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Abstract. In response to stress, epigenetic modifications occur in the plant genome, which together form a stress memory
that can be inherited and increases the efficiency of the plant's defense response to repeated stress events. Genes whose
expression becomes the target of epigenetic modifications serve as biomarkers of stress memory. Their characteristic
features are considered to be an expression profile that differs between responses to primary and repeated stress events,
as well as long-term retention of changes after the stress is canceled. Tomato (Solanum lycopersicum L.) is an important
vegetable crop whose yield decreases with soil salinity. Genes induced by salt stress include genes encoding transcription
factors of the DREB2 (DEHYDRATION-RESPONSIVE ELEMENT-BINDING PROTEIN 2) subfamily. In this work, we evaluated the
SIDREB2 genes of tomato as possible marker genes of salt stress memory. The expression of the genes SIDREB16, 20, 22, 24,
43, 44 and 46 was determined in the leaves of two plant varieties (Gnom, Otradnyi) with different degrees of salt tolerance
in response to 24 h of NaCl exposure and in the dynamics of a long-term (14 days) post-stress recovery period. Significant
genotype-specific fluctuations in the levels of gene transcripts were revealed both in the control and in the stressed plants.
It was shown that during the long-term memory phase, gene expression returns to the control values either temporarily
(SIDREB24, 44 and 46 in the moderately resistant Gnom variety after 7 days; after 14 days, the expression changed again)
or slowly (SIDREB16 and 43 in the highly resistant Otradnyi variety after 14 days of recovery). Only two genes (SIDREB22
and 46) showed a similar between varieties pattern of expression fluctuations in the dynamics of stress and recovery, and
the SIDREB20 gene was not expressed in either the control or the experiment. The data obtained suggest that the SIDREB2
subfamily genes (except SIDREB20) are involved in the response of S. lycopersicum to salt stress in a genotype-specific
manner and can serve as markers of stress memory linked to the epigenetic regulation of tomato adaptation to salt stress.
The SIDREB16, 28, 43 and 44 genes may contribute to the determination of differences in the mechanism of regulation of
plant response to salt stress between salt-tolerant genotypes of S. lycopersicum. The obtained results can form the basis for
further studies of the role of SIDREB2 genes in the epigenetic regulation of tomato plant adaptation to salt stress, which can
be used in breeding salt-tolerant varieties.
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reHOB TPAHCKPUIILMOHHBIX PAKTOPOB

rmomceMerictsa DREB2 B fumHaMMKe COJIEBOIO CTpecca

1 TIOCJIECTPECCOBOT'0 BOCCTAHOBJIEHUSI paCTeHNII ToMarTa
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AHHOTauuA. B OTBET Ha CTpeccoBoe BO3JENCTBME B FEHOME PacTEHUA MPOUCXOAAT SNUreHeTryeckne mopmdurKkaumu,
BMecTe dopmupytoLme CTPeCccoBYy0 MaMATb, KOTOpasa MOXKeT HacnefoBaTbCA M MnoBbiwaeT 3GGeKTUBHOCTb 3aLMTHON
peakumn pacTeHna Ha NOBTOPHbIE CTPECCoBble COObITUSA. [eHbl, Ubsl SIKCMPECCMA CTAHOBUTCA MULLEHDBIO SMUTEHETUYECKNX
MogudurKauuin, cnyxat 6romapkepaMmn CTPeccoBOW MaMATU. WX XapakKTepHbIMU MpuU3Hakamy cyuTalotca npodusib
JKCNpPeccum, pasnnyaloLnnca Mexxay OTBeTaMM Ha NepBMYHOE 1 MOBTOPHOE CTPEeCCoBble COObITHA, a TakKe AnnTenbHoe
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Differential DREB2 genes expression
under salt stress in tomato

