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Sound vibration (SV) treatment can trigger various mo-
lecular and physiological changes in plants. Previously, 
we showed that pre-exposure of Arabidopsis plants to 
SV boosts its defense response against Botrytis cinerea 
fungus. The present study was aimed to investigate the 
changes in the proteome states in the SV-treated Ara-
bidopsis during disease progression. Proteomics analy-
sis identified several upregulated proteins in the SV-
infected plants (i.e., SV-treated plants carrying Botrytis 
infection). These upregulated proteins are involved in a 
plethora of biological functions, e.g., primary metabo-
lism (i.e., glycolysis, tricarboxylic acid cycle, ATP syn-
thesis, cysteine metabolism, and photosynthesis), redox 
homeostasis, and defense response. Additionally, our 
enzyme assays confirmed the enhanced activity of an-
tioxidant enzymes in the SV-infected plants compared 
to control plants. Broadly, our results suggest that SV 
pre-treatment evokes a more efficient defense response 
in the SV-infected plants by modulating the primary 

metabolism and reactive oxygen species scavenging ac-
tivity.
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Environmental stresses affect the growth, development, 
and productivity of crops and vegetables across the globe. 
Environmental stress can be biotic or abiotic in nature. 
Biotic factors include pathogens, insects and other microor-
ganisms that exist in the ecological milieu of plants, where-
as abiotic factors constitute, temperature, light intensity, 
and other parameters. Making plants resistant to diverse 
forms of environmental stress is an ideal aim of an agri-
cultural scientist. To enhance the plant disease resistance, 
two widely used techniques are (1) conventional breeding 
and (2) developing genetically modified crops; both are 
time-consuming and expensive. Nowadays, ‘priming’ or 
‘hardening’ approaches are gaining attention, as they hold 
promise to offer an alternative strategy for sustainable 
agriculture. Priming is a biological phenomenon which 
boosts plant’s basal defense responses after being subjected 
to a mild stress or some chemical exposure (Balmer et al., 
2015). It was hypothesized that stress priming can be im-
printed as molecular-‘memory’ within a plant cell, either 
as epigenetic marks or in the form of defense metabolites 
and proteins (Pastor et al., 2013). Consequently, the primed 
plants display strong defense response under the possible 
future stress scenarios. 

Various agents can be used to prime seeds or intact 
plants. For instance, salicylic acid (SA), methyl-jasmonate, 
azelaic acid, β-aminobutyric acid, and hydrogen perox-
ide (H2O2) are well-known priming agents (Balmer et al., 
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2015). In addition, an effective form of plant stress priming 
can be mechanical stimuli; mechanical; repetitive exposure 
of mechanical stimuli (e.g., touch, wind, brushing, and 
pressing) can bolster plants’ structural strength, promote 
resilience to insect attack and pathogen infection, as well as 
facilitate stress tolerance (Li and Gong, 2011). However, 
the majority of plants are slow in response, and morpho-
logical changes are observed after a long time of repeated 
mechanical stimulation (Chehab et al., 2011). Alteration in 
plant growth and development upon mechanical perturba-
tion has been termed as thigmomorphogenesis (Chehab et 
al., 2011). Among various forms of mechanical stimuli, 
touch stimulus evoked plant responses are the most-studied 
one at the molecular level (Braam, 2005). Repetitive touch 
treatments given to Arabidopsis leaves results in enhanced 
resistance against Botrytis cinerea in a jasmonic acid-de-
pendent manner (Chehab et al., 2012). Mechanical-priming 
has also been used for sustainable agronomic purpose. For 
instance, ‘Mugifumi’ is a beneficial farm work practiced in 
Japan for hardening and increasing the yields of wheat and 
barley through physical compression (Iida, 2014). Taken 
together, it is suggestive that mechanical stimuli can act as 
a priming agent, which has a potential to offer an easy, in-
expensive, and sustainable approach for crop protection.

