PLANT & Taylor & Francis
Plant Signaling & Behavior
A%

ISSN: 1559-2324 (Online) Journal homepage: www.tandfonline.com/journals/kpsb20

Short-term transcriptional memory and
association-forming ability of tomato plants in
response to ultrasound and drought stress stimuli

Déra Farkas, Anita Kiraly, Viktor Ambrus, Bianka Téth & Judit Dobranszki

To cite this article: Déra Farkas, Anita Kiraly, Viktor Ambrus, Bianka Toth & Judit Dobranszki
(2025) Short-term transcriptional memory and association-forming ability of tomato plants in
response to ultrasound and drought stress stimuli, Plant Signaling & Behavior, 20:1, 2556982,
DOI: 10.1080/15592324.2025.2556982

To link to this article: https://doi.org/10.1080/15592324.2025.2556982

8 © 2025 The Author(s). Published with
license by Taylor & Francis Group, LLC.

A
h View supplementary material &'

% Published online: 12 Sep 2025.

N\
[:J/ Submit your article to this journal &

A
& View related articles &'

(&) View Crossmark data &'

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=kpsb20


https://www.tandfonline.com/journals/kpsb20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15592324.2025.2556982
https://doi.org/10.1080/15592324.2025.2556982
https://www.tandfonline.com/doi/suppl/10.1080/15592324.2025.2556982
https://www.tandfonline.com/doi/suppl/10.1080/15592324.2025.2556982
https://www.tandfonline.com/action/authorSubmission?journalCode=kpsb20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=kpsb20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15592324.2025.2556982?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15592324.2025.2556982?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/15592324.2025.2556982&domain=pdf&date_stamp=12%20Sep%202025
http://crossmark.crossref.org/dialog/?doi=10.1080/15592324.2025.2556982&domain=pdf&date_stamp=12%20Sep%202025
https://www.tandfonline.com/action/journalInformation?journalCode=kpsb20

PLANT SIGNALING & BEHAVIOR Tavlor & F .
2025, VOL. 20, NO. 1, 2556982 e ay or rancis

https://doi.org/10.1080/15592324.2025.2556982 Taylor & Francis Group

RESEARCH ARTICLE 8 OPEN ACCESS | Gheck for updates |

Short-term transcriptional memory and association-forming ability of
tomato plants in response to ultrasound and drought stress stimuli

Déra Farkas®(@®, Anita Kiraly®@®, Viktor Ambrus®®, Bianka Téth?@® and Judit Dobranszki®

2Centre for Agricultural Genomics and Biotechnology, Faculty of the Agricultural and Food Science and Environmental
Management, University of Debrecen, Debrecen, Hungary; "Department of Biotechnology and Microbiology, Faculty of Science
and Technology, University of Debrecen, Debrecen, Hungary

ABSTRACT ARTICLE HISTORY

Plant memory is an adaptive mechanism that plants can use to increase their fitness Eec?'vsdzgoAMy 2022052
and cope with adverse environmental stresses. In this study, mRNA-sequencing (mRNA- AeV'Se ugust 2025

A > X T ccepted 29 August 2025
seq), whole-genome bisulfite sequencing (WGBS) and real-time quantitative PCR (RT-
qPCR) methods were applied for evaluating formation and maintenance of somatic KEYWORDS
transcriptional memory after treatment with ultrasound and drought stimuli in toma- Associative memory;
toes. In addition, the effects of repeated stimuli, as well as the association-forming conditioning; DNA
ability of plants were studied when they were trained previously with combined stimuli. 27;:2';“?2;”;5:}‘3};‘;‘?{
Two days after exposure to the two stimuli applied alone or in combination, signifi- sustained"i/nd,L)Jction‘ trai/ning
cantly altered gene transcription and DNA methylation were revealed. Using four '
selected target genes, we demonstrated that plants memorized stimuli for 5-10d, in
a gene- and stimulus-dependent way. The repeated application of the stimuli caused
various alterations in gene transcription behavior, such as habituation, sustained
induction or modified reinduction. Plants were able to use one conditioned stimulus
as a predictor of the other, unconditioned one, after conditioning in the case of 3 out of
4 target genes, and used their transcriptional memory associatively. The exploitation of
plant memory and associative learning may contribute to the development of new
strategies to increase plant stress resilience.

Introduction

The increasingly unpredictable environmental variability resulting from global climate change has a direct
and growingly severe impact on the stability of agricultural production, plant stress tolerance and yield.
Owing to their sedentary lifestyle, plants are unable to avoid adverse environmental conditions, such as
drought or heat stress, and therefore, for their survival, they activate complex physiological and molecular
adaptation mechanisms that help them adjust to environmental stressors.">”

Due to rising average temperature and increasing extremes of precipitation distribution, plants are
forced to develop between successive abiotic stresses, which can have a significant negative impact on crop
yield and quality.* With the increasing incidence of extreme weather events, understanding plant stress
responses and their molecular and epigenetic regulation is becoming increasingly urgent.

There is accumulating theoretical and experimental evidence that the cognitive abilities of plants
(perception, memory, and learning) cannot be completely excluded and in fact, their adaptive responses to
some environmental stimuli may indicate a certain degree of learning.” This learning-like phenomenon is
supported, for example, by the fact that Arabidopsis thaliana L. can recognize the sounds produced by
caterpillars and produces defensive toxins in response.® Mimosa pudica L. gradually reduces its leaf-
closing response to repeated touch, which can be interpreted as a form of simple habituation.” Similar
adaptive responses have been described in Pisum sativum L., which responds to the dynamics of nutrient
distribution by altering its root architecture.® In some cases, earlier milder stresses can ‘prepare’ plants for
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later, more severe stresses, a process called priming."*'* Primed plants are able to respond faster and more
effectively to recurring stress, and in some cases these responses can even be inherited for generations
through epigenetic modifications (DNA methylation, histone modification)."*'"'* Zhang et al."> investi-
gated whether Glechoma longitudo L. plants can remember previous environmental stressors, such as UV-
B radiation, and whether this memory affects the growth of progeny plants. The research demonstrated
that clonal plants can remember environmental stress, epigenetically record the experienced stimulus (by
decreasing DNA methylation), and transgenerationally transmit this memory to their progeny, influencing
their defense strategies and growth.'” Recent research has indicated that transgenerational transmittance of
acquired resistance is also possible in non-clonally propagated plants."'

According to our current knowledge, epigenetic modifications represent the deepest layer of plant
memory.'” Although the blue-prints of plant memory are the epigenetic modifications,'* transcriptional
memory is another layer of plant memory when, after a stimulus, the altered gene expression pattern is
maintained compared to the naive state. This implies an altered transcriptional response after non-lethal
stress, which is regulated by transient epigenetic changes (histone and DNA methylation modifica-
tions)'*'>. A modified transcriptional response is a manifestation of plant memory. The physiological
changes observed during priming include the activation of antioxidant enzymes, improved osmotic
regulation, the activation of signaling pathways involved in stress responses, and increased production
of secondary metabolites.'® The phenomena of priming and stress memory are primarily studied in model
plant (Arabidopsis thaliana L.), while limited research results are currently available for agriculturally
important crops (wheat (Triticum aestivum L.), rice (Oryza sativa L.), maize (Zea mays L.), rapeseed
(Brassica rapa L.) or beans (Phaseolus vulgaris L.)).'”!® For example, in rapeseed, heat stress caused
significant changes in the small RNA profile of pollen grains.'” In the heat-sensitive P. vulgaris, genetic
association studies have identified several heat stress-responsive genes that affect various stress responses
(heat shock protein (HSP) activation, flowering time regulation, signal transduction, and protein
stabilization).*’

The response mechanisms to environmental stressors differ by species and by stress type; therefore,
species-specific studies are necessary. In connection with climate change, there is a growing demand for
innovative and environmentally friendly technologies that can enhance the resilience of plants using
memory processes induced by physical stimuli. Ultrasound stimulation may be an alternative solution as a
new tool. Ultrasound/sound stimulation as an acoustic treatment is a partially explored research area;
however, several studies have reported its beneficial physiological effects. Based on the studies conducted
by Lépez-Ribera and Vicient*' on the model plant Arabidopsis thaliana, sound treatment with white noise
significantly increased the drought tolerance of plants and the expression of numerous key genes involved
in several stress responses, including those responding to water deficit, oxidative stress and pathogens."
Dobranszki et al.** applied ultrasound treatment to single-node potato (Solanum tuberosum L.) explants
in vitro, where the treatment was non-lethal and shoot growth was enhanced. According to their results,
the acoustic stimulus functioned as a mild stress that induced adaptive growth responses.*?

Acoustic emissions from plants were first reported by Milburn and Johnson.*® They investigated that
inside drought-stressed plants, water columns are under sufficient tension, which leads to cavitation, which
causes a shock wave that can be detected as sound. This acoustic emission technique was used by Jackson
and Grace,”* and they concluded that it can be used to determine the thresholds from which a plant's
water-conducting system suffers damage, which environmental variables are harmful to the plant's water
relations and which parts of the plant are most sensitive to cavitation, thus providing insight into drought
tolerance. Ultrasonic acoustic emission was examined on the stems of mature field-grown trees of Scots
pine (Pinus sylvestris) and pubescent oak (Quercus pubescens).25 In between emissions of the decibel (dB)
range are often associated with cavitation, the prolonged emission of a lower dB range is also observed.
High-decibel signals occurred at almost all drought intensities, but depending on the existing water deficit;
under more moderate conditions when being well-watered than when they were under drought stress.
Recently, Khait et al.>® discovered that tomato and tobacco plants exposed to various stresses (drought,
cutting) emitted ultrasound in a range of 20-100 kHz. The emitted ultrasound was specific depending on
to the type of the stress and could therefore be informative.

When Arabidopsis thaliana plants were primed for plant immunity to Sclerotinia sclerotiorum by
three repeated applications of sound stimuli (1kHz sinusoidal waves at 100 dB). Hadj-Amor et al.>’
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revealed that there was a link between defense priming and the transcriptional memory of arabidopsis
plants. This primed state was maintained by transcriptional stress memory through thousands of genes,
probably regulated by transcription factor cascades.

An associative learning experiment was also conducted with P. sativum in a Y maze by Gagliano et a
In this study, an originally neutral cue (airflow) was paired with an instinctively preferred stimulus, i.e.,
light acted as an unconditioned stimulus, resulting in an unconditioned response, e.g., growing towards it.
After training or conditioning, when only wind was applied, the plants grew in the direction previously
associated with light, or in other cases, the plants avoided it, depending on whether the plants previously
received the two stimuli from the same or opposite directions. The plants learned to associate wind
(conditioned stimulus; CS) with light (unconditioned stimulus; UCS), and then, the CS (airflow) was
enough to drive behavior (conditioned response; CR). Plants were not only able to use the once acquired
information associatively, but they were able to recognize and form positive or negative associations both
in space and time with the stimulus (light) in spite of prevalent light tropism in plants. According to
Markel®’; the results of the experiment could not be confirmed when repeated®”. However, Gagliano
et al.”® provided a simple explanation for this refutation: an experiment can be repeated only if the
conditions remain the same. The different experimental conditions resulted in dissimilar results, therefore
proven to be unsuitable for reproducing their experimental results®’. In response to this explanation,
Markel®" claimed that the differences in the experimental setups cannot cause a lack of replicability;
however, considering the variations in materials and methods, Markel placed more emphasis on repro-
ducibility. According to Cvrékové and Konradova®?, Markel attempted rather reproducibility than replic-
ability of Gagliano’s experiment owing to differences in materials and methods. Up to date the only one
study related to the existence of associative ability of plants at the transcriptional level came from
Bhandawat et al.”>. They used sound, such as UCS, to trigger a transcriptomic response to heat stress
in A. thaliana and thereby up-regulation of heat-responsive genes were detected in conditioned plants in
response to sound stimulus but without heat stress.

