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ARTICLE INFO ABSTRACT

Keywords: Salt stress represents one of the major agricultural problems, limiting plant growth worldwide. The plant hor-

AbSCiS‘iC acid mone abscisic acid (ABA) plays a crucial role in salt stress adaptation, and its level is regulated by light con-

ilule light ditions. Our research was focused on studying the effect of light and ABA as well as their crosstalk, in plant
p

responses to salt stress using the tomato (Solanum lycopersicum) photomorphogenic mutant high pigment 1 (hp1),
which carries a defect in the UV-DAMAGED DNA BINDING PROTEIN 1 (DDB1) locus. Early tomato seedlings of
the wild type (WT) cv. Rutgers and hpl were stressed with 150 mmol/L NaCl under different light conditions:
dark, white light (WL), and blue light (BL). Under BL and compared to the corresponding cv. Rutgers, hp1 shoots
exhibited enhanced salt tolerance, while root growth was compromised. Analyses of stable photosynthetic pig-
ments and elevated phenolic content in the mutant also support BL-mediated enhancement of salt tolerance.
Additionally, enhanced expression of ELONGATED HYPOCOTYL 5 (HY5), particularly under BL, confirmed
amplified light signalling in hp1 plants. Hormonal analysis revealed light-dependent interactions between ABA
and 1-aminocyclopropane-1-carboxylic acid (ACC). Under salt stress, BL significantly increased ABA levels in the
mutant through upregulated NCEDI and reduced CYP707A3 gene expression, while decreasing ACC content.
Moreover, salt-stressed hpl plants accumulated higher levels of stress-protective compounds (proline, poly-
amines) under all tested light conditions, correlating with increased expression of biosynthetic genes and pre-
cursor availability. Our findings demonstrate that amplified light signalling coordinates multiple stress
adaptation pathways through shared metabolic precursors and hormonal interactions, with ABA signalling
playing a central role. The pronounced responses under BL highlight its importance in these interactions. The
tomato hpl mutant proves to be an effective model for studying complex plant stress mechanisms contributing to
stress-resistant crop development.

Salt stress

1. Introduction

Research focused on plant stress has become more important in
recent years due to deteriorating environmental conditions. Salt stress is
one of the major agricultural problems, limiting plant growth and
development (Vengosh, 2003). Declining crop yields pose a challenge to
the agricultural sector in feeding a growing population (Kopittke et al.,
2019). Development of stress-tolerant plant genotypes will be one of the
key strategies for adapting to future environmental shifts.

Abscisic acid (ABA) is a plant hormone that plays a crucial role in the
plant adaptation to abiotic stress (Ohkuma et al., 1963; Tardieu et al.,
2010). It is a key hormone involved in the regulation of dormancy and
seed germination (Finkelstein et al., 2002, 2008). Light conditions alter
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the level of ABA (reviewed recently by Mahapatra et al., 2025). This fact
indicates that light can be a critical regulator in plant stress adaptation
mechanisms.

Light represents one of the most important environmental factors
regulating plant behaviour, influencing growth and development. Plants
sense light through photoreceptors, which are present in the whole plant
organism (Wu et al., 2025). All four photoreceptor families were
discovered in Arabidopsis thaliana. Phytochromes (phyA-phyE) sense red
and far-red light (Quail et al., 1994), while cryptochromes (CRY1,
CRY2) (Ahmad and Cashmore, 1993; Lin et al., 1996), phototropins
(PHOT1, PHOT?2) (Huala et al., 1997; Jarillo et al., 1998), and Zeitlupe
proteins (ZTL, FKF1, LKP2) (Somers et al., 2000) respond to blue light
and UV-A radiation. In the presence of light, photoreceptors translocate
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from the cytoplasm to the nucleus or are already present in there to
initiate light signal transduction. Activated photoreceptors transmit
signals to downstream signalling components such as transcriptional
activators and repressors, which control light-induced processes (Jing
and Lin, 2020; Liu et al., 2023).

The light transcriptional activators known as PHYTOCHROME
INTERACTING FACTORS (PIFs) carry signals to the downstream effec-
tors, including ELONGATED HYPOCOTYL 5 (HY5), LONG AFTER FAR-
RED LIGHT 1 (LAF1), and LONG HYPOCOTYL IN FAR-RED 1 (HFR1).
These transcription factors are central regulators of light-mediated re-
sponses. The key repressor of photomorphogenesis, CONSTITUTIVE
PHOTOMORPHOGENIC 1 (COP1), promotes the ubiquitination and
subsequent degradation of positive regulators in light signalling during
skotomorphogenesis (Bhatnagar et al., 2020; Jing and Lin, 2020). Sig-
nificant interactions have been identified between transcription factors
such as PIFs and HY5, and the ABA signalling pathway in response to
abiotic stress. The ABSCISIC ACID INSENSITIVE 5 (ABI5) represents an
important basic leucine zipper transcription factor in ABA signalling
cascades (Finkelstein and Lynch, 2000) and may be a major convergence
point in these interactions (Yadukrishnan and Datta, 2021). Crosstalk
between light and ABA enables plants to coordinate growth and devel-
opment under challenging environmental conditions. A well-known
example of this interaction is stomatal opening activated by BL
through PHOTs. These photoreceptors control ABA levels, affecting
stomatal aperture regulation (Males and Griffith, 2017; Gupta and Nath,
2020).