From the sound of wind gusts to the vibrations of cater-
pillar chewing, plants are often exposed to various forms of 
sound vibration (SV). Being a mechanical pressure wave, 
SV can induce various physiological changes in plants. In 
earlier studies, a number of SV-induced cellular responses 
were noticed, which includes calcium spiking, reactive 
oxygen species (ROS) generation, enhanced antioxidant 
enzyme activities, changed physical state of membrane 
lipids and proteins, increased transcription, translation, 
and effects on cell cycle (Mishra et al., 2016). Moreover, 
a recent finding establishes the priming potential of SV; 
pre-exposure to caterpillar-chewing vibration can induce a 
chemical defense response in Arabidopsis by virtue of ac-
cumulating glucosinolates and anthocyanin (Appel and Co-
croft, 2014). SV-mediated disease resistance was noticed in 
strawberry plants as well (Qi et al., 2010). In a preliminary 
study, exposure to SV was noted to induce drought toler-
ance in Arabidopsis (López-Ribera and Vicient, 2017). 
Taken together, aforementioned studies indicate that SV 
has the potential to generate priming effects in plants; how-
ever, the molecular mechanisms that govern such response 
remain elusive. Therefore, it is important to elucidate the 
underlying molecular mechanisms for SV-mediated prim-
ing and improved stress tolerance. In this regard, our pre-
vious study revealed that 1,000 Hz SV at 100 dB can en-
hance Arabidopsis resistance against Botrytis cinerea (Choi 

et al., 2017). Additionally, the transcriptomic and hormone 
analyses revealed that SV-treated Arabidopsis plants de-
layed the infection process against Botrytis through SA- 
and systemic acquired resistance-mediated pathways (Choi 
et al., 2017).

Active cellular defense mechanism relies on the effective 
production of defense metabolites and hormones. Further, 
the distribution of such defense molecules towards the sites 
of infection is pivotal for survival of the host. To achieve 
this, plants need to channelize their resources for effec-
tive production and redistribution of energy. It is pertinent 
to mention that in our previous work many differentially 
expressed genes related to primary and secondary me-
tabolism were identified in the SV-treated Arabidopsis 
during Botrytis infection (Choi et al., 2017). However, 
gene expression states could not always correlate with the 
protein expression. Thus, to gain better understanding at 
the protein level, SV-treated and SV-untreated Arabidopsis 
plants were inoculated with Botrytis spores to compare the 
proteome states of infected SV-treated plants (henceforth 
referred to as ‘SV-infected’) to the infected SV-untreated 
plants (henceforth referred to as ‘non-SV–infected’). In 
the end, we are proposing a model to summarize the ef-
fects of SV pre-treatment in defense response in plant cells. 
Fundamentally, new knowledge about the proteomics level 
can facilitate plant acoustic research and plant stress ac-
climation, which is likely to be translated into agronomic 
benefits for priming crop plants.

Materials and Methods

Plant growth conditions and SV treatment. Arabidopsis 
thaliana (Columbia-0) plants were treated with SV and 
inoculated with Botrytis cinerea as previously described 
by Choi et al. (Choi et al., 2017). Arabidopsis plants were 
grown under continuous light (150 μmol/m2/s) in a growth 
room at 23 ± 1°C. Fourteen-day-old plants were exposed to 
the single frequency SV (1,000 Hz at 100 dB) in a special-
ized sound-proof chamber daily 3 h for 10 days. Similarly, 
non-SV treated plants (i.e., control samples in the present 
study) were also kept in the sound-proof chamber without 
SV exposure. After 10 days, both SV-treated and non-SV 
treated plants were inoculated with Botrytis cinerea spores 
(in potato dextrose broth, 5 × 105 spores/ml). Subsequently, 
SV-infected (i.e., SV-treated plants carrying Botrytis in-
fection) and non-SV–infected (i.e., non-SV treated plants 
carrying Botrytis infection) plants were covered with a 
transparent lid to maintain humidity and were moved to the 
growth room. Infected rosette samples were harvested at 
various time points (12, 24, 48, and 72 hour post inocula-
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tion [hpi]) in liquid nitrogen for proteomic and antioxidant 
enzyme assay analyses. Three biological replications were 
used for proteomic analysis and antioxidant enzyme assays. 
For a better representation, a schematic view of SV treat-
ment method, pathogen inoculation, and sample harvesting 
time is shown in Fig. 1.

Proteomic profiling using two-dimensional gel elec-
trophoresis (2-DE). Total protein was isolated from Ara-
bidopsis rosette leaves (5 g) and proteomic analysis was 
performed as previously described by Kwon et al. (2016). 
Total soluble proteins were quantified using the 2D-Quant 
kit (Amersham Biosciences Europe GmbH, Freiburg, 
Germany) and stored at −70°C until 2-DE analysis. Later, 
2-DE was carried out by PROTEAN IEF cell (Bio-Rad, 
Bio-Rad Laboratories GmbH, Munich, Germany) for the 
first-dimensional isoelectric focusing using the immobi-
lized strips (17 cm, pH 5-8, Bio-Rad), and by Protean Xi-II 
Cell system (Bio-Rad) for the second-dimensional sodium 
dodecyl sulfate polyacrylamide gel electrophoresis. After 
silver staining, gel images were acquired by using a GS-
800 Imaging Densitometer (Bio-Rad) and analyzed using 
PDQuest version 7.2.0 software (Bio-Rad). All experi-
ments were repeated three times and the volume of each 
spot was detected and normalized to a relative density. 
Proteins showing statistically significant difference (P < 
0.05, fold change > 1.5) between SV-infected and non-SV–
infected plants during pathogen infection were selected for 
identification. For protein identification, differential protein 
spots visualized in the gel were excised and were subjected 
to in-gel digestion as described previously (Kwon et al., 