The aim of the present study was to explore the effects of ultrasonic (US) and drought (D) stimuli
applied alone or in a combination on plant memory at different time points, i.e., 2, 5, 7, 10 and 12 d. We
sought to answer the question of how long the gene transcription response mechanisms are sustainable.
We also investigated whether repeated ultrasound or drought stimuli can strengthen the previously
observed responsiveness, and how the timing of stimulus repetition affects responsiveness and memory
stability. We also examined the mechanisms of action of combined treatments (using ultrasound and
drought together), and whether plants can form an association between the two different stimuli, i.e.,
whether one stimulus (i.e., conditioned stimulus, CS) applied alone can elicit a response related to the
other (i.e., unconditioned stimulus, UCS) if they were previously applied together’®. We evaluated the
stability of memory traces and the possibility of associative learning in terms of temporal persistence.
Accordingly, we have examined the following main hypotheses: (1) 2 d after exposure to the two stimuli (D
and US) applied alone or in combination, plants significantly altered gene transcription and DNA
methylation, and a correlation between these changes can be shown; (2) treatment of plants with US or
D stimuli applied separately or in combination was memorized by the plant for 5 or 10 d, thereby altering
the expression intensity of selected target genes; (3) the repeated application of the two stimuli reinforces
the plant’s transcriptional memory; (4) plants are able to connect different stimuli and use one conditioned
stimulus as a predictor of the other, unconditioned stimulus, after training.

1.8,

Materials and methods
Plant material and growing conditions

In the experiments, tomato (Solanum lycopersicum L. cv. Micro Tom) plants were used. Seeds of the
tomato cv. Micro Tom were originated from Hungarian University of Agriculture and Life Sciences,
Institute of Genetics and Biotechnology, and have been continuously propagated in our institute to obtain
the starting materials necessary for the experiments.

The Jiffy-7° discs were soaked with a solution containing MS macro and microelements®> and 0.15%
Previcur Energy fungicide until they became peat cylinders ready for sowing. Tomato seeds were
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individually sown in Jifty-7° peat cylinders (mentioned later as Jifty), which were individually placed in a
Veg-box and placed in a climate chamber (24 °C, photoperiod of 16/8 h day/night with a photosynthetic
photon flux density (PPFD) of 89 umolm>s™', provided by a 1:1 ratio of warm white and daylight
fluorescent lamps; the relative humidity was RH: 65%). The germinated seedlings were cultivated there for
three weeks before the treatments. After each treatment, cultivation was continued under the same light,
temperature and RH conditions; treated plants were placed randomly in the culture room. Jiffys were
irrigated twice a week with 15ml of tap water.

Training and sampling procedures

Two stimuli were applied in the experiments, ultrasound and drought stress, separately and in combina-
tion. They were applied at the onset of the experiments (initial stimuli; Treatment I), and then again 5 and
10 d after the initial stimuli in the first and second series of experiments (Treatment II), respectively
(Figure 1). Drought stress (D) was induced by irrigating each plant with 10 ml of a solution that contained
20% PEG (polyethylene glycol 6000). Ultrasonication (US) was performed with an ultrasonicator at 30 kHz
and 120 W ultrasound treatment for 5 min when the average distance between the plants and the
ultrasonic head was 6cm, and the medium of transmission was air. In the combined treatment
(US + D), the ultrasonicated plants were irrigated with the aforementioned PEG solution immediately
after ultrasonication. A total of 168 plants were included in the experiments. Each initial treatment (D, US,
US + D) and the control group consisted of 42 plants at the beginning (Treatment I), and 3 different
groups were generated from each one and used for Treatment II. (control, US, and D).

Changes in gene transcription and DNA methylation in response to US, D, and US + D treatments 48 h
(2 d) after the treatments were investigated. The effect of repeated application (Treatment II, on day 5 or
10 after Treatment I) of the two stimuli (US and D) on gene expression was also studied 2 d after their
applications (on the 7% or 12 day). After training with the combined treatment (US + D, Treatment I), in
the associative part of the experiment, in Treatment II, ultrasound was used as a CS while drought stress as

TRAINING & SAMPLING REGIMEN

Treatment Il. occurred Treatment I. Treatment Il.
T1: 5days S2 sS4
T2:10 days S1
S3 S5
after Treatment I. ' ) :
1 ) : 1
| L e
1 1
; T2 ' s
1 I 1
1 ! 1
1 : 1
| i — |
f T1 1 |
us : i us |
! T2 ! !
| .
1 ! 1
1 ! 1
1 ! 1
1 ! 1
| — :
i T1 | f
“ X g us ‘ ! Sampling times:
: T2 : “ : S1: 2 days after Treatment I.
1 1 1 S2: 5 days after Treatment |.;
| ; : just before Treatment Il.
| 1 | S§3: 10 days after Treatment I.;
: : — : just before Treatment II.
i T | i S4: 2 days after Treatment II.
+ : us 1 (7 days after Treatment I.)
! T2 o p—— S5: 2 days after Treatment II.
\ — n v (12 days after Treatment I.)

Figure 1. Schematic illustration of plant training (T) and sampling (S) regimen (abbreviations: US — ultrasound treatment;
D - drought treatment; US + D - ultrasound and drought treatment).
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an UCS for 2 selected target genes, while in the case of the other 2 target genes, drought was a CS while
ultrasound was an UCS. Their effects on changes in the expression intensity of selected target genes were
studied (see below). Training was performed in two steps of conditioning: Treatment I at the beginning of
the experiments (initial stimuli) and Treatment II on the 5™ or 10™ day of the experiments (repeated
stimuli) in two independent experimental series. The training procedures and sampling regimens are
summarized in Figure 1. The absolute control plants were not treated and were indicated with C at S1, S2,
S3, while with ‘C and C’ at S4 and S5 sampling times. Besides, plants that only received treatments at
Treatment I (i.e. non-recurrent stimuli), but not at Treatment II, were considered as controls of plants that
received recurrent stimuli (Treatment II), as well. They were necessary to control for the possible
contribution of the seedlings’ ongoing development, and they were indicated as ‘US and C, ‘D and C,
and ‘US+D and C..

There were five sampling times; at each sampling time, 3 different biological replications were collected
randomly from each treatment or treatment combination. Sampling was carried out 2 d after the initial
stimuli (Treatment I) (S1); 5 d (S2) or 10 d (S3) after the Treatment I, just before the repeated stimuli
(Treatment II), and finally 2 d after the Treatment II in both sets of experiments (S4 and S5) (Figure 1).

RNA and DNA isolation for sequencing

Genomic DNA isolation: DNA isolation from tomato leaves was performed in two biological replicates
from each treatment and control groups from the first sampling time (S1, 2 d) according to the Macherey-
Nagel Nucleospin® Plant II kit protocol. The concentration and purity of the extracted DNA were
measured on NanoPhotometer® N50 (Implen, Munchen, Germany).

Total RNA isolation: Total RNA was extracted from tomato leaves in three biological replicates (S1, 2
d) using Quick-RNA™ Plant Miniprep Kit (Zymo Research, Irvine, CA, USA) according to the manufac-
turer’s protocol. RNA quantity and quality were assessed via microcapillary electrophoresis using a
NanoPhotometer® N50 (Implen, Munchen, Germany), and by fragment analysis with an Agilent
Bioanalyzer 2100 system using RNA 6000 Nano Kit (Agilent, Santa Clara, CA, USA).

RNA sequencing (RNA-seq) and bioinformatics

mRNA library preparation, encompassing poly-A enrichment and ¢cDNA library construction, and
sequencing were conducted by Novogene. High-quality RNA samples were subjected to quality control
using NanoDrop spectrophotometer for concentration and purity, agarose gel electrophoresis for integrity,
and an Agilent 2100 BioAnalyzer for RNA Integrity Number (RIN) assessment. Following library
preparation, paired-end 150 bp sequencing was performed on the Illumina NovaSeq X Plus Series platform
(PE150).

Raw sequencing reads were trimmed to remove adapters using fastp v0.26.0°® and quality-checked with
FastQC v0.12.177. Read alignment was performed using Hisat2 v2.1.1°® against the tomato reference
genome (S. lycopersicum SL4.0, Sol Genomics Network). The aligned reads were quantified with
FeatureCounts package v2.1.1°° using the ITAG4.0 annotation (Sol Genomics Network). Data normaliza-
tion and clustering were conducted prior to extracting differentially expressed genes (DEGs) using DeSeq2
v1.44.0*°. The threshold for DEGs was set at a log2-fold change > 0.58 and an adjusted P-value < 0.05.

Whole-genome bisulfite sequencing (WGBS) and bioinformatics

DNA methylation library preparation, including DNA fragmentation and bisulfite treatment, and sequenc-
ing was carried out by Novogene. Genomic DNA was extracted, fragmented, and treated with sodium
bisulfite to convert unmethylated cytosines to uracil, preserving methylated cytosines. Libraries were
constructed following adapter ligation and amplification, with quality control performed to ensure
sufficient yield and fragment size distribution. Sequencing was conducted using a paired-end 150 bp
strategy on the Illumina NovaSeq X Plus Series platform (PE150).

Raw sequencing reads were quality-checked using FastQC v0.12.1°7 and filtered and trimmed with
fastp v0.26.0°° software. Bismark v0.24.2*' was used to align the trimmed reads to the tomato reference
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genome (S. Iycopersicum SL4.0, Sol Genomics Network). After deduplication of multi-aligned reads,
methylation extraction was performed for CpG, CHH, and CHG contexts. Differentially methylated
regions (DMRs) and differentially methylated genes (DMGs) were identified using MethylKit v1.30.0*%,
with a cytosine read coverage threshold of 10X and a significance threshold of P < 0.05. DMRs were
defined using a 200-bp sliding window, with a methylation percentage difference greater than 10%. DMGs
were identified as genes with DMRs located within the gene body and 3 kb upstream promoter regions.
Annotation of DMRs and DMGs was performed using the Genomation package v1.36.0.*

Gene Ontology (GO) annotations for both DEGs and DMGs were retrieved from the Sol Genomics
Network (https://solgenomics.net/) website. Functional enrichment analysis of DEGs and DMGs was
conducted using the ClusterProfiler package v4.12.6* to identify significantly enriched GO terms with a
significance threshold of P < 0.05. The ggplot2 package v 3.5.2*° of the R programming language v4.4.1°
was used for visualization.

RT-qPCR analysis

Total RNA isolation for RT-qPCR analysis

Total RNA was purified from three biological replicates (all of the leaves of the sampled plants) from each
control and treated samples using Quick-RNA™ Plant Miniprep Kit (Zymo Research, Irvine, CA, USA)
according to the manufacturer’s protocol. Plants from which samples were taken previously were excluded
from further sampling. Two quality control methods were applied after purification. For the preliminary
quantification, microcapillary electrophoresis with an Implen n50 nanophotometer (Implen, Munich,
Germany) was used. To assess RNA degradation and potential contamination, an Agilent Bioanalyzer
2100 system with an RNA 6000 Nano Kit (Agilent, Santa Clara, CA, USA) was used.

cDNA synthesis

The ¢cDNA was synthesized from 200 ng of RNA with 2.5uM of Random nonamer using a Reverse
Transcriptase Core kit (Eurogentec, Searing, Belgium) following the manufacturer’s instructions. The
reaction consisted of an initial step of 25 °C for 10 min, a reverse transcriptase step of 48 °C for 30 min and
inactivation of the RT enzyme at 95 °C for 5 min. All samples were stored at —20 °C until further analysis.