yOepXKrBaHe M3MeHeHU nocsie OoTMeHbl cTpecca. Tomat (Solanum lycopersicum L.) — Ba)kHas OBOLIHAA KynbTypa,
YPOXaMHOCTb KOTOPOW CHUXKAETCA NpW 3aconeHnr noys. K reHam, MHAYLMPYEMbIM CONEBbIM CTPECCOM, OTHOCATCA TeHbl
TPAHCKPUMNLMOHHBIX dakTopoB noacemencteBa DREB2 (DEHYDRATION-RESPONSIVE ELEMENT-BINDING PROTEIN 2).
B HacTosAwen paboTe npoBefeHa oueHKa reHoB SIDREB2 TomaTa Kak BO3MOXHbIX F€HOB-MapKepOB MaMATA O CONIEBOM
cTpecce. [lnAa 3Toro B JINCTbAX pacTeHW ABYX copToB, THOM n OTpagHblil, C Pa3HOW CTeMeHblo CONeyCTONYMBOCTM
6bina onpefeneHa akcnpeccna reHoB SIDREB16, 20, 22, 24, 43, 44 v 46 B oTBeT Ha 24-u Bo3gencteme NaCl n B guHamuke
npogomkntenbHoro (14 fHel) NOCNecTpPeccoBOro nepuofa BOCCTAaHOBMEHUA. BblfBNeHbl 3HauuTeslbHble TeHOTUM-
cneunduYHble KonebaHUa ypoBHEN TPAHCKPUMTOB FEHOB KaK B KOHTPOJE, Tak U B MOABEPrHYTbIX CTPECCY pacTEHUAX.
Moka3aHo, uTo B npouecce AIMTeNbHON $asbl MAMATU SKCNPECCUA reHOB BO3BPALLAETCA K KOHTPOJSIbHbIM NMOKa3aTesam
nnéo BpemeHHo (SIDREB24, 44 n 46 y cpepHeycTonumoro copta MHOM uepes 7 fHelr; yepes 14 gHeli SKCnpeccusa CHOBa
MeHsaeTcA), nnbo mepneHHo (SIDREB16 n 43 y BbicokoycTonumoro copta OTpagHbiii yepes 14 AHell BOCCTaHOBIEHMS).
Bbino onpepeneHo, UTo TONbKO ABa reHa, SIDREB22 1 46, MeIoT CXOLHbIN MeXAy CoOpTaMu NaTTepH KonebaHnin sKkcnpeccum
B [IHaMUKe CTpecca 1 BOCCTaHOBNEHUSA, a reH SIDREB20 He sKcnpeccupyeTcs HU B KOHTPONE, HY B onbiTe. [oflyyeHHble
[laHHble MO3BONVAV NPELNONOXNTb, YTO reHbl nofcemeinctsa SIDREB2, kpome SIDREB20, yuacTBytoT B 0TBETE S. lycopersicum
Ha CONeBOW CTPECC reHOTUN-CreUmMdnYHbIM 06Pa30M U MOTYT CITY>KUTb MapKepamm CTPECCOBOMN NamATU, CLENNEHHbIMU C
SNUreHeTNYECKON perynaumen agantaymm Tomata K coneBomy ctpeccy. leHbl SIDREB16, 28, 43 n 44 moryT BHOCWTb BKNaj
B OMpeAesieHne pPasfnunii B MexaHmsme perynAaumMm oTBeTa pacTeHW Ha CONEBOW CTPeCcC MeXAY COneyCcTONYMBbIMU
reHotunamu S. lycopersicum. MonyyeHHble pe3ynbTaTbl MOFYT CTaTb OCHOBOW AJ1A AafibHENWNX UCCNeAOBaHNIA POV FeHOB
SIDREB2 B anureHeTNYECKOW pPerynauum agantaluum pacTeHNA TOMaTa K CONIEBOMY CTPECCY, YTO MOXET ObITb UCMONb30BaHO
B CeNleKLMM CONeyCcToNUMBbIX COPTOB.