2010). Protein identification was performed through ma-
trix assisted laser desorption ionization-time of flight mass 
spectrometry (MALDI-TOF/TOF MS) using ABI 4800 
Plus TOF-TOF Mass Spectrometer (Applied Biosystems, 
Framingham, MA, USA). A total of 42 proteins were se-
lected, of which, peptide mass tolerance and fragment mass 
tolerance were fixed at 100 ppm. High confidence interval 
showed statistically reliable search scores (greater than 
95% confidence) corresponding to protein’s experimental 
isoelectric point (pl) and molecular weight (MW). Finally, 
the differentially expressed proteins were classified into 
seven groups according to their attributes, using UniProt 
Knowledgebase (UniProtKB) and The Plant Proteome Da-
tabase (PPDB).

Analysis of antioxidant enzyme activities. Antioxidant 
activities of five different enzymes were measured as men-
tioned previously (Kwon et al., 2010). Arabidopsis rosette 
leaves were ground into a fine powder in liquid nitrogen. 
The ground powder was mixed with 50 mM potassium 
phosphate buffer (pH 7.0) and centrifuged at 9,100 ×g 
for 20 min. Then the supernatants were collected for the 
estimation of the enzyme activities. Superoxide dismutase 
(SOD; EC 1.15.1.1) activity was measured based on the 
generation of superoxide radical by xanthine and xanthine 
oxidase, which produced red formazan dye upon reaction 
with 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-
tetrazolium. For ascorbate peroxidase (APX; EC 1.11.1.11) 
activity, reduction of ascorbate concentration was deter-
mined from decrease in the absorbance at 290 nm with 
extinction coefficient of 2.8/mM/cm. Glutathione reductase 

Fig. 1. Schematic representation of experimental strategy. The 14-day-old plants were exposed to 1,000 Hz sound vibration (SV) at 100 
dB amplitude for daily 3 h up to 10 days in a specialized sound-proof chamber without light. Similarly, non-SV treated plants were also 
kept in the sound-proof chamber (in darkness) without SV exposure. After 10 days, both SV-treated and non-SV treated plants were in-
oculated with Botrytis cinerea spores. After pathogen inoculation, SV-infected and non-SV–infected plants were transferred back to the 
growth room. Infected rosette samples were harvested at 12, 24, 48, and 72 hour post inoculation (hpi). 
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(GR; EC 1.6.4.2) activity was measured as mentioned 
previously (Kwon et al., 2010). For catalase (CAT; EC 
1.11.1.6) activity, the initial rate of disappearance of H2O2 
was measured by decline in absorbance at 240 nm with the 
extinction coefficient of 40/mM/cm. Dehydroascorbate re-
ductase (DHAR; EC 1.8.5.4) activity was examined based 
on the increase of absorbance at 290 nm resulting from the 
conversion of dehydroascorbate to ascorbate. Finally, mean 
values of three replicates were calculated and plotted in 
graph with standard errors.

Results

SV treatment with 1,000 Hz alters proteomic profiles in 
A. thaliana during B. cinerea infection. In our previous 
study, we observed significant differences in disease level 
between SV-infected and non-SV–infected plants at 72 
hpi, i.e., non-SV–infected plants had more senescent leaves 
than SV-infected plants (Choi et al., 2017). We observed 
similar results in the present study. Therefore, in this study, 
whole rosette samples were harvested at various time 
points until 72 hpi. The protein samples for 2-DE analysis 
were isolated from Botrytis-infected Arabidopsis rosette 
leaves (i.e., SV-infected or non-SV–infected plants) at dif-
ferent time points (12, 24, 48, and 72 hpi). Consequently, 
about 42 differentially expressed protein spots (intensity 
fold change > 1.5) were identified between SV-infected 
and non-SV–infected plants during disease progression 
(Fig. 2). The entire list of proteins with molecular weights, 
isoelectric points, peptide hit, score, and identified peptide 
sequences are available in Table 1 and Supplementary 
Table 1. Alterations in the protein expression in the SV-
infected Arabidopsis plants compared to non-SV–infected 
plants are displayed as color gradients in a heat map (Fig. 3). 
Based on their attributes, we classified the differentially ex-
pressed proteins into following groups. Mapman functional 
annotations of the proteins are available in Table 1.