Primer design
Four reference/housekeeping genes were selected based on previous studies, they included exocyst
complex component SEC3A (SEC), elongation factor 1-alpha (ELO), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), and ubiquitin-ribosomal protein eS31 fusion protein-like (UBI)****. The
comparative ACt method,* geNorm,50 NormFinder,”* BestKeeper52 statistical methods were used along
with RefFinder comprehensive tool> to compare the stability of expression intensity among candidate
housekeeping/reference/normalizing genes based on the cycle quantification (Cq) value (Supplementary
Table 1).

Candidate target genes were selected based on the most negative and positive logarithmic fold change
values in RNA-seq gene expression data.

The sequences of the target and housekeeping genes were initially obtained from the National Center
for Biotechnology Information (NCBI). All primers were designed using the software SnapGene (v8.0) and
were also checked with PCR Primer Stats (www.bioinformatics.org) to evaluate potential primers. The
primer design conditions were as follows: melting temperature (T,,) of 5662 °C, primer length of 18-25
base pairs (bp), GC content between 40% and 60%, and PCR product length of 150-250 bp. Each potential
amplicon was tested for homology with other genes using NCBI BLASTn (Basic Local Alignment Sequence
Tool for nucleotides). All primers were synthesized by Integrated DNA Technologies (Leuven, Belgium).

Validation of DEGS by RT-gPCR

For the validation, three biological replicates from each control and treated (S1, 2 d) samples were used in
three technical replicates. Total RNA (200 ng) was reverse transcribed to ¢cDNA using the Reverse
Transcriptase Core kit (Eurogentec, Searing, Belgium). RT-qPCR was performed with the Takyon™ No
Rox® SYBR MasterMix dTTP Blue kit (Eurogentec, Searing, Belgium) following the manufacturer’s
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protocol on AriaMx Real-Time PCR System (Agilent Technologies Inc., USA). Pearson correlation
coeflicient was calculated and illustrated using GraphPad Prism version 10.0.0 for Windows (GraphPad
Software, Boston, Massachusetts, USA; www.graphpad.com).

RT-gPCR analysis

RT-qPCR were performed using the Takyon™ No Rox® SYBR MasterMix dTTP Blue kit (Eurogentec,
Searing, Belgium) following the manufacturer’s protocol. The reaction mix included 2.5 ul of cDNA, 2 pl of
each oligonucleotide, 10 pl of Takyon™ MasterMix and 3.5 pl of water to a final reaction volume of 20 pl.
Each primer (reverse and forward) was used at a concentration of 0.1 uM. The amplification protocol
consisted of a Takyon™ activation at 95 °C for 3 min and 40 cycles of 95 °C for 10 sec (denaturation), a
primer-specific annealing temperature of 52.5 °C for 20 sec, and an extension of 72 °C for 30 sec. Three
biological replicates were run in triplicates (three technical replicates) from each control and treated
samples.

Statistical analysis

For the RT-qPCR analysis, the mean of three technical replicates were used, then relative gene expression
was subsequently calculated with the 20229 method.** The gene expression logarithmic fold change
(LFC) was calculated along with standard deviations using Excel in (Microsoft, Redmond, WA, USA).
Statistical analysis of the RT-qPCR results was performed with IBM SPSS Statistics 25 software (SPSS?,
version 25.0). Two-way ANOVA followed by Tukey’s B-test was used for multiple comparisons. A value of
P < 0.05 was considered statistically significant. LFC values were used to present the results using
GraphPad Prism version 10.0.0 for Windows (GraphPad Software, Boston, Massachusetts, USA;
www.graphpad.com).

Results

Transcriptional and DNA methylation changes in response to drought and ultrasound 2 d after
their application

Global changes in mRNA expression profile of 34,075 genes revealed significantly up- or down-regulation
of 86, 410, and 148 genes (differentially expressed genes, DEGs) compared to the control treatment when
US, D, and combined (US + D) stimuli were applied, respectively (Figure 2a; Supplementary Figure 1;
Supplementary Table 2). When the effects of the stress stimuli were compared pairwise with the control, 7,
9, and 40 DEGs were identical in response to US + D and D, D and US, and US and US + D, respectively.
There were 4 DEGs that responded to all the treatments with significantly different expression (Figure 2a;
Supplementary Table 2).

Functional enrichment analysis for gene ontology (GO) categories, such as biological processes (BPs),
cellular components (CCs), and molecular functions (MFs), was carried out using DEGs with a log2-fold
change > 0.58 and P-value < 0.05. Most BPs were detected when D was compared to the control, DEGs
related to 7 BPs, i.e., sucrose metabolic process, response to oxidative stress, interstrand cross-link repair,
cellulose microfibril organization, cell growth, biosynthetic process and DNA replication. In case of US
treatment, no BPs could be annotated while, regarding the combined treatment (US + D), the BP of
response to wounding was identified. Cellular components were annotated only in the case of D treatment,
they were the following 4 CCs: monolayer-surrounded lipid storage body, obsolete anchored component of
membrane, Fanconi anaemia nuclear complex and obsolete integral component of peroxisomal membrane
(Supplementary Table 3).

When the treatments were compared to each other pairwise, a total of 1,433 genes had altered their
expression, 727 of which were altered in both comparisons between US+D vs. D and D vs. US, 692
between D vs. US and US + D vs. US, and 14 between US + D vs. US and US + D vs. D. 340 DEGs were
identical in response to US+ D vs. D and D vs. US, 3 in D vs. US and US + D vs. US, and 7 in US + D vs.
US and US+D vs. D. Only one DEG was found that changed in each comparison pair (Figure 2b;
Supplementary Table 2). Figure 2c summarizes the identical genes at the intersection of the comparisons.
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Figure 2. Venn diagram of DEGs (differentially expressed genes) (a) relative to the untreated control, (b) in pairwise
comparisons between US+D, US, and D treatments, as well as (c) intersection of comparisons (abbreviations: US —
ultrasound treatment; D - drought treatment; Us + D - ultrasound and drought treatment; C — control).

Only 1-1 biological processes, carbohydrate metabolic process in US vs. D comparison and proteolysis
in US vs. US+D comparison could be annotated (Supplementary Table 3). In US vs. D comparison, 3
CCs, i.e., the monolayer-surrounded lipid storage body, the Fanconi anaemia nuclear complex and the
obsolete anchored component of plasma membrane, were related while, in addition to the Fanconi
anaemia nuclear complex other 2 CCs, i.e., the 1,3-beta-D-glucan synthase complex, and the obsolete
anchored component of the membrane, were revealed in the US+D vs. D comparison. When US was
compared to US + D, only the intracellular anatomical structure was annotated (Supplementary Table 3).
Molecular functions could be identified only in 2 comparisons. In US vs. D comparison, 2 MFs (hydrolase
activity, hydrolyzing O-glycosyl compounds and transmembrane transporter activity) while in US vs.
US + D comparison 4 MFs (aminopeptidase activity, malate dehydrogenase (decarboxylating) (NAD™)
activity, DNA-binding transcription factor activity and sequence-specific DNA binding) were annotated
(Supplementary Table 3).

Analysis of global DNA methylation at cytosine sites including both promoter and coding regions of
34,075 genes, revealed differentially methylated genes (DMGs); both hypo- and hypermethylation were
detected (Supplementary Tables 4-6). A total of 211 DMGs were identified including all treatments and all
contexts compared to control treatment. Twenty-five DMGs were identical in all three comparisons while
14, 20, and 33 DMGs in comparisons between control vs. D and control vs. US + D, control vs. D and
control vs. US, and control vs. US and control vs. US + D, respectively (Figure 3a). A total of 122, 86, and
46 DMGs were affected in CpG, CHG, and CHH contexts, respectively (Figure 3b). Interestingly, no DMG
was detected in the CHH context, which would have been identical in comparison of either the control vs.
US or control vs. US + D with the control vs. D. However, in CpG and CHG contexts, 16 and 2 DMGs,
respectively, were identified to be identical in all three comparisons (Figure 3b).

Using GO annotation biological processes (BP), cellular components (CC) and molecular functions
(MF) were identified. When D was compared to the control, the DMGs were related to BPs of cellulose
microfibril organization, cell growth and vesicle fusion with the Golgi apparatus in the CpG context,
translation, BPs of interstrand cross-link repair, photosynthesis, photosynthetic electron transport in
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Figure 3. Venn diagram of DMGs (differentially methylated genes) in all contexts (a), as well as for 3 contexts (CpG, CHG
and CHH) (b) relative to untreated control, and in all contexts (c), As well as for 3 contexts (CpG, CHG and CHH) (d) in
comparisons between US + D, US and D treatments (abbreviations: US - ultrasound treatment; D - drought treatment;

US + D - ultrasound and drought treatment; C — control).
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photosystem II and photosynthesis light reactions in the CHG context while only BP of photosynthesis in
CHH context. For the cellular components, the DMGs were related to chloroplast and heme binding in the
CpG context, to ribosome, chloroplast, Fanconi anaemia nuclear complex, extrinsic component of
membrane, photosystem II oxygen evolving complex, photosystem II and I and thylakoid in the CHG
context while photosystem I in CHH contexts. DMGs related to molecular functions were heme binding
and oxidoreductase activity (acting on paired donors, with incorporation or reduction of molecular
oxygen) in the CpG context, structural constituent of ribosome, electron transporter (transferring
electrons within the cyclic electron transport pathway of photosynthesis activity) and NADH
dehydrogenase (ubiquinone) activity in CHG context, while calmodulin binding in CHH context
(Supplementary Tables 7-9).

Comparing US to the control, BPs of translation, photosynthesis, photosynthetic electron transport in
photosystem II, cytochrome complex assembly, photosynthesis light reaction and proteolysis were anno-
tated in the CpG context while photosystem II stabilization in the CHG context and obsolete anchored
component of membrane and mediator complex in the CHH complex (Supplementary Tables 7-9).

Analyzing the combined treatments (US + D), most BPs were also affected in the CpG context, i.e.,
cellulose microfibril organization, cell growth, vesicle fusion with the Golgi apparatus, photosynthesis,
proteolysis, cytochrome complex assembly, dephosphorylation, translation, the chitin catabolic process,
and the cell wall macromolecule catabolic process. In CHG context the photosynthesis while in CHH
context, the cell cycle modulation was annotated. As for cellular components in CpG context obsolete
anchored component of membrane, obsolete integral component of thylakoid membrane, chloroplast,
Golgi membrane, and ribosome, while in CHG context photosystem II oxygen evolving complex and
photosystem II were annotated. The most molecular functions, such as heme binding, iron ion binding,
oxidoreductase activity (acting on paired donors, with incorporation or reduction of molecular oxygen),
serine-type endopeptidase activity, protein tyrosine/serine/threonine phosphatase activity, GTPase activity,
structural constituent of ribosomes, and chitinase activity, were affected in the CpG context. In CHG and
CHH context only 2-2 molecular functions were annotated, i.e., calcium ion binding and ATP hydrolysis
activity, as well as cyclin-dependent protein serine/threonine kinase inhibitor activity and calmodulin
binding, respectively (Supplementary Tables 7-9).

When US, D, and US+D treatments were pairwise compared, a total of 189 genes had altered
methylation at cytosine sites, 21, 33, and 13 of which were altered in both comparisons between
US+D vs. D and D vs. US, D vs. US and US+D vs. US, as well as US+D vs. US and US+D vs. D,
respectively. Ten DMRs were identical in all three comparisons (Figure 3c; Supplementary Tables 4-6).
Most DMRs, a total of 103, were identified in CpG context and about half of which were detected in CHG
(53 DMRs) and CHH (57 DMRs) contexts, respectively (Figure 3d; Supplementary Tables 4-6). 52, 35, and
32 DMRs were detected in CpG, CHG and CHH contexts, respectively in D vs. US comparison, of which
15, 35 and 32 occurred only in this comparison, i.e., either in US + D vs. D or US + D vs. US comparisons,
respectively (Figure 3d; Supplementary Tables 4-6).