KnioueBble cnioBa: Tomat; Solanum lycopersicum L.; coneBoii CTpecc; cTpeccoBas NamaATb; paza NnaMATW; TPaHCKPUMNLNOHHbIe

dakTopbl SIDREB2; skcnpeccua reHoB; reHbl-KaHAMAATbl CTPECCOBOW NAaMATU

Introduction

The plant phenotype is formed through the combined action of
the genotype and the epigenome, where the latter determines
the plasticity of the phenotype depending on environmental
conditions, including in response to various stress factors,
which are often recurrent (Villagémez-Aranda et al., 2022).
The initial (during the plant’s life cycle) experience of stress
(priming) induces changes in the epigenome (DNA methy-
lation, post-translational histone modifications, non-coding
RNA activity, etc.), which enable a more effective response
to repeated stress (stimulus) (Villagémez-Aranda et al., 2022).

The set of epigenetic marks that emerge during priming is
called the plant’s stress memory, which can persist throughout
the organism’s life cycle and be inherited (Villagomez-Aranda
etal., 2022; Zuo etal., 2023). That is, the plant’s stress memory
is the initial experience of effectively regulating the stress
response, imprinted in the epigenome, which, upon a repeated
stress event, can quickly trigger the transcriptomic and meta-
bolomic changes necessary for protection (Villagdmez-Aranda
et al., 2022; Zuo et al., 2023).

Biomarkers of stress memory are generally considered to be
individual genes (metabolites), the expression (metabolism)
of which becomes the target of epigenetic modifications
after priming (Aina et al., 2024). There may be many such
markers. For example, drought stress memory in the model
species Arabidopsis thaliana L. is associated with more than
2,000 genes (Ding et al., 2013). A comparison of this list with
a similar set in Zea mays L. reduced the list to 556 genes as
possible interspecific markers of plant memory about drought
(Dingetal., 2014; Virlouvet et al., 2018; Jacques et al., 2021).
When selecting candidate memory markers, the principle is
that the level and/or direction of changes in gene expression
(metabolite content) differs between responses to priming
and stimulus, while genes (metabolites) not associated with
memory respond equally to priming and stimulus (Friedrich
et al., 2019; Baurle, Trindade, 2020; Jacques et al., 2021).
Another important criterion is that during the period between
stress repeats (recovery, or memory phase), the expression of

marker genes (metabolite content) is maintained at an altered
level for a long time, while the expression of genes (metabo-
lite content) not associated with memory quickly returns to
control values (Friedrich et al., 2019; Béurle, Trindade, 2020;
Jacques et al., 2021).

An example of the criteria use is a metabolomic analysis
of the halophyte Limonium angustebracteatum’s response to
repeated drought and salt stresses, which identified various
organic osmolytes and antioxidant compounds (including
flavonoids) as potential markers of stress memory (Calone
et al., 2023). Transcriptomic studies of potato (Solanum
tuberosum L.) under recurrent drought conditions identified
potential memory genes, including genes involved in photo-
synthesis, carbohydrate metabolism, flavonoid metabolism,
and others (Chen et al., 2019).

Given the observed associations of various important pro-
cesses with plant stress memory, studying the effects of stress
on the expression of genes of specific metabolic or signa-
ling pathways can help identify marker genes. For example,
analysis of the expression dynamics of ASCHS genes of the
chalcone synthase family (flavonoid pathway) in garlic (Allium
sativum L.) exposed to abiotic stressors identified only one
out of eight genes as a potential biomarker (Anisimova et al.,
2025). Another example: tracking changes in the expression
of various PR genes in garlic cloves in response to priming
with an elicitor (chitosan) and a biotic stimulus (infection with
Fusarium proliferatum) identified candidate genes for mar-
kers of A. sativum memory of Fusarium infection (Filyushin
etal., 2022).

Selected stress memory markers (both genes and metabo-
lites) can be used to identify donors of a trait of the desired
conditional (epigenetic) resistance to target stressors in crop
plants (Ainaetal., 2024). In plant genetic engineering, altering
the expression of marker genes can facilitate the production
of stress-resistant genotypes. For example, overexpression
of individual genes from the WRKY family increases the
resistance of tomato plants (Solanum lycopersicum L.) to
phytopathogens (Bai et al., 2018), while overexpression of
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the DREB1A and OsPIL1 genes increases drought tolerance
in A. thaliana (Kudo et al., 2017).