Antioxidant protein levels. Several antioxidant enzymes 
were upregulated in the SV-infected plants compared to 
non-SV–infected plants. These proteins were identified as, 
peroxiredoxin (spots 2 and 14), APX (spot 20), SOD (spot 
23), and monodehydroascorbate reductase (spot 64). High-
est upregulation was found in 2-cys peroxiredoxin BAS1 
at 12 hpi. Interestingly, glutathione S-transferase (spots 17 
and 21) which plays an important role in redox homeosta-
sis, was also upregulated in the SV-infected plants.

Proteins involved in energy metabolism. In response to 
pathogen infection, high expression of various subunits of 

ATP synthase (spots 8, 13, 15, and 59) was observed in 
the SV-infected plants relative to non-SV–infected plants. 
Among them, highest upregulation was observed for ATP 
synthase subunit δ at 48 and 72 hpi. Besides this, enhanced 

Fig. 2. Proteomic profiling of sound vibration (SV)-infected and 
non-SV–infected Arabidopsis plants that carry Botrytis infection, 
using two-dimensional electrophoresis. Plants were treated with 
1,000 Hz sound vibration at 100 dB. The time (12, 24, 48, and 
72) indicates hour post B. cinerea infection (hpi).
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expression of two enzymes related to nucleotide metabo-
lism was also seen, i.e., nucleoside diphosphate kinase (spot 
4) and adenylate kinase (spots 16 and 44).

Proteins involved in photosynthesis. We were able to 
identify elevated expression of five photosynthetic proteins 

in the SV-infected plants. Among them, cytochrome b6-f 
complex iron-sulfur subunit (spot 5) and ferredoxin-NADP 
reductase (spot 39) take part in the light reaction, and ribu-
lose bisphosphate carboxylase large chains (spots 33, 36, 
and 38) are involved in Calvin cycle.

Fig. 3. Heatmap of the differentially expressed proteins in the sound vibration (SV)-infected Arabidopsis thaliana. A total of 42 can-
didate proteins were selected, which were more than 1.5-fold induced (red) in the SV-infected plants when compared to the non-SV–
infected plants. The time (12, 24, 48, and 72) indicates hour post inoculation of Botrytis spores. Values within the cells indicate the fold 
changes (n = 3). P-value ranges are marked by asterisks: ***P < 0.01, ** 0.01 < P < 0.05, *P < 0.1. ‘Spot no.’ indicates the numbers corre-
sponding to the 2D gel electrophoresis (shown in Fig. 2).
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Glycolysis and tricarboxylic acid (TCA) cycle proteins. 
We observed high expression of six enzymes in the SV-
infected plants which are involved in glycolysis and TCA 
cycle. These enzymes were carbonic anhydrase (spot 
19), phosphoglycerate kinase (spot 52), citrate synthase 
(spot 62), isocitrate dehydrogenase (spot 63) and pyruvate 
dehydrogenase (spots 35 and 56). Among them, highest 
expression was observed for pyruvate dehydrogenase E1, 
especially at 24 hpi.

Proteins associated with amino acid metabolism. En-
hanced expression of seven proteins that are involved in 
amino acid metabolism was seen in the SV-infected plants 
compared to non-SV–infected plants. These proteins were 
cysteine synthase (spots 28 and 57), aspartate-semialde-
hyde dehydrogenase (spot 49), arginase (spot 51), gluta-
mine synthetase (spot 58), glutamate-glyoxylate amino-
transferase (spot 61; GGAT1) and aminomethyltransferase 
(spot 70).

Changes in defense-related proteins. Four defense-
related proteins were upregulated in the SV-infected plants 
compared to non-SV–infected plants. These are vegeta-
tive storage protein (spot 25; VSP1), legume lectin-like 
protein (spot 45), GDSL esterase/lipase ESM1 (spot 67), 
and cysteine proteinase inhibitor (spot 24). Among them, 
the highest expression was observed for legume lectin-like 
protein at 24 and 72 hpi. LECTIN and VSP1 act as defense 
proteins against pathogens and predators (Liu et al., 2005; 
Peumans and van Damme, 1995). Cysteine proteinase in-
hibitor (also known as cystatins) has antifungal properties 
and also protects plants from pathogens and pests (Martinez 
et al., 2005). ESM1 catalyzes conversion of non-active 
glucosinolates into bio-active compounds, which play 
an important role in plant-pathogen and plant-herbivore 
interactions (Zhang et al., 2006). Blast search indicated 
that uncharacterized protein (spot 12) is homologous to 
pathogenesis-related protein (i.e., PR4) which positively 
regulates SA-mediated defense response in plants.