GO annotation revealed the BPs, CCs and MFs related to the comparison of D vs. US (Supplementary
Tables 7-9). Most BPs were affected in CpG context, i.e., cellulose microfibril organization, cell growth,
photosynthesis, vesicle fusion with the Golgi apparatus, photosynthetic electron transport in photosystem
II, the chitin catabolic process and the cell wall macromolecule catabolic process. In CHG context,
photosynthesis, photosystem II stabilization, cytochrome complex assembly and cell wall modification
while in CHH context gluconeogenesis, microtubule-based movement, ubiquitin-dependent protein
catabolic process, xenobiotic transmembrane transport and cell wall modification were affected. CCs
were annotated in two contexts. In CpG context, CCs are related to obsolete anchored components of the
membrane, obsolete integral components of the thylakoid membrane, Golgi membrane, extrinsic compo-
nents of the membrane, photosystem II oxygen-evolving complex and photosystem II while in CHG
context to photosystem II reaction center and photosystem II. In CHH context, no annotation could be
made. MFs of serine-type endopeptidase activity, electron transfer activity, GTPase activity, iron ion
binding, electron transporter (transferring electrons within the cyclic electron transport pathway of
photosynthesis activity), chitinase activity and GTP binding were annotated in CpG context while
ATPase-coupled transmembrane transporter activity and pectinesterase activity in the CHG context.
Most MFs were related to DMRs affected in the CHH context, as follows: phosphoenolpyruvate
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carboxykinase (ATP) activity, acireductone dioxygenase [iron(II)-requiring] activity, ubiquitin protein
ligase binding, microtubule motor activity, O-methyltransferase activity, microtubule binding, xenobiotic
transmembrane transporter activity, antiporter activity, pectinesterase activity, and ATP hydrolysis activity
(Supplementary Tables 7-9).

As for comparisons to US+D, in CpG context, BPs related to vesicle fusion with the Golgi apparatus,
dephosphorylation, and chitin catabolic process in US+D vs. US comparison while BPs of photosynthesis,
photosynthetic electron transport in photosystem II, photosynthesis, light reactions, vesicle fusion with the
Golgi apparatus, translation, cellulose microfibril organization, cell growth, proton motive force-driven ATP
synthesis and protein peptidyl-prolyl isomerization in US+ D vs. D comparison were affected. In the CHG
context, BPs related to photosystem II stabilization and photosynthesis in US+ D vs. US comparison while
those related to vesicle fusion with the Golgi apparatus, intracellular protein transport, and photosynthesis in
US+D vs. D comparison were annotated. In CHH context, no BPs were annotated to DMGs. DMGs were
related to the Golgi membrane in US+D vs. US comparison and to a series of cellular components
(chloroplast, thylakoid, photosystem I, obsolete integral component of the thylakoid membrane, Golgi
membrane, ribosome, extrinsic component of membrane, photosystem II oxygen evolving complex, and
photosystem II) in US+ D vs. D comparison in CpG context. In CHG context, the photosystem II reaction
center and photosystem II in US + D vs. US comparison while Golgi membrane and cytoplasm in US + D vs. D
comparison were annotated. In CHH context, no CC annotation was found. With respect to the CpG context,
molecular functions related to protein tyrosine/serine/threonine phosphatase activity and chitinase activity were
annotated in the US + D vs. US comparison while electron transporter, transferring electrons (within the cyclic
electron transport pathway of photosynthesis activity), structural constituent of ribosomes and peptidyl-prolyl
cis-trans isomerase activity in US + D vs. D comparison. In CHG context, 2 MFs could be annotated in US + D
vs. D comparison, i.e., methyltransferase activity and ATP hydrolysis activity. However, no MF was annotated
for US+ D vs. US comparison. Only one MF, methyltransferase activity, could be annotated in US+ D vs. D
comparison in the CHH context (Supplementary Tables 7-9).

Between the RNA-seq and WGBS data, i.e., gene transcriptional and DNA methylation changes, no
direct correlation was detected (Supplementary Table 10).

Selection of target genes for transcriptional memory studies and validation of DEG analysis with
RT-qPCR

Two differentially expressed genes (DEGs) were chosen on behalf of investigating the effect of drought: the
probable aquaporin TIP3-2-like (TIP) that was up-regulated and the transcription factor MYB24-like (MYB) that
was down-regulated. To assess the effect of ultrasound, following the same logic, the chosen DEGs were protein
EXORDIUM:-like 5 (EX) that was up-regulated and the ARGOS that was down-regulated. In addition, the
chlorophyllase—2 (CHL) gene was selected because it was up-regulated in each treatment, but there was no
significant difference in expression intensity between treatments. In further experiments on plant memory TIP
MYB, EX and ARGOS target genes were selected and used. However, the CHL gene was used only for validation.

The list of housekeeping and target genes and their respective primer pairs are shown in Table 1.

Based on the assumption, that the expression of the reference gene remains relatively constant under
different experimental conditions, the most adequate housekeeping gene was UBI that would allow
accurate comparison of gene expression levels (Supplementary Table 1).

Both mRNA-seq and RT-qPCR showed the same direction - either up- or down-regulation of
differential expression and differential expression logarithmic fold change (LFC) values of the target
genes as estimated by RT-qPCR. All of the DEGs were detected as true positive up- or down-regulated
DEGs. The Pearson correlation coefficient was 0.88 (Supplementary Table 1). This high correlation
coeflicient indicates a strong positive correlation between the mRNA-seq LFC and RT-qPCR LFC.

Formation and maintenance of somatic memory and the effect of stimulus repetition on memory
maintenance

Based on the changes in the expression intensity of the selected target genes (TIP, MYB, EX and ARGOS),
we examined the temporal duration of somatic memory retention and the effect of signal repetition given
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Table 1. Primer pairs for housekeeping and target genes. ‘F’ and ‘R’ indicate forward and reverse primers, respectively.

Locus The sequence of forward and reverse primers Amplicon
identifier (NCBI) Gene description Abbreviations (5'-3") length (bp)
LOC101268171 Exocyst complex component SEC F — CTCCTCAGTGGACAATGCGT 208
SEC3A R — TCTTCCACAGCAGCACTGAC
LOC544055 Elongation factor 1-alpha ELO F — AAGAGGCCATCAGACAAGCC 267
R - TGAGGCAACATAACCACGCT
LOC100736499 Glyceraldehyde 3-phosphate GAPDH F — ATTCCATGGGCACAGACTGG 225
dehydrogenase R - GGGAGCAAGGCAATTTGTGG
LOC138336996 Ubiquitin-ribosomal protein eS31  UBI F - CCACTCTCCATCTCGTGCTC 247
fusion protein-like R - GTGAGCCCACACTTACCACA
LOC100316893 Protein auxin-regulated gene ARGOS F — GACATGGAATCATCAGAGGCA 240
involved in organ size R — TGGCAATGGTGGAAGCATCA
LOC101252337 Protein EXORDIUM-like 5 EX F — ACTCCCTCCGAGAACACTATCTTC 241
R — CAACGAAACAGTACTCCACCACT
LOC101248880 Transcription factor MYB24-like MYB F — AGGCAGATGGAATTGTGTTGC 206
R - CGTTGTCAGTTCTCCCTGGCA
LOC101265579 Chlorophyllase-2 CHL F — CAAATCCGTACTGCCGGAGA 205
R - ACGAGGGATGTATTCGAGAACG
LOC101251154 Probable aquaporin TIP3-2-like TIP F — TAGTGATAGCGTTGGCGCAT 206

R — GCCATCAGTAGCAAGCCTCA

at different times on memory maintenance. To illustrate the maintenance of somatic memory, we plotted
LFC values from RT-qPCR analysis of selected target genes at 2 d (S1), 5 d (S2) and 10 d (S3) (Figure 4;
Supplementary Table 1) compared to the absolute control group at all sampling times (C at S1, ‘C and C’ at
S2 and S3, respectively).

Under drought stress, the MYB gene was down-regulated to the same extent (no significant difference
was observed) at sampling times of 2 d (D, S1) and 5 d (D, S2). In contrast, after 10 d, there was a
significant difference between the expression intensity of MYB measured at the 10" day (D, $3) compared
to the LFCs of 2 d (D, S1) and 5 d (D, S2) samples (Figure 4a; Supplementary Table 1).

In the case of TIP, the gene expression was up-regulated in all three sampling times after the initial
drought stress, and their values did not differ significantly from each other (with LFC values of 0.46, 0.43,
and 0.31, respectively, at S1, S2, and S3) (Figure 4b; Supplementary Table 1).

Concerning EX, when US treatment was applied (either alone or in combination with D), up-regulation
was observed at all three sampling times, with the highest positive LFC value found at S2, and a somewhat
lower, but still positive LFC value at S3 compared to S1 (Figure 4¢c; Supplementary Table 1).

Whereas for ARGOS, when US treatment was applied (either alone or in combination with D), down-
regulation was observed, again at all three sampling times, but with the lowest value found at S1, then the
measured LFC values gradually increased over S2 and S3 (Figure 4d; Supplementary Table 1).

A significant correlation was detected using Pearson correlation between samples from 2 d (both mRNA-seq
data and RT-qPCR data, respectively) and 5 d RT-qPCR data (r = 0.757, r = 0.748, respectively). The correlation
was slightly lower (r = 0.647) but still significant when comparing 5 and 10 d RT-qPCR data (Supplementary
Table 1).

The EX gene showed an increase in expression after ultrasound treatment at 2 d (S1), which was
maintained for 7 d (S4), as there was no significant difference between the two samples. However, when
the same treatment (US) was repeated on day 5 (S2), the gene expression decreased by the 7' day (S4)
(Figure 5a). After 12 d, the gene expression intensity was further reduced and even down-regulated, but
when the same treatment was applied on day 10 (S3), up-regulation was again observed (S5) and showed
the same level as was detected at 2 d (S1) (Figure 5b, Supplementary Table 1).

The expression of ARGOS was significantly up-regulated 7 d after ultrasound treatment at S4 compared
to the LFC value of the US treatment group at S1. However, the LFC remained negative. On the contrary,
in response to a repeated US treatment on the 5 day, it was up-regulated (S4) reaching a positive LFC
(Figure 5a). Conversely, by the 12 day, it was down-regulated by a repeated US treatment (S5) when the
stimulus repetition was applied on the 10th day (S4). The expression level was significantly lower than the
LFC achieved in the 2-day US group (S1) (Figure 5b, Supplementary Table 1).

The response to drought stress was maintained for 7 d (S4), with an up-regulation of the target gene TIP. A
significant reduction was observed in expression intensity on the 7" day (S4) following a repeated D treatment
on the 5™ day (Figure 5c). However, after 12 d, TIP was significantly down-regulated without repeated drought
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Figure 4. Memory maintenance for 5 or 10 d after stress stimulus. Differential expression logarithmic fold change values
of target genes at 2d (S1), 5d (S2) and 10d (S3) As estimated by RT-qPCR. Abbreviations: US — ultrasound treatment;
D - drought treatment; US + D — combined ultrasound and drought treatment; LFC — logarithmic fold change compared
to absolute control (c). All values were measured 2 d, 5d or 10d after a single treatment of 3-week-old plants. Error bars
represent the standard deviation of the mean. Different lower-case letters above the error bars indicate significant
differences at the 0.05 level (two-way ANOVA and post hoc Tukey’s B test results).