Tomato (S. lycopersicum) is an important vegetable crop,
mainly grown in protected ground; soil salinity is considered
one of the main factors reducing tomato crop yield (Guo et
al., 2022). Epigenetic marks associated with the formation
of salt stress memory in plants (Gallusci et al., 2023) and the
mechanisms of salt tolerance in tomato are known (Guo et al.,
2022). Among the genes, the expression of which is induced
by salt stress, there are genes encoding transcription factors
(TFs) of the DREB family (APETALAZ2/Ethylene Responsive
Factor (AP2/ERF) superfamily), in particular the DREB2
(DEHYDRATION-RESPONSIVE ELEMENT-BINDING
PROTEIN 2) subfamily (Bai et al., 2018; Guo et al., 2022).
The tomato genome contains seven SIDREB?2 genes (Magsood
et al., 2022).

The aim of this study was to evaluate SIDREB2 genes as
possible marker genes for salt stress memory by profiling gene
expression in two S. lycopersicum cultivars in response to
the NaCl stimulus and during long-term post-stress recovery
(memory phase).

Materials and methods

The study involved plants of two salt-tolerant tomato
(S. lycopersicum) varieties: the highly tolerant cv. Otradnyi
and the moderately tolerant cv. Gnom, bred at the Federal
Scientific Vegetable Center (FSVC, Moscow Region). Seeds
were sown in the soil, and plants were grown until 6-8 leaves
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developed (experimental climate control facility, Federal
Research Center for Biotechnology, Russian Academy of
Sciences; day/night cycle — 16/8 h, 23/21 °C).

The obtained plants were exposed to salt stress. Namely, the
plants (experimental and control) were transferred from soil
to water (after shaking off and washing the roots) and after
1 h transferred to a liquid MS nutrient medium containing
(experimental) and not containing (control) 100 mM NaCl.
After 24 h, the experimental samples were returned to the
MS medium without NaCl and kept for two weeks in paral-
lel with the control. Leaf samples (all leaves from one plant;
two biological replicates) were collected at the following time
points: S24 (experimental, 24 h of stress exposure) and 24K
(control); R7 and R7K (week of the post-stress period); R14
and R14K (two weeks of recovery) (Fig. 1a).

The collected samples were ground in liquid nitrogen and
used for analysis of the expression of SIDREB2 subfamily
genes using quantitative real-time PCR (RT-qPCR). Total
RNA was isolated from 0.2-0.5 g of tissue (RNeasy Plant
Mini Kit and RNase-free DNase set; QIAGEN, Germany)
and used for cDNA synthesis (GoScript Reverse Transcription
System; Promega, USA). The concentration of the prepara-
tion was determined (Qubit® Fluorometer, Thermo Fisher
Scientific, USA; Qubit RNA HS Assay Kit, Invitrogen, USA),
and 3 ng of cDNA was used for RT-qPCR with gene-specific
primers (Table 1). Primers were designed based on available
S. lycopersicum genome and transcriptome data (https://
www.solgenomics.net/; https://ww.ncbi.nlm.nih.gov/). The

a
100 mM NacCl
S24 R7 R14
0 mM NacCl 0 mM Nacl
0 mM NaCl »
24K R7K R14K
ll 24h ll 7 days ll 14 days
Sampling for gene expression analysis (RT-qPCR)
cv. Otradnyi cv. Gnom
b
24K S24 24K S24

Fig. 1. Experimental design:

a - 24-h salt stress (100 mM NaCl (S24) and 0 mM NacCl (24K)) and post-stress recovery (7 (R7K, R7) and 14 (R14K, R14) days);
b - photo of experimental (524) and control (24K) plants of the Otradnyi and Gnom tomato varieties after 24 h of stress.
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Table 1. Primer sequences for RT-qPCR