Miscellaneous. The proteins in this group are involved 
in diverse cellular functions. Increased expression of two 
proteins—proteasome subunit β-type 6 (spot 18) and trans-
lation elongation factor Tu (spot 55)—that are involved in 
protein metabolism was seen. Apart from this, phospho-
glycolate phosphatase (spot 26) and GGAT1—enzymes 
involved in photorespiration—were also noted to be up-
regulated in the SV-infected plants compared to non-SV–
infected plants.

Gene ontology enrichment analysis of the di-erentially 
expressed proteins. The gene IDs of the differentially 
expressed proteins were used for the gene ontology (GO) 
analysis through DAVID bioinformatics resources. The list 
of genes and the details of the enrichment analysis (P < 0.05) 
of 3 GO classes (biological process, molecular function, 
and cellular component) are available in Supplementary 
Table 2. Enrichment analysis indicates that upregulated 
proteins in the SV-infected plants are highly enriched with 
cysteine biosynthetic process (Fig. 4A). Interestingly, the 
majority of upregulated proteins are stromule-localized 

Fig. 4. Gene ontology (GO) enrichment analysis of differentially 
expressed proteins through DAVID bioinformatics recourses. 
The gene IDs of the differentially expressed proteins were used 
for the analysis. The enrichment analysis of 3 GO classes (biolog-
ical process, molecular function, and cellular component) were 
performed at P < 0.05.
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(Fig. 4B). Stromule is a tubular extension of the plastid 
filled with stroma (Caplan et al., 2015). According to the 
GO molecular function, the upregulated proteins in the SV-
infected plants are enriched with antioxidant and adenylate 
kinase activities (Fig. 4C).

Comparative analysis of proteomics and transcrip-
tomics datasets in the context of primary metabolism. 
The present study indicates that the majority of the dif-
ferentially expressed proteins are involved in the primary 
metabolism. Our previous GO analysis of transcriptomics 
data also revealed that differentially expressed genes in 
the SV-infected plants were enriched with various primary 
metabolic processes (Choi et al., 2017). For example, the 
upregulated genes at 12 hpi in the SV-infected plants were 
enriched with redox homeostasis (GO:0045454) func-
tion. Moreover, the upregulated genes at 24 hpi in the SV-
infected plants were significantly enriched with photosyn-
thesis (GO:0015979) and photosynthetic electron transport 
process (GO:0009767). 

In addition to this, we performed a pathway enrichment 
analysis to compare the transcriptomics and proteomics 
datasets and identify the genes involved in primary me-
tabolism. For this purpose, we used a group of genes from 
our previous study that was differentially expressed (P < 
0.05 and fold change > 1.5) in the SV-treated (0 hpi, i.e., 
pre-inoculation of Botrytis spore) and SV-infected (12 
and 24 hpi) plants (Choi et al., 2017). Pathway enrich-
ment analysis was performed through EXPath—a web tool 
which can identify the enriched Kyoto Encyclopedia of 
Genes and Genomes pathways of a group of genes (Chien 
et al., 2015). This analysis identified several genes that are 
involved in primary metabolic pathways (Supplementary 
Table 3). Twelve genes related to photosynthesis (pathway 
ID: 00195, 00196, 00710) were identified and a majority 
of them were upregulated in the SV-treated plants at pre- 
and post-inoculation. Notably, many of these genes encode 
photosystem I and II subunits, light-harvesting complex 
II chlorophyll a/b binding protein, ferredoxin-NADP+ 
reductase, and ribulose bisphosphate carboxylase. Seven 