(S5). On the contrary when the plants were re-treated on the 10™ day with drought stimulus, then, after 12 d
(S5), gene expression intensity was significantly greater than that of the drought-treated plants at 2 d (S1)
(Figure 5d).

When drought stress was applied, MYB was initially down-regulated (S1; D); however, the level of
down-regulation decreased significantly by day 7 (S4; D and C). (Figure 5c). Repeated exposure to
drought (D and D, S4) did not elicit any further changes in the expression levels of MYB, as there was no
significant difference between these two treatment groups at S4. Similarly, as was detected on the 7 day,
after 12 d (S5; D and C), a decrease in the level of down-regulation was observed. However, after re-
exposure to drought, an up-regulation of the target gene with a positive LFC value (S5; D and D) was
detected (Figure 5d).

Association-forming ability of tomato plant

If CS elicited the same gene expression response as was detected in response to USC after combined
training (US + D treatment), it was considered association formation. In the case of TIP and MYB, US,
while in the case of EX and ARGOS, D was considered as CS. To illustrate the results more precisely in a
comprehensive manner, the relative gene expression intensities (LFCs) were calculated using the absolute
control group for S1 samples and ‘US+ D and C as controls for the S4 samples.

The investigation of the expression levels of target genes at the 7™ day (S4) was conducted on tomato
leaf samples using RT-qPCR in response to either US or D re-exposures, after combined training (US + D)
at the start of the experiments. Re-exposure to US treatment on the 5™ day, after combined training
(US + D), the results indicated a significant up-regulation of TIP (Figure 6a) and a significant down-
regulation of MYB (Figure 6b) compared to non-retreated samples (US+D and C). The expression
intensities of treatments when the re-treatment was made either by D or US (US+ D and D, US+ D and
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Figure 5. Effect of single and repeated exposure to stress stimuli on expression intensities of target genes at two time
points. Differential expression of target genes (logarithmic fold change (LFC) values) at 2d (S1), 7 d (S4) and 12d (S5) by
different treatments (ultrasound and drought stress), as assessed by RT-qPCR. All LFC values were in comparison with the
absolute control group (C at S1; C and C at S4, S5). Abbreviations: ST US — value measured 2 d after ultrasound treatment
(S1); S4 US and C - value measured 7 d (S4) after single ultrasound treatment; S5 US and C - value measured 12 d (S5)
after single ultrasound treatment; S4 US and US - value measured 7 d (54) after initial application of ultrasound stress and
2 d after repeated ultrasound stress; S5 US and US — value measured 12 d (S5) after initial application of ultrasound stress
and 2 d after repeated ultrasound stress; S1 D — value measured 2 d (S1) after applying single drought stress; S4 D and
C - value measured 7 d (S4) after applying single drought stress; S5 D and C — value measured 12 d (S5) after applying
single drought stress; S4 D and D - value measured 7 d (S4) after initial application of drought stress and 2 d after
repeated drought stress; S5 D and D — value measured 12 d (S5) after initial application of drought stress and 2 d after
repeated drought stress. Error bars represent the standard deviation of the mean. Different lower-case letters above the
error bars indicate significant differences at the 0.05 level (two-way ANOVA and post hoc Tukey’s B test results).

US), did not differ significantly from each other and showed the same tendency whether we look at TIP or
MYB. The expression levels of EX were also investigated (Figure 6c). There was a significant increase in the
LFC value after US+ D-trained plants that were re-treated with US (US+D and US); however, re-
treatment with D (US+ D and D) also caused the up-regulation of EX compared to the LFC value of
non-retreated plants (US + D and C). The expression levels after ‘US + D and D’ treatment (S4) differed
significantly from the LFC value measured 2 d after a single D treatment (S1), but there was no significant
difference between US (S1) and ‘US + D and D’ (S4). With regards to ARGOS (Figure 6d), ‘US + D and D’
treatment, when US + D-trained plants were re-treated with D on the 5™ day, showed a significant increase
of the expression intensity compared to the values (S4) detected in non-retreated (US + D and C) and with
US re-treated plants (US + D and US) (Figure 6; Supplementary Table 1).

Discussion and conclusions

Our hypotheses included the effects of US and D applied single or in combination on changes on the
global gene transcription and DNA methylation, as well as the correlation between them, the maintenance
of transcriptional memory and the association-forming ability of plants.



PLANT SIGNALING & BEHAVIOR 15

Association No association

Q

TIP b .

2 9 -
) = =
= . d
4 g ARGOS
& w z
° & & - 0.5+ a
‘g _ b b
£ E 0.0+
L %
5E g
=
E : 0.5
£
12 L] c
3 c §
§ T
o} QO
o

RT-qPCR (LFC)

- _4

Figure 6. Changes in the expression intensities of target genes to stimulus repeat after combined training (conditioning).
Differential expression logarithmic fold change values of target genes at 2 d (51, compared to the absolute control, C), 5 d
(S2, compared to their respective control group, US + D and C = value measured 7 d after initial application of combined
ultrasound and drought stress) and 7 d (54, compared to their respective control group, US + D and C = value measured 7
d after initial application of combined ultrasound and drought stress) as estimated by RT-gPCR. Abbreviations: S1 US -
value measured 2 d after ultrasound treatment (S1); ST D - value measured 2 d after drought treatment (S1); S1 US+D -
value measured 2 d after a single, combined ultrasound and drought treatment (S1); S4 US + D and D - value measured 7
d (S4) after initial application of combined ultrasound and drought stress and 2 d after repeated drought stress; S4 US + D
and US - value measured 7 d (S4) after initial application of combined ultrasound and drought stress and 2 d after
repeated ultrasound stress; LFC — logarithmic fold change. Error bars represent the standard deviation of the mean.
Different lower-case letters above the error bars indicate significant differences at the 0.05 level (two-way ANOVA and post
hoc Tukey's B test results).

Global changes in gene transcription and DNA methylation and their correlation

When an environmental stimulus hits a plant, after recognizing and perceiving it, the plant responds to the
stimulus. However, at the same time, it also begins to build memories about the stimulus which can later
develop into either short-term somatic memory or long-term, even heritable memory. As a result, a
primed plant becomes capable of coping with recurring stress events. The response, adaptation, and
memory of plants to environmental abiotic and biotic stresses are accompanied by changes in their
transcriptomic and epigenetic mechanisms. "% 1222

In this study, the effects of two abiotic stressors, the ultrasound and drought, were assessed on gene
transcription and DNA methylation 2 d after their single or combined application to tomato plants. The
revealed transcriptomic changes related to various biological processes, cellular components and molecular
functions affected mainly the growth and stress processes, but the induced transcriptomic responses
depended on the type of stressor (Figure 2, Supplementary Tables 2-3). These findings were consistent
with previous transcriptomic studies of different plant species exposed to ultrasound*>*” and drought.’**’

Similarly, both stimuli caused altered global DNA-methylation in the tomato plants (Figure 3). Most of
the DNA methylation changes occurred in the CpG contexts, while the fewest occurred in CHH context
(Supplementary Tables 4-6). Several growth- and stress-related processes, components, and functions,
particularly those related to various membrane functions, photosynthesis, and translation, were affected in
response to both stimuli. Although the changes occurred in similar processes, the changes that occurred
were stress-type-dependent (Supplementary Tables 7-9). Similar processes were revealed in a previous
study.”® As summarized in the study of Guarino et al.>’, drought stress can cause changes in DNA
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methylation in various crops, such as Medicago truncatula Gaertn., Oryza sativa L., and Triticum
aestivum L., both in CXG and CHH contexts. Regarding ultrasound Hidvégi et al.®° described DNA
methylation changes in response to ultrasound in T. aestivum seedlings, whose methylation changes were
correlated with the changes detected in gene transcription.

However, in our present study, we did not find a direct correlation, i.e., in either case, i.e., in response to
drought or ultrasound, between the changes in gene transcription and DNA methylation. This is not a
surprising result, considering that other molecular mechanisms are also involved in the formation of plant
memory and different molecular layers of the plant memory cooperate with each other and thereby affect
the transcriptomic response. '*'>'* In response to drought, other epigenetic mechanisms, such as histone
methylation (H3K4me2, H3K4me3, H3K27me2; H4R3sme2), acetylation (H3K9ac; H4ac; H4K5/8/12/
16ac) and phosphorylation (H3T3ph) (reviewed in Guarino et al.>®), as well as non-coding RNAs,®!
including microRNAs,®? have also been implicated in stress memory. Thus, for further analysis, we relied
on the results gathered from the RNA-seq analysis.

Investigation of transcriptional memory formation and maintenance for four target genes

Plant transcriptional memory relies on modified transcriptional responses. Responsive genes are produced
at a certain level following an initial stimulus, after which the recovery phase begins where the transcript
levels may or may not return to baseline (pre-stress state) depending on the type of transcriptional
memory. If the plant receives the same stimuli (both in strength and duration) and shows significantly
different transcriptional levels of the same responsive genes, the criteria of transcriptional memory have
been reached.®”®> The transcriptional-based somatic memory of selected genes was assumed if the
direction of expression, i.e., up- or down-regulation (based on LFC) remained the same as was also
detected in the case of S1 (2 d) and the LFC significantly differed from other treatments. As there were no
significant differences between the measured LFC values of target genes between the US and US+D
treatments in all target gene contexts, we established that the two stimuli (US and D) were truly
independent of each other (Figure 4). Therefore, it is sufficient to examine the response to only the single
and repeated stimulus that the target gene was chosen for in the first place (D for TIP and MYB and US for
EX and ARGOS).

In the case of MYB, there was no significant difference between the transcriptional response to the
initial stimuli (D, S1) and the gene expression intensity at day 5 (D, S2), which suggests that the plants
retained memory for 5 d. The type of transcriptional memory depends on whether the transcript levels
return to baseline."* In this case, the duration of gene expression still exceeded the initial stimulus and
the LFC values differed from the baseline resulting in hysteresis; therefore, Type 1 (or sustained induction)
memory was observed. In contrast, after 10 d, the measured gene expression intensity values (D, S3)
differed significantly from the previous measurements (D, S1 and S2); therefore, it seemed that transcrip-
tional memory faded between 5 and 10 d (Figure 4a). More precisely, on day 7, the expression intensity of
MYB was still differently expressed from the absolute control group (C and C, S4) but to a lesser extent;
therefore, memory was still maintained (Figure 5¢). This is also supported by the observation that when
the plants were re-treated on day 5 (S2), there was no significant difference between the LFC values
measured for ‘D and D’ and ‘D and C’ treatment groups at S4, suggesting that since the memory was
maintained, repeated exposure to D did not elicit any additional particular reaction. However, when the
re-exposure to the initial stimuli occurred on day 10 (S3), contrary to all our previous measurements of
MYB expression intensity, we observed a positive LFC value for ‘D and D’ treatment groups. This supports
our earlier suggestion that memory maintenance lasted only for 7 d, as we obtained significantly different
responses to the repeated stimulus on day 12 (D and D, S5; Figure 5d). The up-regulation of MYB genes on
the 12™ day may be due to the different physiological ages of the plants.

