2002; 99(1), 517-522 https://doi.org/
10.1073/pnas.012452499 PMID: 11756663

Raviv A. The mode of action of B-aminobutyric acid in inducing resistance in tomato plants against late
blight. Ph. D. thesis, Bar-llan University, Ramat-GAN, Israel, 1994.

Coulomb C, Polian C, Lizzi Y, Coulomb PJ. Ultrastructural changes concerning the photosynthetic
apparatus during Phytophthora capsiciinfection of susceptible and induced pepper leaves. Comptes
rendus de I'’Académie des sciences. Série 3, Sciences de la vie, 1996, 319(10), 893-899.

Hirt H. Aquaporins link ROS signaling to plant immunity. Plant physiology, 2016, 171(3): 1540 https://
doi.org/10.1104/pp.16.00433 PMID: 27385821

Qi J, Wang J, Gong Z, Zhou JM. Apoplastic ROS signaling in plant immunity. Current opinion in plant
biology, 2017, 38: 92-100 https://doi.org/10.1016/}.pbi.2017.04.022 PMID: 28511115

Kadota Y, Shirasu K, Zipfel C. Regulation of the NADPH oxidase RBOHD during plant immunity. Plant
and Cell Physiology, 2015, 56(8), 1472—-1480. https://doi.org/10.1093/pcp/pcv063 PMID: 25941234

Simon-Plas F, Elmayan T, Blein JP. The plasma membrane oxidase NtrbohD is responsible for AOS
production in elicited tobacco cells. The Plant Journal, 2002, 31(2), 137-147. https://doi.org/10.1046/.
1365-313x.2002.01342.x PMID: 12121444

Peng Q, Wang Z, Liu P, Liang Y, Zhao Z, Li W, et al. Oxathiapiprolin, a novel chemical inducer activates
the plant disease resistance. International Journal of Molecular Sciences, 2020, 21(4), 1223 https://doi.
org/10.3390/ijms21041223 PMID: 32059380

Heller J, Tudzynski P. Reactive oxygen species in phytopathogenic fungi: signaling, development, and
disease. Annual Review of Phytopathology, 2011, 49, 369-390 https://doi.org/10.1146/annurev-phyto-
072910-095355 PMID: 21568704

Verma V, Ravindran P, Kumar PP. Plant hormone-mediated regulation of stress responses. BMC plant
Biology, 2006, 16,86

Bari R, Jones JD. Role of plant hormones in plant defence responses. Plant Molecular Biology. 2009;
69, 473-488 https://doi.org/10.1007/s11103-008-9435-0 PMID: 19083153

Adie BA, Pérez-Pérez J, Pérez-Pérez MM, Godoy M, Sanchez-Serrano JJ, Schmelz EA, et al. ABA is
an essential signal for plant resistance to pathogens affecting JA biosynthesis and the activation of

PLOS ONE | https://doi.org/10.1371/journal.pone.0267960 June 9, 2022 13/14


https://doi.org/10.1016/j.pestbp.2020.01.004
http://www.ncbi.nlm.nih.gov/pubmed/32359551
https://doi.org/10.1016/s0008-6215%2899%2900299-2
http://www.ncbi.nlm.nih.gov/pubmed/10744332
https://doi.org/10.1007/978-1-4939-6859-6%5F16
https://doi.org/10.1007/978-1-4939-6859-6%5F16
http://www.ncbi.nlm.nih.gov/pubmed/28220426
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1104/pp.107.111484
http://www.ncbi.nlm.nih.gov/pubmed/18245456
https://doi.org/10.1007/s00709-010-0247-0
http://www.ncbi.nlm.nih.gov/pubmed/21116665
https://doi.org/10.1073/pnas.012452499
https://doi.org/10.1073/pnas.012452499
http://www.ncbi.nlm.nih.gov/pubmed/11756663
https://doi.org/10.1104/pp.16.00433
https://doi.org/10.1104/pp.16.00433
http://www.ncbi.nlm.nih.gov/pubmed/27385821
https://doi.org/10.1016/j.pbi.2017.04.022
http://www.ncbi.nlm.nih.gov/pubmed/28511115
https://doi.org/10.1093/pcp/pcv063
http://www.ncbi.nlm.nih.gov/pubmed/25941234
https://doi.org/10.1046/j.1365-313x.2002.01342.x
https://doi.org/10.1046/j.1365-313x.2002.01342.x
http://www.ncbi.nlm.nih.gov/pubmed/12121444
https://doi.org/10.3390/ijms21041223
https://doi.org/10.3390/ijms21041223
http://www.ncbi.nlm.nih.gov/pubmed/32059380
https://doi.org/10.1146/annurev-phyto-072910-095355
https://doi.org/10.1146/annurev-phyto-072910-095355
http://www.ncbi.nlm.nih.gov/pubmed/21568704
https://doi.org/10.1007/s11103-008-9435-0
http://www.ncbi.nlm.nih.gov/pubmed/19083153
https://doi.org/10.1371/journal.pone.0267960

PLOS ONE BABA-induced resistance to tobacco black shank

defenses in Arabidopsis. The Plant Cell, 2007, 19(5), 1665—1681. https://doi.org/10.1105/tpc.106.
048041 PMID: 17513501

36. Sanchez-Vallet A, Lopez G, Ramos B, Delgado-Cerezo M, Riviere MP, Llorente F, et al. Disruption of
abscisic acid signaling constitutively activates Arabidopsis resistance to the necrotrophic fungus Plecto-
sphaerella cucumerina. Plant physiology, 2012, 160(4), 2109-2124. https://doi.org/10.1104/pp.112.
200154 PMID: 23037505

37. Jakab G, Cottier V, Toquin V, Rigoli G, Zimmerli L., Métraux J P, et al. B-Aminobutyric acid-induced
resistance in plants. European Journal of plant pathology, 2001, 107(1), 29-37.

PLOS ONE | https://doi.org/10.1371/journal.pone.0267960 June 9, 2022 14/14


https://doi.org/10.1105/tpc.106.048041
https://doi.org/10.1105/tpc.106.048041
http://www.ncbi.nlm.nih.gov/pubmed/17513501
https://doi.org/10.1104/pp.112.200154
https://doi.org/10.1104/pp.112.200154
http://www.ncbi.nlm.nih.gov/pubmed/23037505
https://doi.org/10.1371/journal.pone.0267960