Fig. 5. Determination of antioxidant enzyme activities in the sound vibration (SV)-infected and non-SV–infected Arabidopsis thaliana. 
Enzyme activities of superoxide dismutase (SOD), ascorbate peroxidase (APX), dehydroascorbate reductase (DHAR), glutathione re-
ductase (GR), and catalase (CAT) were measured in SV-infected (red) and non-SV–infected (blue) Arabidopsis plants. The time (12, 
24, 48, and 72) indicates hour post inoculation of Botrytis spores. The data represent the mean of three replications with standard error. 
Asterisks indicate significant difference (P < 0.05) between non-SV–infected and SV-infected plants.
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genes related to glycolysis/gluconeogenesis and TCA 
cycle (pathway ID: 00010, 00020) were identified. Among 
them, triosephosphate isomerase, phosphoenolpyruvate 
carboxykinase, aldehyde dehydrogenase, pyruvate dehy-
drogenase, pyruvate kinase, and glyceraldehyde 3-phos-
phate dehydrogenase are the prominent ones. Interestingly, 
five genes that are involved in oxidative phosphorylation 
(pathway ID 00190) were upregulated in the SV-treated 
plants at pre-and post-inoculation. This group includes 
H+-transporting ATPase, NADH dehydrogenase, and py-
rophosphorylase. Oxidative phosphorylation is the major 
ATP producing pathway in the cell. However, eight genes 
that are involved in amino acid biosynthesis (pathway ID 
01230) were mainly downregulated in the SV-treated as 
well as SV-infected plants. Three genes that are involved 
in sulfur and cysteine/methionine metabolism (pathway 
ID 00920, 00270) were noted to be upregulated in the SV-
treated plants at pre- and post-inoculation. Interestingly, 
two genes related to glucosinolate biosynthesis (pathway 
ID 00966) were noted to be upregulated in the SV-infected 
plants at 24 hpi. Glucosinolate biosynthesis is closely 
linked to the sulfur metabolism (Rausch and Wachter, 
2005). On the other hand, eight glutathione S-transferase 
genes (pathway ID 00480), involved in redox homeostasis, 
were noted to be differentially expressed in the SV-infected 
plants at 12 and 24 hpi. By and large, the expression pat-
tern of photosynthesis, respiration, and energy metabolism-
related proteins was noted to be in good correlation with 
transcriptomics results. However, sometimes comparison 
of transcriptomics and proteomics datasets does not show a 
good correlation due to the post-transcriptional regulation.

SV treatment with 1,000 Hz increases antioxidant en-
zyme activities in A. thaliana during B. cinerea infection. 
The proteomic analysis revealed enhanced accumulation of 
antioxidant enzymes in the SV-infected plants compared 
to non-SV–infected plants during disease progression. 
We hypothesized that SV treatment increases disease re-
sistance through elevated antioxidant enzyme activities in 
the infected plants. To test this hypothesis, we measured 
the enzyme activities of five representative antioxidant en-
zymes (Fig. 5). The activity of APX which reduces H2O2 to 
H2O by utilizing ascorbate as a specific electron donor, was 
significantly increased in the SV-infected plants compared 
to non-SV–infected plants at all-time points. SOD activity, 
which catalyzes the dismutation of O2

– to H2O2, was also 
enhanced in the SV-infected plants. The activity of DHAR, 
which reduces dehydroascorbate to ascorbate using gluta-
thione (GSH) as reductant, was maintained at higher level 
in the SV-infected plants than non-SV–infected plants. GR, 

which catalyzes the reduction of GSH, showed enhanced 
activity at 12 and 72 hpi in the SV-infected plants. Howev-
er, no significant difference was detected in CAT activity, 
which decomposes H2O2 to O2 and H2O. These observa-
tions revealed that activities of antioxidant enzymes were 
enhanced in the SV-treated plants during pathogen infec-
tion.

Discussion

Previously it was observed that SV pre-treatment el-
evates the defense response of Arabidopsis plants against 
Botrytis cinerea (Choi et al., 2017). Moreover, studies at 
the molecular level identified the increased levels of SA 
and defense-related transcripts (e.g., flavonoid and GSH 
biosynthesis, and cell wall biosynthesis/organization) in 
the SV-treated plants during pathogen infection (Choi et 
al., 2017). Taken together, it is clear that SV-treated plants 
can modulate their metabolism more swiftly than non-SV 
treated plants during pathogen infection. During pathogen 
infection, plants require more energy for synthesizing de-
fense molecules and also for their transport to the infected 
sites. Energy demands of the host cells under pathogen 
attack are catered by the production of ATPs mainly from 
the respiratory pathway, i.e., mitochondrial electron trans-
port chain. Our data revealed an increase in the level of 
respiratory enzymes (i.e., glycolytic and TCA cycle) in 
the SV-infected plants (Fig. 3). Additionally, the level of 
mitochondrial ATP synthase enzyme (spot 8) in the SV-in-
fected plants was also increased. It is known that SV itself 
can induce H+-ATPase activity and ATP content in plant 
cells (Xiaocheng et al., 2003; Yi et al., 2003). For example, 
synthetic SV (1,000 Hz, 100 dB) was found to induce the 
H+-ATPase activity in chrysanthemum roots and callus 
(Wang et al., 2002; Yi et al., 2003). The efficient energy 
metabolism in the SV-treated plants may generate a robust 
defense response during the course of pathogen infection 
which delays disease manifestation. 