Gene' Gene ID' Sequences (5'—3’) of the forward
and reverse primers
SIDREB16 ~ Solyc04g050750  TGAGAGGTAAAGGTGGACCAG
CTCTGGCTGCTTCCACTGAA
SIDREB20  Solyc04g080910  GGTAAATGGGTAGCCGAGATC
(LOC101246344) AGTTTGGCTTCGGCACCATAG
SIDREB22  Solyc059g052410  GATACATTGGAAGGTCTGCAGC
(LOC101261712)  CATCCAACTCATCCAAGCAGAAG
SIDREB24  Solyc069g050520  GGTATCAGATTCGCAATGTCAGG
GAATGCAAGGTCATCCGAACTG
SIDREB43  Solyc109g076370  GGTACTTACTCGACTGCTGGT
(LOC101245410) CAATCGACGATTGACCACTCG
SIDREB44  Solyc10g076380  TCGCCTGCTTGTTCCTGGAA
(LOC101268444) CGCACCAACATCTTCATTCACG
SIDREB46 ~ Solyc10g080310  CAATGTAGCCGTTCGTGGTG
(LOC101268444) TGACTCTGTGAAACTACTGATGC
Expressed  (LOC101263039) GCTAAGAACGCTGGACCTAATG
TGGGTGTGCCTTTCTGAATG
actin-7 (LOC101262163)  CATTGTGCTCAGTGGTGGTTC

TCTGCTGGAAGGTGCTAAGTG

" The numbering and Solyc_IDs of genes are given according to (Magsood et
al,, 2022); the corresponding NCBI_IDs of genes (if Solyc-protein homologs are
present in the NCBI database) are given in brackets.

reaction was carried out using the “2.5x Reaction Mixture
for Real-Time PCR in the Presence of SYBR Green I and
ROX” kit (Synthol LLC, Russia) on a CFX96 Real-Time
PCR Detection System (Bio-Rad Laboratories, USA). The
RT-qPCR program was as follows: 5 min at 95 °C, 40 cycles
(15 sat 95 °C; 40 s at 60 °C). SIDREB2 gene expression was
normalized to the reference genes Expressed and actin-7
(Efremov et al., 2020). The analysis was performed in two
biological and three technical replicates. The obtained data
were statistically processed and visualized using GraphPad
Prism v. 9.5.1 (Two-Way ANOVA: multiple comparisons
corrected with the Bonferroni test; GraphPad Software Inc.,
USA, https://www.graphpad.com/scientific-software/prism/).
Excel was used to construct heatmaps and linear graphs based
on expression data.

Results

In this study, we characterized the effects of salt stress and
prolonged post-stress recovery on SIDREB2 gene expres-
sion in the leaves of tomato plants with high (cv. Otradnyi)
and moderate (cv. Gnom) salt tolerance. After 24 h of NaCl
exposure, as well as 7 and 14 days post-stress, plants of both
varieties were visually indistinguishable from control, un-
stressed samples (Fig. 1b).

Leaves from plants (control and experimental) at time points
S24/24K, R7/R7K, and R14/R14K were collected and used
to analyze the expression of SIDREB2 genes, the homologs
of which in other plant species are known to be involved in
the response to osmaotic stress (Akbudak et al., 2018; Guo et
al., 2022; Filyushin et al., 2023; Sun et al., 2025). Genes for

Differential DREB2 genes expression
under salt stress in tomato

analysis were identified based on the published characteriza-
tion of the S. lycopersicum DREB gene family, in which the
SIDREB2 subfamily is represented by seven intronless genes:
SIDREBL16, 20, 22, 24, 43, 44, and 46 (Magsood et al., 2022).
RT-qPCR analysis revealed that the SIDREB20 gene was not
expressed in leaves in either the experimental or control plants,
while the expression pattern of the remaining six genes was
genotype-dependent (Fig. 2).