Similarly, to MYB, TIP also showed the possibility of Type 1 transcriptional memory, but unlike the
sustainability of MYB, the induction of TIP remained the same for not only 5 d but also 10 d (with no
significant difference between the measured LFC values of D treatment group at S1, S2 or S3) (Figure 4b).
However, at day 12, TIP was significantly down-regulated compared to the previously mentioned LFC
values, indicating that the memory of drought was not sustained for 12 d (D and C, S5) (Figure 5d). This
probably explains the phenomenon that when the D treatment was repeated on the 5™ day, TIP was still
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up-regulated on day 7, when ‘D and D’ treatment group was compared to ‘D and C’ at 4, as the difference
was still positive but to a lesser extent (Supplementary Table 1). It has shown possible signs of habituation/
familiarization. However, since the memory was only maintained for 10 d (Figure 4b), a significant up-
regulation of TIP was observed on day 12 (D and D, S5) compared to the value measured at 2 d (D, S1).
Up-regulation was detected for ‘D and D’ (S5) similarly as at 2 d (S1), showing the same tendency, but the
LFC values differed significantly (Figure 5c). It indicates that on the 12 day, the plants reacted more
sensitively to drought than before (D, S1). In summary, it seems that plants sustained the induction of TIP
as a form of transcriptional memory throughout 10 d, during which, if the unpleasant stimulus was
repeated, possible signs of habituation were observed, but if the same stimulus was repeated after the
memory was erased, the expression response occurred again. However, the expression intensity was
significantly greater on day 12 (S5) than when it was applied to 3-week-old plants. The difference between
the expression intensities may be due to the different physiological ages of the plants.

The results of the expression intensities of EX measured for the US treatment group at S1 and S2 imply
that the level of up-regulation increased from 2 d (S1) to 5 d (S2). However, at day 10 (US, S3), the EX
target gene was still up-regulated, but to a lesser extent compared to the values measured for US groups at
S1 and S2. This shows that the gene expression changes in response to US occurred with a time delay, but a
prolonged effect was still observable after 10 d, suggesting the sustained induction of this target gene (Type
1 transcriptional memory) (Figure 4c). On the 7™ day (S4), there was no excessive reaction to the repeated
stimulus (US or US) because there was no significant up-regulation of the EX target gene; therefore, the
plants may have learned and memorized to ignore the harmless stimulus, and quietened down their
response intensity (familiarization) (Figure 5a). However, on the 12t day, there was a change in the
direction of the reaction to US as the expression intensity of EX was down-regulated, suggesting that the
memory of this stimulus was erased by day 12 (Figure 5b). This assumption is supported by the fact that
repeated US treatment on the 10™ day caused an up-regulation of EX gene on day 12 (US and US, S5) that
was not significantly different from the LFC values measured at 2 d (US, S1). In this case, contrary to TIP,
the age of the plant did not affect the intensity of the response.

Regarding ARGOS, the measured LFC values at S2 and S3 for US treatment were not significantly
different from each other, but differed significantly compared to the value measured for the US treatment
group at S1 (Figure 4d). This result suggests that there may be a case of sustained induction observed for
ARGOS in response to US treatment for 10 d. If the repeated US stimulus fell within this time interval,
then the response intensity changed both in direction and strength (US and US, S4; Figure 5a). However,
on day 12, the measured LFC value in response to US treatment (US and C, S5) was significantly different
from the prior measurements (US at S1, S2 and S3). This observation suggests that the memory was erased
by day 12 (Figure 5b). The repeated US stimulus elicited the similar response, i.e., down-regulation of
ARGOS, as was detected at S1. The expression behavior of ARGOS in response to repeated US exposure
might suggest Type 2 transcriptional memory (modified re-induction; -/+).%*"

Sometimes, memory maintenance could hinder the recovery process or slow down the development of
the plant; other times (in the case of the recurrence of the unpleasant stimuli) it is advantageous to store
the once acquired information to maximize the individual’s fitness in times of need. Studying the temporal
aspects of memory, Ding et al.®® reported that previous exposure to unfavorable stimuli (drought)
provided the opportunity for plants to memorize this experience with increased transcript levels of ‘two
trainable’ genes for a short period of time (5 d) and after 7 d it was erased. This observation supports our
results that plants are able to remember past events for a short (7-10 d) period of time on a transcriptomic
level. Naturally, the age at which plants are exposed to stimuli may determine the duration of memory
maintenance. To minimize the cost of future unfavorable stress responses via diverting resources for
defense and growth, investing in long-term maintenance of memory may be beneficial for young
plants.”®® Furthermore, in trees, long-term memory that lasts through several months is known because
it is beneficial for them to remember the feeding damage in the preceding year to improve their anti-
herbivore defense.”’® On the contrary, annual plants choose to invest mainly in short-term memory
formation before flowering thus minimizing their costs, in order to successfully reproduce.”’

In conclusion, the plants memorized the effects of the stimuli and maintained the changed gene
expression of four target genes. The US stimulus was memorized by the ARGOS and EX genes for 10
d; however, the degree of expression intensities depended on the genes and the sampling time (5™ or 10™
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d). For the D stimulus, the decreased expression intensity of MYB was maintained only for 7 d, but the
increased expression intensity of TIP was maintained for 10 d. An investigation of the gene expression
intensities of target genes revealed that the repeated application of the two stimuli, i.e., training for either
drought or ultrasound, might cause altered behavior, such as habituation, Type 1 (sustained induction) or
Type 2 (modified re-induction) transcriptional memory, depending on the genes and physiological ages of
the plants.

Assessing the association-forming ability

Cross-acclimation is a phenomenon where exposure to a non-lethal stress results in tolerance to another
stress leading to improving the individual’s fitness. Cross-acclimation relies on shared signaling pathways
that may be activated by different types of stresses; furthermore, the interactions of the stresses are
synergistic.”> However, to rule out the possibility of cross-priming, the target genes were chosen to show
different expression patterns for the two signals (US and D), preferably either up- or down-regulation to
one stimulus, and no response to the other based on the LFC measured after mRNA-seq at 2 d (S1).
Association was assumed if, after combined training (US + D treatment), the conditioned stimulus (CS)
elicited the same gene expression response as was detected in response to the other, unconditioned
stimulus (UCS). Among the four target genes included in this part of our present study, three out of the
four examined genes showed the possible ability of associative learning in plants, namely TIP, MYB, and
EX (Figure 6; Supplementary Table 1).

The expression of TIP was significantly up-regulated in response to D at S1. After combined training
(US+D) and then exposing the plants to the initially neutral cue, the ultrasound, it elicited an up-
regulation of TIP. The LFC did not differ significantly either from the LFC of D treatment measured at S1
and LFC of ‘US + D and D’ treatment (repetition of D after combined training) at S4. Therefore, it evoked
a conditioned response (CR). Although there was a difference in values between the expression intensities,
the two groups (US+D and D, US+D and US) did not differ significantly from each other. This
observation suggests that the plants were able to memorize this association between the two stimuli
due to combined training (US + D treatment), and achieved a suitable response at the transcriptomic level,
i.e., to up-regulate the TIP after applying CS and ultrasound on the 5 day (Figure 6a; Supplementary
Table 1).

Following the same logic, ultrasound also served as a CS, as it had no effect on the gene expression of
MYB at S1 according to the mRNA-seq data, but drought elicited down-regulation of the target gene. After
conditioning (US + D), similarly to TIP, US also elicited the CR. The existence of associative memory may
be assumed, as we measured the same expression intensity (no significant difference) when the condi-
tioned plants received D treatment (US + D and D) or if they received US treatment (US + D and US) on
the 5™ day (Figure 6b; Supplementary Table 1).

Based on the mRNA-seq data, D served as a neutral cue (no expression change compared to the control
sample), and US functioned as an UCS because the US signal (alone or in a combination with D) caused a
significant up-regulation of EX, and down-regulation of ARGOS.

The EX expression intensities resulting from ‘US+ D and US’ and ‘US+ D and D’ treatments, when
either D or US was applied to US + D-trained plants, differed significantly from each other. Presumably,
the difference is due to the delayed response to US, as EX was overexpressed on day 5 (S2) compared to the
results measured at 2 d (S1). Regardless, at the 7th day (S4), the D treatment of US + D-trained plants
(US+D and D) caused the up-regulation of EX, suggesting that D elicited the CR and suggested an
association formation (Figure 6c; Supplementary Table 1).

In contrast, regarding ARGOS, although we were able to demonstrate somatic transcriptional short-
term memory maintenance in the case of the US and US + D treatment (Figure 4), we found no evidence of
association formation between the two stimuli (US and D). Initially, the target gene was chosen based on
the expression logarithmic fold change values of 2 d samples (S1) originated from mRNA-seq data, where
D would have served as the neutral (CS) and US would have functioned as an UCS. Therefore, based on
this hypothesis, we should have observed that by the 7" day (S4), D would have elicited the CR (e.g., the
down-regulation of ARGOS) after conditioning, but the results showed a different degrees and directions
of expression levels (Figure 6d; Supplementary Table 1). Therefore, in that case no association formation
can be suggested.
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In summary, to examine plant associative transcriptional memory, it is not enough to combine the
neutral (CS) and unconditioned signals UCS and then CS subsequently and examine the response of the
plants. However, in parallel, we must also emphasize the examination of the degree of plant transcriptional
memory, since it cannot be neglected that the memory maintenance and its degree influence the results of
subsequent treatments. These observations may provide an explanation for the differences between TIP,
MYB, and EX expression patterns. In addition, even if 3 out of the 4 target genes maintained their
transcriptional memory for 5-10 d, associations could not be detected by the 12" day (Supplementary
Table 1).

Our findings on the association-forming ability of plants confirm previous studies on associative
learning in plants by Bhandawat et al.”®> and Gagliano et al.*® One of the major differences between the
studies was linked to the duration of the training. Bhandawat et al.*> conditioned the plants for an hour
(20 min of music, 20 min of music alongside heat stress then 20 min of heat), while Gagliano et al.?®
trained the plants each day three times for 2 h (60 min of airflow, 30 min of airflow + light, 30 min of light)
separated by 1 h intervals, and trainings were repeated for 3—5 d. However, in our present study, the
treatments (both D and US) required only a fraction of the time of previous experiments and only a single
training period was used; however, we were able to determine the association-forming ability of the plants.
Nevertheless, further studies are needed to determine how the strength and type of a signal influence the
training regimen and the time required for association formation, as well as the duration of association
maintenance in plants.

In conclusion, after combined training the plants with two stimuli (US + D), the associative learning
ability of tomato plants, i.e., one neutral stimulus (CS), elicited the same gene expression response as the
other stimulus (UCS), became detectable. If one of the stimuli was applied 5 d after the training, plants
seemed to be able to connect different stimuli and use one neutral stimulus as an indicator/predictor of the
other one in the case of 3 out of the 4 target genes examined. US (as a CS) applied 5 d after combined
training induced the same expression intensity changes as were induced by D, in the case of TIP and MYB.
D (as a CS) stimulus applied 5 d after combined training (US + D) triggered the same expression intensity
of the EX gene, as was induced by US. If the stimuli were applied 10 d after combined training, the
association ability was not detectable. It seems that associative memory of the plant could only be
maintained for a short time (for 7 d) in transcriptional memory; at least for the 4 target genes we studied.

In the future, the results we gained from the present study may be useful for more detailed studies
examining the transcriptional behavior of a larger number of genes together with other epigenetic changes,
such as histone modifications, or alterations in non-coding RNA population. Unraveling the still hidden
abilities of plants based on the memory function, especially in the field of training and conditioning, can
also contribute to sustainable agricultural utilization of plant memory.">”>7*

Disclosure statement

The authors report there are no competing interests to declare.

Funding details

Project no. TKP2021-EGA-20 has been implemented with the support provided by the Ministry of Culture and
Innovation of Hungary from the National Research, Development and Innovation Fund, financed under the
TKP2021-EGA funding scheme.

Publication was supported by the University of Debrecen Program for Scientific Publication.

Supported by the EKOP-24-0 University Research Scholarship Program of the Ministry for Culture and
Innovation from the source of the National Research, Development and Innovation Fund.