Reduction in the rates of photosynthetic activity is a 
characteristic of infected plant tissues; however, photo-
synthetic rates can also be enhanced in the non-infected 
systemic tissues (Bolton, 2009). Increased photosynthetic 
rates could support plant defense requirements by pro-
ducing energy, sugars, and reducing equivalents (Bolton, 
2009). In our experiments, we observed enhanced levels of 
photosynthetic enzymes and chloroplastic ATPase in the 
SV-infected plants (Fig. 3). This phenomenon may occur 
due to the presence of more non-infected green leaves in 
the SV-infected plants than the non-SV–infected plants. 
Corroboratively, our previous report showed more senes-
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cent leaves in the non-SV–infected plants compared to SV-
infected plants at 72 hpi (Choi et al., 2017). On the other 
hand, reinforcement of the cell wall is a part of the plant 
defense strategy against invading pathogens (Bellincampi 
et al., 2014). Hence, elevated photosynthetic enzymes in 
the SV-infected plants may increase production of cell wall 
polysaccharides for cell wall thickening in the infected tis-
sues. Corroboratively, our previous studies identified the 
increased levels of cell wall biosynthesis/organizing tran-
scripts (e.g., TCH4) in the SV-infected plants at 24 hpi (Choi 
et al., 2017). In the future, a detailed study is needed to 
establish a direct role of photosynthesis in the SV-infected 
plants during disease progression.

Redox signaling plays an important role in plant defense. 
Increased level of ROS activates the hypersensitive cell 
death in infected plants, which exterminates invading bio-
trophs (van Kan, 2006). However, redox signaling is quite 
complex in the plant-necrotrophs interaction. Mycotoxins 
produced by the necrotrophic fungus together with elevated 
ROS kills the plant cells; that leads to susceptibility (van 
Kan, 2006). Consequently, plants upregulate their antioxi-
dant enzymes to neutralize the ROS level. Previously it 
was observed that resistant plants produce more antioxidant 
enzymes during Botrytis infection compared to susceptible 
plants (Wan et al., 2015). Our proteomic analysis displayed 
increase in the expression of several antioxidant enzymes 
in the SV-infected plants (Fig. 3). Corroboratively, anti-
oxidant enzyme assays revealed the increased activity of 
APX, SOD, DHAR, and GR (Fig. 5). SV itself can induce 
the expression of antioxidant enzymes and their activities 
in plants (Ghosh et al., 2016; Wei et al., 2012). It has been 
reported that 1,000 Hz SV with 100 dB intensity can in-
duce the antioxidant activities in chrysanthemum seedlings 
and different organs of Dendrobium candidum (Li et al., 
2008; Xiujuan et al., 2003). In addition to this, increased 
activities of antioxidant enzymes by ultrasound treatment 
was also noticed in Dendrobium officinale and suspension-
cultured hazel cells (Safari et al., 2013; Wei et al., 2012). 
These results support the notion that SV-infected plants can 
neutralize ROS more efficiently than the non-SV–infected 
plants during disease progression.

Besides supporting cellular energy demands, several 
previous reports showed a more direct role of primary 
metabolism in plant defense responses. For example, hexo-
kinase 1 (AtHXK1)-dependent activation of Arabidopsis 
PR genes (PR-1 and PR-5) by glucose was previously 
reported (Xiao et al., 2000). Hexokinase enzyme converts 
glucose to glucose-6-P and plays an important role in the 
glucose metabolic pathway. It has also been reported that 
the soluble sugars like glucose, fructose, and sucrose can 