The varieties differed in gene expression under control
conditions, both in terms of the level at the 24K baseline
(SIDREBL16, 24, 43, and 44) and in the tendency to change
over the measurement period (SIDREB16, 44, and 46). Only
SIDREB22 showed a similar expression pattern between va-
rieties under control conditions (Fig. 2). A heatmap was con-
structed based on the expression data (Fig. 3), clearly showing
that in the case of the highly resistant cv. Otradnyi, only three
genes (SIDREB22, 24, and 44) retained control expression
levels after 24 h of stress. However, their transcript levels
increased after one (~1.7, 8.2, and 2.4-fold) and two (~5.7, 3.4,
and 1.4-fold) weeks of the recovery period. The expression
of the remaining three genes decreased (SIDREB16, and 46)
or increased (SIDREB43) after 24 h of stress and increased
significantly at point R7. After two weeks of recovery, only
two genes (SIDREB16, and 43) were expressed similarly to
the control (Fig. 3).

In the leaves of the moderately resistant cv. Gnom, after
24 h of stress, gene expression increased (SIDREB43, and
44), decreased (SIDREB22, and 46), or remained unchanged
(SIDREBL16, and 24). After a week of recovery (R7), changes
in expression were observed for three genes (SIDREB16, 22,
and 43), whereas after two weeks (R14), all six genes were
expressed differently from the control (Fig. 3).

Thus, a return to control expression was observed only
long after the stress and only for SIDREB24, 44, and 46 (cv.
Gnome, point R7), the expression of which at point R14
changed again (vs. control), as well as for the SIDREB16, and
43 (cv. Otradnyi, point R14) (Fig. 3).

To more clearly compare SIDREB2 expression patterns be-
tween cultivars, linear graphs were drawn using the expression
data, expressed as the ratio of gene expression levels between
the experimental and control conditions (Fig. 4). The graphs
show that two genes (SIDREB22, and 46) have similar patterns
of response to salt stress and memory phase in two analyzed
cultivars. SIDREB16, 28, 43, and 44 genes showed different
response patterns between varieties (Fig. 4).

To assess the possible dependence of the expression of the
SIDREB16, 20, 22, 24, 43, 44, and 46 genes on the variability
of their regulatory regions in tomato varieties, an in silico
analysis of the promoters (1 kb) of these genes was performed
in 10 tomato accessions (sequences were taken from the NCBI
database). It was shown that the promoters of SIDREB16,
22, 24, 43, and 44 are highly conserved (0-2 polymorphisms
(SNPs) per 1 kb), while the promoters of the SIDREB20 and
46 genes contain indels/SNPs (5/58 and 5/13, respectively).

Discussion

In this study, we evaluated genes of the tomato SIDREB2
subfamily as potential marker genes for salt stress memory
by profiling gene expression in two S. lycopersicum cultivars
in response to NaCl and during the long-term post-stress
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Fig. 2. Expression pattern of SIDREB2 genes in the leaves of cv. Otradnyi and cv. Gnom tomato plants in response to salt stress
for 24 h (24K and S24) and in the dynamics of post-stress recovery after 7 (R7K and R7) and 14 (R14K and R14) days.
279 Significant differences between expression levels within the variety (p < 0.05).

recovery period (memory phase). The cultivars differed in
their tolerance to salt stress (moderate in cv. Gnom and high
in cv. Otradnyi). Cultivar tolerance can be regulated both by
genetic variations governing gene expression in response to
salt stress and by conditionally inherited epigenetic modifi-
cations, previously acquired as a result of salt priming and
maintained by stress memory.

In the first case, genetic variations may be represented by
genes and loci associated with the salt tolerance trait (Ismail,
Horie, 2017). Differences in genes/loci may determine the
degree of plant adaptability, as demonstrated by tomato
genotypes carrying mutant TSS1 and TSS2 loci, which confer
contrasting sensitivity to general osmotic stress and different
mechanisms of salt tolerance (Borsani et al., 2001). Given
the genetic regulation of NaCl tolerance, our experiment
can be considered a primary stress for plants. In the second
case, given the presumed presence of salt stress memory, the
simulated salt stress conducted in this study will activate this
memory. The third possible scenario involves genetic regula-
tion of salt tolerance in one variety and epigenetic regulation
in another.