Author contributions

Conceptualization, J.D.; conducting experiments, A.K., D.F. B.T., and ].D; bioinformatics analysis, V.A.; analyzing
experimental data, A.K,, D.F. B.T., V.A. and J.D.; writing-original draft preparation, A.K,, D.F. B.T., V.A. and ].D,;
writing-review and editing, A.K., D.F. B.T., V.A. and ].D; visualization, D.F. V.A. and ].D; supervision, J.D.; funding
acquisition, D.F. and J.D. All authors have read and agreed to the published version of the manuscript.



20 D. FARKAS ET AL.

ORCID

Déra Farkas 0009-0006-6101-6104
Anita Kiraly 0009-0000-9575-8559
Viktor Ambrus 0009-0008-2678-5842
Bianka Té6th 0009-0000-4477-4700
Judit Dobranszki 0000-0001-7624-6398

Data availability statement

All raw sequencing data for both RNA-seq and WGBS have been deposited in the NCBI Gene Expression Omnibus
(GEO) repository under the accession number GSE303939. Apart from that, all relevant data can be found within the
manuscript and its supporting materials.

References

1. Aswathi KPR, Ul-Allah S, Puthur JT, Siddique KHM, Frei M, Farooq M. The plant mind: unraveling abiotic
stress priming, memory, and adaptation. Physiol Plant. 2025;177(4):¢70372. doi:10.1111/ppl.70372.

2. Dixit §, Sivalingam PN, Baskaran RKM, Senthil-Kumar M, Ghosh PK. Plant responses to concurrent abiotic
and biotic stress: unravelling physiological and morphological mechanisms. Plant Physiol Rep. 2024;29:6-7.
doi:10.1007/540502-023-00766-0.

3. Fleta-Soriano E, Munné-Bosch S. Stress memory and the inevitable effects of drought: a physiological perspective.
Front Plant Sci. 2016;7:143. doi:10.3389/fpls.2016.00143.

4. Zhang P, Yang H, Liu F, Li X. Stress memories for better tolerance in plants-a potential strategy for crop
breeding. Agronomy. 2023;13:2105. doi:10.3390/agronomy13082105.

5. Segundo-Ortin, Miguel, Calvo, P. Plant sentience? Between romanticism and denial: science. Animal
Sentience2023;33(1). :455. doi:10.51291/2377-7478.1772.

6. Appel HM, Cocroft RB. Plants respond to leaf vibrations caused by insect herbivore chewing. Oecol.
2014;175(4):1257-1266. doi:10.1007/s00442-014-2995-6.

7. Bose JC. Plant response as a means of physiological investigation. London: Longmans, Green and Co; 1906. p. 781.

8. Dener E, Kacelnik A, Shemesh H. Pea Plants show risk sensitivity. Curr Biol. 2016;26(13):1763-1767. doi:10.1016/
j.cub.2016.05.008.

9. Du B, Haensch R, Alfarraj S, Rennenberg H. Strategies of plants to overcome abiotic and biotic stresses. Biol
Rev. 2024;99(3):1524-1536. doi:10.1111/brv.13079.

10.  Kovalchuk I. Role of epigenetic factors in response to stress and establishment of somatic memory of stress
exposure in plants. Plants. 2023;12(21):3667. doi:10.3390/plants12213667.

12.  Gallusci P, Agius DR, Moschou PN, Dobrénszki J, Kaiserli E, Martinelli F. Deep inside the epigenetic memories
of stressed plants. Trends Plant Sci. 2023;28(2):142-153. doi:10.1016/j.tplants.2022.09.004.

11. Dobranszki J, Vassileva V, Agius DR, Moschou PN, Gallusci P, Berger MM], Farkas D, Basso MF, Martinelli F.
Gaining insights into epigenetic memories through artificial intelligence and omics science in plants. J Integr
Plant Biol. 2025;67:1-30. doi:10.1111/jipb.13953.

13.  Zhang X, Li C, Tie D, Quan J, Yue M, Liu X. Epigenetic memory and growth responses of the clonal plant
Glechoma longituba to parental recurrent UV-B stress. Funct Plant Biol. 2021;48(9):827-838. d0i:10.1071/
FP20303.

14.  Avramova Z. Transcriptional ‘memory’ of a stress: transient chromatin and memory (epigenetic) marks at
stress-response genes. Plant J. 2015;83(1):149-159. doi:10.1111/tpj.12832.

15.  Farkas D, Dobranszki J. Vegetal memory through the lens of transcriptomic changes — recent progress and
future practical prospects for exploiting plant transcriptional memory. Plant Signal Behav. 2024;19(1):2383515.
doi:10.1080/15592324.2024.2383515.

16. Bruce TJA, Matthes MC, Napier JA, Pickett JA. Stressful “memories” of plants: evidence and possible
mechanisms. Plant Sci. 2007;173(6):603-608. doi:10.1016/j.plantsci.2007.09.002.

17.  Lagiotis G, Madesis P, Stavridou E. Echoes of a stressful past: abiotic stress memory in crop plants towards
enhanced adaptation. Agriculture. 2023;13(11):2090. doi:10.3390/agriculture13112090.

18.  Wang X, Vigjevic M, Jiang D, Jacobsen S, Wollenweber B. Improved tolerance to drought stress after anthesis
due to priming before anthesis in wheat (Triticum aestivum Var. Vinjett). ] Exp Bot. 2014;65:6441-6456.
doi:10.1093/jxb/eru365.

19.  Bilichak A, Ilnytskyy Y, Wéycicki R, Kepeshchuk N, Fogen D, Kovalchuk I. The elucidation of stress memory
inheritance in Brassica rapa plants. Front Plant Sci. 2015;6:5. doi:10.3389/pls.2015.00005.

20. Lopez-Hernandez F, Cortés AJ. Last-generation genome-environment associations reveal the genetic basis of heat

tolerance in common bean (Phaseolus vulgaris L.). frontiers in genetics. Front Genet. 2019;10:954. doi:10.3389/
fgene.2019.00954.


http://orcid.org/0009-0006-6101-6104
http://orcid.org/0009-0000-9575-8559
http://orcid.org/0009-0008-2678-5842
http://orcid.org/0009-0000-4477-4700
http://orcid.org/0000-0001-7624-6398
https://doi.org/10.1111/ppl.70372
https://doi.org/10.1007/s40502-023-00766-0
https://doi.org/10.3389/fpls.2016.00143
https://doi.org/10.3390/agronomy13082105
https://doi.org/10.51291/2377-7478.1772
https://doi.org/10.1007/s00442-014-2995-6
https://doi.org/10.1016/j.cub.2016.05.008
https://doi.org/10.1016/j.cub.2016.05.008
https://doi.org/10.1111/brv.13079
https://doi.org/10.3390/plants12213667
https://doi.org/10.1016/j.tplants.2022.09.004
https://doi.org/10.1111/jipb.13953
https://doi.org/10.1071/FP20303
https://doi.org/10.1071/FP20303
https://doi.org/10.1111/tpj.12832
https://doi.org/10.1080/15592324.2024.2383515
https://doi.org/10.1016/j.plantsci.2007.09.002
https://doi.org/10.3390/agriculture13112090
https://doi.org/10.1093/jxb/eru365
https://doi.org/10.3389/fpls.2015.00005
https://doi.org/10.3389/fgene.2019.00954
https://doi.org/10.3389/fgene.2019.00954

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

PLANT SIGNALING & BEHAVIOR 21

Lopez-Ribera I, Vicient CM. Drought tolerance induced by sound in Arabidopsis plants. Plant Signal Behav.
2017;12(10):e1368938. d0i:10.1080/15592324.2017.1368938.

Dobranszki ], Hidvégi N, Gulyas A, Teixeira da Silva JA. mRNA transcription profile of potato (Solanum
tuberosum 1.) exposed to ultrasound during different stages of in vitro plantlet development. Plant Mol Biol.
2019;100:511-525. doi:10.1007/s11103-019-00876-0.

Milburn JA, Johnson RPC. The conduction of sap. ii. Detection of vibrations produced by sap cavitation in
Ricinus xylem. Planta. 1966;69:43-52. doi:10.1007/BF00380209.

Jackson GE, Grace J. Field measurements of xylem cavitation: are acoustic emissions useful? ] Exp Bot.
1996;47(11):1643-1650. doi:10.1093/jxb/47.11.1643.

Zweifel R, Zeugin F. Ultrasonic acoustic emissions in drought-stressed trees — more than signals from
cavitation? New Phytol. 2008;179(4):1070-1079. doi:10.1111/j.1469-8137.2008.02521.x.

Khait I, Lewin-Epstein O, Sharon R, Saban K, Goldstein R, Anikster Y, Zeron Y, Agassy C, Nizan S, Sharabi G,
et al. Sounds emitted by plants under stress are airborne and informative. Cell. 2023;186(7):1328-1336.€10.
doi:10.1016/j.cell.2023.03.009.

Hadj-Amor K, Léger O, Raffaele S, Kovacic M, Duclos A, Carvalho-Silva P, Garcia F, Barbacci A. Repeated
acoustic stimuli induce decentralized transcriptional memory for robust priming of plant defense. bioRxiv.
2025. doi:10.1101/2024.05.03.592392.

Gagliano M, Vyazovskiy BVV, Grimonprez AA, Depczynski M, Grimonprez M. Learning by association in
plants. Sci Rep. 2016;6(1):38427. do0i:10.1038/srep38427.

Markel K. Lack of evidence for associative learning in pea plants. eLife. 2020a;9:e57614. doi:10.7554/eLife.57614.
Gagliano M, Vyazovskiy VV, Borbély AA, Depczynski M, Radford B. Comment on ‘lack of evidence for
associative learning in pea plants. eLife. 2020;9(136):e61141. doi:10.7554/eLife.61141.

Markel K. Response to comment on ‘lack of evidence for associative learning in pea plants. eLife. 2020b;9:61689.
doi:10.7554/eLife.61689.

Cvrckova F, Konrddova H. Associative learning in plants: light quality history may matter. Biocell.
2022;46(3):645-649. doi:10. 32604/Biocell.2022.018114.139.

Bhandawat A, Jayaswall K, Sharma H, Roy J. Sound as a stimulus in associative learning for heat stress in
Arabidopsis. Commun Integr Biol. 2020;13(1):1-5. doi:10.1080/19420889.2020.1713426.

Pavlov IP. Conditioned reflexes: an investigation of the physiological activity of the cerebral cortex, Translated
and edited by. In Anrep GV, editors. London: Oxford University Press; 1927. p. 142.

Murashige T, Skoog F. A revised medium for rapid growth and bio assays with tobacco tissue cultures. Physiol
Plant. 1962;15(3):473-497. do0i:10.1111/j.1399-3054.1962.tb08052.x.

Chen S, Zhou Y, Chen Y, Gu ]J. Fastp: an ultra-fast all-in-one fastq preprocessor. Bioinformatics.
2018;34(17):1884-i890. doi:10.1093/bioinformatics/bty560.

Andrews S. FastQC: a quality control tool for high throughput sequence data. Available online at. 2010. http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/.

Kim D, Paggi ] M, Park C, Bennett C, Salzberg S L. Graph-based genome alignment and genotyping with
HISAT2 and HISAT-genotype. Nat Biotechnol. 2019;37(8):907-915. doi:10.1038/s41587-019-0201-4.

Liao Y, Smyth GK, Shi W. Featurecounts: an efficient general purpose program for assigning sequence reads to
genomic features. Bioinformatics. 2014;30(7):923-930. doi:10.1093/bioinformatics/btt656.

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-Seq data with
DESeq2. Genome Biol. 2014;15(12):550. doi:10.1186/s13059-014-0550-8.