induce the expression of PR genes (i.e., PAR-l, PR-Q) in 
leaf discs of tobacco plants (Herbers et al., 1996). In addi-
tion to these, multiple studies indicate the roles of sugars 
and sugar-like compounds in plant immunity and activa-
tion of various defense genes (Bolouri Moghaddam and 
van den Ende, 2012). On the other hand, glycolate oxidase 
that coverts glycolate into glyoxylate during photorespira-
tion also plays an important role in plant defense process. It 
has been noted that the expression of defense-related genes 
can be reduced in two Arabidopsis gox mutants (Atgox3 
and Athaox2) after inoculation with P. syringae (Rojas et 
al., 2012). Alterations in amino acid metabolism also in-
fluence plant defense responses. Arabidopsis lht1 (lysine 
histidine transporter 1) mutant that constitutively expresses 
PR1 and has reduced contents of glutamine, alanine, and 
proline, showed enhanced resistance against diverse fungal 
and bacterial pathogens (Liu et al., 2010). The catabolism 
of lysine produces a non-protein amino acid—pipecolic 
acid (Pip)—that acts as an important immune signal and 
upregulates PR1 expression in Arabidopsis (Bernsdorff 
et al., 2016). Taken together, it is clear that the primary 
metabolism has significant influences on defense gene ex-
pression. Therefore, we can hypothesize that the changes in 
primary metabolism ultimately induce the biosynthesis of 
defense proteins and metabolites in the infected plants. Our 
proteomics analysis identified increased accumulation of 
various defense proteins (i.e., lectin, VSP1, cystatins, and 
ESM1) in the SV-infected plants (Fig. 3). This observation 
is corroborated by our previous finding, where elevated 
levels of lectin and VSP1 transcripts in the SV-infected 
plants were observed (Choi et al., 2017). Amino acid, espe-
cially cysteine (Cys) metabolism, plays a pivotal role in the 
synthesis of plant defense molecules. We observed elevat-
ed levels of Cys biosynthesis enzymes in the SV-infected 
plants during disease progression (Fig. 3). Moreover, the 
upregulated proteins in the SV-infected plants are enriched 
with cysteine synthase activity (Fig. 4C). Also, Cys serves 
as a precursor for the synthesis of various sulfur contain-
ing defense molecules like glucosinolates and camalexin 
(Rausch and Wachter, 2005). In our earlier work, we 
observed elevated levels of CYP71A13 (involved in cama-
lexin biosynthesis) and MYB29 (involved in glucosinolate 
biosynthesis) transcripts in the SV-infected plants at 12 to 
24 hpi (Choi et al., 2017). Thus, efficient biosynthesis of 
defense molecules via sulfur metabolism might induce the 
observed defense responses in the SV-infected plants.

Based on our results, a model is forwarded to depict the 
effect of SV on plant defense response (Fig. 6). However, 
it is still unknown how SV sensitize plant cells. The roles 
of membrane-bound mechanosensors (i.e., mechanosen-
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sitive ion channels and wall-associated kinase) in plant 
mechanosensation have been hypothesized previously 
(Monshausen and Haswell, 2013). These mechanosensors 
may play important roles in SV perception as well (Mishra 
et al., 2016). Previously it was observed that SV treatment 
alters the expression of mechanosensitive ion channels in 
Arabidopsis (Ghosh et al., 2017). Additionally, SV-regulat-
ed cell wall modifying enzyme (e.g., TCH4) may activate 
damage-associated molecular patterns–mediated signaling 
which could trigger the accumulation of SA (Choi et al., 
2017). Moreover, exposure to SV can alter physiologi-
cal states (e.g., electrolyte leakage and photosynthesis) of 
plants (Ghosh et al., 2017). Such physiological and mo-
lecular adjustments prime the plants in such a way that the 
application of subsequent biotic stress generates efficient 
and sturdy defense responses. Invading pathogens generate 
ROS in host cells which triggers the defense response of 
plants. Consequently, it elevates the primary metabolism 

(e.g., glycolysis, TCA cycle, and energy metabolism) of in-
fected cells, which facilitates the production of SA, defense 
metabolites, and proteins in the SV-infected plants. For this 
purpose, SV-priming upregulates several defense-related 
genes (PAD4, EDS1, EDS5, NPR1, MYB29, and CY-
P71A13) (Choi et al., 2017). Similarly, as a part of defense 
strategy, upregulation of cell wall modifying enzymes and 
antioxidant enzyme activities facilitate the cell wall rein-
forcement and ROS scavenging ability, respectively. All 
these improved molecular and physiological phenomena 
enhance the defense responses of the SV-infected plants. 
Collectively, our results indicate that SV pre-treatment can 
induce the defense responses in plants. However, a detailed 
mechanistic investigation is required in future where key 
characteristics of defense priming (e.g., memory, fitness 
costs, performance, and broad-spectrum activity) need to be 
analyzed (Martinez-Medina et al., 2016). Further research 
on plant interaction with SV has the potential to open the 

Fig. 6. Hypothetical model showing the effects of sound vibration pre-treatment in defense response in plant cells. Pointed arrows indi-
cate activation and blunt arrows indicate repression. ROS, reactive oxygen species; TCA, tricarboxylic acid; DAMP, damage-associated 
molecular patterns.
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doors for a novel green technology, namely, stress priming 
via SV to make crop plants more resilient.
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