0.49* 15.35% 1.07 1.00 0.51* 0.20*  SIDREB16
1.01 1.65% 5.65* 0.25* 0.34* 10.66* SIDREB22
0.74 8.22* 3.41* 0.80 1.60 1.82*  SIDREB24

3.43* 7.88*% 1.08 6.54* 2.90* 0.48*  SIDREB43
1.10 13.27*  0.45* 25.42% 1.07 0.16*  SIDREB44

0.50* 2.39*% 1.43*% 0.10* 1.22 0.44*  SIDREB46

24h 7days 14days 24days 7days 14days

NaCl Recovery Recovery NaCl Recovery Recovery

cv. Otradnyi cv. Gnom

Fig. 3. Heatmap of SIDREB2 gene expression in the leaves of cv. Otradnyi
and cv. Ghom tomato plants in response to salt stress (24 h) and during
post-stress recovery (7 and 14 days). Numerical data are presented as
the ratio of values for experimental samples to the control (taken as 1).
* Significant differences in expression levels between the experiment and
the control (p < 0.05).

Various transcriptome studies of NaCl exposure in plants
suggest that key genes involved in salt stress memory are
represented by TF genes of various families (Zhu et al.,
2023), including the DREB family (Hassan et al., 2022).
The importance of the latter is highlighted by the differential
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Fig. 4. SIDREB2 gene expression patterns in the leaves of tomato cultivars Otradnyi and Gnom in response to salt
stress (24 h) and during post-stress recovery (7 and 14 days), presented as linear graphs. Genes, the expression
patterns of which show significant intervarietal differences in fluctuation trends, are highlighted in red.

expression of DREB genes in response to salinity in wheat
Triticum aestivum L. (Hassan et al., 2022), pepper Capsicum
annuum L. (Sun et al., 2025), garlic A. sativum (Filyushin et
al., 2023), and other species.

The choice of DREB2 subfamily genes from the two largest
DREB subfamilies for analysis was determined by the fact that
DREB1/CBF proteins play the greatest role in regulating cold
tolerance (Shi et al., 2018), whereas DREB2 TFs are mainly
involved in the response to osmotic stresses (Akbudak et al.,
2018; Baillo et al., 2019). In the tomato genome, the DREB2
subfamily consists of seven genes: SIDREB16, 20, 22, 24, 43,
44, and 46 (Magsood et al., 2022) (Table 1).

During the experiment, two tomato varieties were sub-
jected to salt stress (24 h), followed by a long-term (14-day)
memory phase (Fig. 1). Subsequent gene expression profi-
ling (S24/24K-R7/R7K-R14/R14K) revealed significant
genotype-specific variations in gene transcript levels in both
control and stressed plants (Fig. 2), suggesting intervarietal
differences in the mechanism of salt tolerance regulation.

It was determined that during the long-term post-stress
recovery period, gene expression values returned to control
values either temporarily (SIDREB24, 44, and 46 in the Gnom
variety at point R7; they changed again at point R14) or ex-
tremely slowly (SIDREB16 and 43 in the Otradnyi variety at
point R14) (Fig. 3). This gene response in the case of both
varieties corresponds to the feature of stress memory marker
genes, the expression of which is maintained at an altered level
for a long time during the recovery phase, while the expres-
sion of genes not associated with memory quickly returned
to control values (Friedrich et al., 2019; Béurle, Trindade,
2020; Jacques et al., 2021). This suggests that all six genes,
SIDREB16, 22, 24, 43, 44, and 46, may function as salt stress
memory marker genes in tomato plants.

Only two genes (SIDREB22 and 46) were shown to have
a similar pattern of expression fluctuations between cultivars
during the measurement period (S24/24K-R7/R7TK-R14/
R14K) (Fig. 4). This suggests that the remaining four genes
(SIDREBL16, 28, 43, and 44) may play a role in determin-
ing differences in the mechanism of regulation of plant
responses to salt stress between salt-tolerant genotypes of
S. lycopersicum.