Krueger F, Andrews S R. Bismark: a flexible aligner and methylation caller for bisulfite-seq applications.
Bioinformatics. 2011;27(11):1571-1572. do0i:10.1093/bioinformatics/btr167.

Akalin A, Kormaksson M, Li S, Garrett-Bakelman F E, Figueroa M E, Melnick A, Mason C E. Methylkit: a
comprehensive R package for the analysis of genome-wide DNA methylation profiles. Genome Biol.
2012;13(10):R87. doi:10.1186/gb-2012-13-10-r87.

Akalin A, Franke V, Vlahovi¢ek K, Mason CE, Schiibeler D. Genomation: a toolkit to summarize, annotate and
visualize genomic intervals. Bioinformatics. 2015;31(7):1127-1129. doi:10.1093/bioinformatics/btu775.

Yu G, Wang L-G, Han Y, He Q-Y. Clusterprofiler: an R package for comparing biological themes among gene
clusters. OMICS: ] Integr Biol. 2012;16(5):284-287. d0i:0.1089/0mi.2011.0118.

Wickham H. ggplot2. In Elegant graphics for data analysis. New York: Springer-Verlag; 2016.

R Core Team. R: a language and environment for statistical computing. Vienna, Austria: R Foundation for
Statistical Computing; 2025. (https://www.R-project.org/)

Teixeira da Silva JA, Hidvégi N, Gulyas A, T6th B, Dobranszki J. Transcriptomic response of in vitro potato
(Solanum Tuberosum L.) to piezoelectric ultrasound. Plant Mol Biol Rep. 2020;38:404-418. do0i:10.1007/
s11105-020-01222-z.

Upadhyay RK, Handa AK, Mattoo AK. Transcript abundance patterns of 9- and 13-lipoxygenase subfamily
gene members in response to abiotic stresses (heat, cold, drought or salt) in tomato (Solanum Lycopersicum L.)
highlight member-specific dynamics relevant to each stress. Genes. 2019;10(9):683. doi:10.3390/genes10090683.
Silver N, Best S, Jiang J, Thein SL. Selection of housekeeping genes for gene expression studies in human
reticulocytes using real-time PCR. BMC Mol Biol. 2006;7:33. doi:10.1186/1471-2199-7-33.


https://doi.org/10.1080/15592324.2017.1368938
https://doi.org/10.1007/s11103-019-00876-0
https://doi.org/10.1007/BF00380209
https://doi.org/10.1093/jxb/47.11.1643
https://doi.org/10.1111/j.1469-8137.2008.02521.x
https://doi.org/10.1016/j.cell.2023.03.009
https://doi.org/10.1101/2024.05.03.592392
https://doi.org/10.1038/srep38427
https://doi.org/10.7554/eLife.57614
https://doi.org/10.7554/eLife.61141
https://doi.org/10.7554/eLife.61689
https://doi.org/10.32604/Biocell.2022.018114.139
https://doi.org/10.1080/19420889.2020.1713426
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/bioinformatics/btr167
https://doi.org/10.1186/gb-2012-13-10-r87
https://doi.org/10.1093/bioinformatics/btu775
https://doi.org/0.1089/omi.2011.0118
https://doi.org/10.1007/s11105-020-01222-z
https://doi.org/10.1007/s11105-020-01222-z
https://doi.org/10.3390/genes10090683
https://doi.org/10.1186/1471-2199-7-33

22 D. FARKAS ET AL.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Vandesompele ], De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, Speleman F. Accurate normalization
of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol.
2002;3(7):research0034. doi:10.1186/gb-2002-3-7-research0034.

Andersen CL, Jensen JL, @Orntoft TF. Normalization of real-time quantitative reverse transcription-PCR data: a
model-based variance estimation approach to identify genes suited for normalization, applied to bladder and
colon cancer data sets. CaRes. 2004;64:5245-5250. doi:10.1158/0008-5472.CAN-04-0496.

Pfaffl MW, Tichopad A, Prgomet C, Neuvians TP. Determination of stable housekeeping genes, differentially
regulated target genes and sample integrity: bestkeeper-excel-based tool using pair-wise correlations. Biotechnol
Lett. 2004;26:509-515. d0i:10.1023/B:BILE.0000019559.84305.47.

Xie F, Xiao P, Chen D, Xu L, Zhang B. Mirdeepfinder: a miRNA analysis tool for deep sequencing of plant small
RNAs. Plant Mol Biol. 2012;80(1):75-84. doi:10.1007/s11103-012-9885-2.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2-
AACT method. Methods. 2001;25(4):402-408. doi:10.1006/meth.2001.1262.

Harris CJ, Amtmann A, Ton J. Epigenetic processes in plant stress priming: open questions and new
approaches. Curr Opin Plant Biol. 2023;75:102432. doi:10.1016/j.pbi.2023.102432.

Muthusamy M, Uma S-, Backiyarani S, Saraswathi MS, Chandrasekar A. Transcriptomic changes of drought-
tolerant and sensitive banana cultivars exposed to drought stress. Front Plant Sci . 2016;7:1609. doi:10.3389/
{pls.2016.01609.

Zhou ], Chen S, Shi W, David-Schwartz R, Li S, Yang F, Lin Z. Transcriptome profiling reveals the effects of
drought tolerance in Giant Juncao. BMC Plant Biol. 2021;21(1):2. doi:10.1186/s12870-020-02785-7.

Chen Y, LiC, Yi]J, Yang Y, Lei C, Gong M. Transcriptome response to drought, rehydration and re-dehydration
in potato. Int J Mol Sci. 2019;21(1):159. doi:10.3390/ijms21010159.

Guarino F, Cicatelli A, Castiglione S, Agius DR, Orhun GE, Fragkostefanakis S, Leclercq J, Dobranszki J,
Kaiserli E, Lieberman-Lazarovich M, et al. An epigenetic alphabet of crop adaptation to climate change. Front
Genet. 2022;13:818727. doi:10.3389/fgene.2022.818727.

Hidvégi N, Gulyas A, Dobranszki J. Ultrasound, as a hypomethylating agent, remodels DNA methylation and
alters mRNA transcription in winter wheat (Triticum Aestivum L.) seedlings. Physiol Plant. 2022;174:e13777.
doi:10.1111/ppl.13777.

Gelaw TA, Sanan-Mishra N. Non-coding RNAs in response to drought stress. Int ] Mol Sci. 2021;22:12519.
doi:10.3390/ijms222212519.

Ferdous J., Syed, S S., Bu-Jun Sh. Role of microRNAs in plant drought tolerance. Plant Biotech J. 2015;13:293-305.
doi:10.1111/pbi.12318.

Balazadeh S. A 'Hot' cocktail: the multiple layers of thermomemory in plants. Curr Opin Plant Biol.
2022;65:102147. doi:10.1016/j.pbi.2021.102147.

Maric A. Memories that last: epigenetic regulation of cold stress response prepares plants for subsequent stress
events. Plant Physiol. 2025;197(1):kiae579. doi:10.1093/plphys/kiae579.

Oberkofler V, Pratx L, Baurle I. Epigenetic regulation of abiotic stress memory: maintaining the good things
while they last. Curr Opin Plant Biol. 2021;61:102007. doi:10.1016/j.pbi.2021.102007.

Ding Y, Fromm M, Avramova Z. Multiple exposures to drought’train’transcriptional responses in Arabidopsis.
Nat Commun. 2012;3(1):1-9. do0i:10.1038/ncomms1732.

Huot B, Yao J, Montgomery BL, He SY. Growth-defense tradeoffs in plants: a balancing act to optimize fitness.
Mol Plant. 2014;7(8):1267-1287. d0i:10.1093/mp/ssu049.

Sani E, Herzyk P, Perrella G, Colot V, Amtmann A. Hyperosmotic priming of arabidopsis seedlings establishes
a long-term somatic memory accompanied by specific changes of the epigenome. Genome Biol. 2013;14:R59.
doi:10.1186/gb-2013-14-6-r59.

Haukioja E. Induction of defenses in trees. Ann Rev Entomol. 1990;36:25-42. doi:10.1146/
annurev.en.36.010191.000325.

Nykédnen H, Koricheva J. Damage-induced changes in woody plants and their effects on insect herbivore
performance: a meta-analysis. Oikos. 2004;104:247-268. doi:10.1111/j.0030-1299.2004.12768.x.

Hilker M, Schwachtje J, Baier M, Balazadeh S, Béurle I, Geiselhardt S, Kopka J. Priming and memory of stress
responses in organisms lacking a nervous system. Biol Rev. 2016;91(4): 1118-1133. doi:10.1111/brv.12215.
Liu H, Able AJ, Able JA. Priming crops for the future: rewiring stress memory. Trends Plant Sci.
2022;27(7):699-716. doi:10.1016/j.tplants.2021.11.015.

Kambona CM, Koua PA, Léon J, Ballvora A. Stress memory and its regulation in plants experiencing recurrent
drought conditions. Theor Appl Genet. 2023;136(2):26. d0i:10.1007/s00122-023-04313-1.

Kiraly A, Farkas D, Dobranszki J. Ultrasound in plant life and its application perspectives in horticulture and
agriculture. Horticulturae. 2025;11:318. doi:10.3390/horticulturae11030318.


https://doi.org/10.1186/gb-2002-3-7-research0034
https://doi.org/10.1158/0008-5472.CAN-04-0496
https://doi.org/10.1023/B:BILE.0000019559.84305.47
https://doi.org/10.1007/s11103-012-9885-2
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.pbi.2023.102432
https://doi.org/10.3389/fpls.2016.01609
https://doi.org/10.3389/fpls.2016.01609
https://doi.org/10.1186/s12870-020-02785-7
https://doi.org/10.3390/ijms21010159
https://doi.org/10.3389/fgene.2022.818727
https://doi.org/10.1111/ppl.13777
https://doi.org/10.3390/ijms222212519
https://doi.org/10.1111/pbi.12318
https://doi.org/10.1016/j.pbi.2021.102147
https://doi.org/10.1093/plphys/kiae579
https://doi.org/10.1016/j.pbi.2021.102007
https://doi.org/10.1038/ncomms1732
https://doi.org/10.1093/mp/ssu049
https://doi.org/10.1186/gb-2013-14-6-r59
https://doi.org/10.1146/annurev.en.36.010191.000325
https://doi.org/10.1146/annurev.en.36.010191.000325
https://doi.org/10.1111/j.0030-1299.2004.12768.x
https://doi.org/10.1111/brv.12215
https://doi.org/10.1016/j.tplants.2021.11.015
https://doi.org/10.1007/s00122-023-04313-1
https://doi.org/10.3390/horticulturae11030318

	Abstract
	Introduction
	Materials and methods
	Plant material and growing conditions
	Training and sampling procedures
	RNA and DNA isolation for sequencing
	RNA sequencing (RNA-seq) and bioinformatics
	Whole-genome bisulfite sequencing (WGBS) and bioinformatics
	RT-qPCR analysis
	Total RNA isolation for RT-qPCR analysis
	cDNA synthesis
	Primer design
	Validation of DEGS by RT-qPCR
	RT-qPCR analysis

	Statistical analysis

	Results
	Transcriptional and DNA methylation changes in response to drought and ultrasound 2 d after their application
	Selection of target genes for transcriptional memory studies and validation of DEG analysis with RT-qPCR
	Formation and maintenance of somatic memory and the effect of stimulus repetition on memory maintenance
	Association-forming ability of tomato plant

	Discussion and conclusions
	Global changes in gene transcription and DNA methylation and their correlation
	Investigation of transcriptional memory formation and maintenance for four target genes
	Assessing the association-forming ability


	Disclosure statement
	Funding details
	Author contributions
	Data availability statement
	References