Overall, the performed assessment of the expression pat-
tern of SIDREB2 subfamily genes in the leaves of two salt-
tolerant tomato cultivars in response to NaCl and during the
long-term memory phase suggests that these genes (except
for SIDREB20) participate in the response of S. lycopersicum
to excess salt in a genotype-specific manner. These genes
may potentially serve as markers of stress memory linked to
epigenetic regulation of plant adaptation to salt stress. The
response of SIDREB2 genes to salt stress may also depend on
genetic variations in the promoter regions of both the SIDREB2
subfamily genes themselves and the potential targets of the
SIDREB2 TFs in S. lycopersicum accessions.

The invariability in the regulatory sequences of the
SIDREB16, 22, 24, 43, and 44 genes that we found (using
in silico analysis of the promoters of the analyzed genes in
10 tomato cultivars/accessions) suggests that the conservation
of these promoters may also extend to the cultivars used in this
study. This suggests that the response of SIDREB16, 22, 24,
43, and 44 to salt stress is independent on intervarietal varia-
tions in their regulatory sequences. The SIDREB20 gene, the
promoter of which is the most variable between accessions
(58 SNPs), was not expressed in leaves; thus, the question of
the dependence under consideration for this gene does not
arise. At the same time, the expression level of SIDREB46 can
be regulated by polymorphisms (13 SNPs), which requires
additional studies of the SIDREB46 promoter in the tomato
varieties used in the work, with a search for correlations be-
tween expression and the SNPs found.

The expression level of some DREB2 subfamily genes is
positively associated with plant resistance to various abiotic
stresses, as demonstrated by A. thaliana plants overexpress-
ing the rice (Oryza sativa L.) OsDREB2B gene and exhibiting
increased tolerance to drought and heat (Matsukura et al.,
2010). It is suggested that in response to abiotic stress, the
expression of DREB1/2 TFs is altered, which in turn regulate
the transcription of target genes involved in plant defense.
To date, data are available on 10 possible target genes of the
DREB1/2 TF (A. thaliana) containing DRE/DRE-related
cis-regulatory elements in their promoters, and six of these
genes may be involved in the plant’s response to salt stress
(Table 2) (Dubouzet et al., 2003; Matsukura et al., 2010).
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Table 2. List of putative target genes of the A. thaliana DREB family TFs

Gene NCBI_ID Protein Involvement in stress responses,
(A. thaliana/ according to NCBI
S. lycopersicum)

COR15A At2g42540 Cold-inducible protein Cold, heat, salinity, drought

FLO5-21-F13 At1g16850 Late embryogenesis abundant protein Salinity

(LEAT4)

RD29A At5g52310 Drought-responsive protein, low-temperature-responsive Cold, salinity, drought
protein 78 (LT178) / desiccation-responsive protein 29A

RD17 (COR47) At1920440 Dehydrin, COR47 cold-regulated 47 Cold, heat, osmotic stresses,

drought

AtGOLS3 At1g09350 Glycosyl transferase family 8, GolS3 galactinol synthase 3 Cold

FLO5-20-N18 At2g42530 COR15B cold regulated 15b Cold

(COR15B)

KINT At5g15960 Cold-inducible protein Cold, osmotic stresses, drought

FLO6-16-B22 At2g15970 Cold-acclimation protein, COR413-PM1 cold regulated 413 Cold, drought

(COR413-PMT1) plasma membrane 1

KIN2 (COR6.6) At5g15970 KIN2 stress-responsive protein (KIN2) / stress-induced protein  Cold, osmotic stresses, drought
(KIN2) / cold-responsive protein (COR6.6) / cold-regulated
protein (COR6.6)

ERD10 At1g20450 ERD10 Dehydrin family protein Cold, drought

Conclusion Calone R., Mircea D.M., Gonzilez-Orenga S., Boscaiu M., Zuzunaga-

Thus, further studies of the structure and expression of
SIDREB?2 genes and their possible targets using repeated stress
events interspersed with memory phases of varying duration,
accompanied by expression analysis of genes presumably
not linked to stress memory, are needed. The results of such
studies can be used in breeding salt-tolerant tomato varieties.
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