Light can also modulate the biosynthesis of ethylene by regulating 1-
aminocyclopropane-1-carboxylic acid (ACC), the immediate precursor
of this gaseous phytohormone, which plays an important role in plant
stress responses and development (Harkey et al., 2019). Furthermore,
ABA and ethylene signalling pathways interact antagonistically or syn-
ergistically, depending on environmental factors, creating complex
hormonal networks that regulate plant adaptation to stress
(Benlloch-Gonzalez et al., 2010; Li et al., 2019). In several species, there
is evidence that light also influences stress-related substances such as
phenolic compounds, proline, and polyamines. These compounds help
plants cope with salt stress (Younis et al., 2010; Kovacs et al., 2019;
Gondor et al., 2021).

The aim of this research was to investigate the effects of light and
ABA on plant responses to salt stress. As our model plant, we utilized
tomato (Solanum lycopersicum), one of the world's most important crops.
Specifically, the photomorphogenic tomato mutant high pigment 1 (hp1),
which exhibits enhanced sensitivity to light and changes in plant
development. We hypothesize that BL is essential in enhancing salt stress
tolerance, particularly through interaction with ABA signalling.

2. Materials and methods
2.1. Plant material and growth conditions

The tomato Solanum lycopersicum L. cv. Rutgers (LA1090; hereinafter
referred to as WT) and the photomorphogenic tomato mutant high
pigment 1 (LA3004; hp1; Kendrick et al., 1997) were used in all experi-
ments. Additionally, the tomato cryalcry2 double mutant (Fantini et al.,
2019) in the cv. Money Maker (LA2706) background was included for
comparative analyses presented in the Supplementary material and was
subjected to the same growth conditions and treatments as described for
cv. Rutgers and hp1. Seeds of hp1 mutant were kindly provided by C. M.
Rick, Tomato Genetics Resource Center, University of California (https
://tgre.ucdavis.edu), and seeds of crylacry2 mutant line was kindly
provided by E. Fantini and E Heuvelink. The hpl mutant has a defect in
the gene that encodes UV-DAMAGED DNA BINDING PROTEIN 1 (DDB1)
(Lieberman et al., 2004). Experiments in vitro on tomato seeds were
performed as described previously in Bergougnoux et al. (2009). Seed
germination was induced in the dark for 3-4 days at 23 °C. The germi-
nating seeds were transferred to a new MS medium (Murashige and
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Skoog, 1962) supplemented or not with NaCl (150 mmol/), ABA (1
umol/L), 1-aminocyclopropane-1-carboxylic acid (ACC; 1 umol/L), or
aminoethoxyvinylglycine (AVG; 1 umol/L; the NaCl concentration was
selected based on dose-response analysis (hp1: Supplementary Fig. S1;
crylacry2: Supplementary Fig. S11-S13); ACC and AVG concentrations
were selected accordingly; Supplementary Fig. S2, S3). The dishes with
germinated seeds were placed vertically in a controlled growth chamber
under continuous BL or in white light (WL) with a long day (16 h light/8
h dark) at 23 °C for 7 days (Microclima 1000E Snijders Scientific, The
Netherlands - BL; FytoScope FS 160, Photon Systems Instruments, Czech
Republic — WL). BL was provided by fluorescent tubes TLD-36W/18-Blue
(Philips) with a maximum irradiance at 460 nm and a total photon
fluence rate of 10 pmol m~2 s}, WL was supplied by LED Duris E 2835
White (Osram) with a total photon fluence rate of 100 pmol m~2s7L. For
dark conditions, the Petri dishes were wrapped in aluminium foil and
placed in the growth chamber (FytoScope FS 160, Photon Systems In-
struments, Czech Republic) under the same temperature regime. Seven
days after germination (DAG), the seedlings were collected, weighed,
and stored in —80 °C for further use.

2.2. Growth measurement

Hypocotyl and root length of 7 DAG old seedlings were measured
from digital images in the program ImageJ (https://imagej.net/softwar
e/imagej/). At least twelve seedlings per treatment were used in the
experiment.

2.3. Determination of photosynthetic pigments

Photosynthetic pigments were determined in an acetone extract ac-
cording to Lichtenthaler (1987). For determination, at least six plants
(hypocotyl + cotyledons) were homogenized in liquid nitrogen and
mixed with 2 mL of 80 % acetone. The samples were then centrifuged at
17,500 x g for 10 min. The supernatant was collected, and absorbance
was measured at 663 nm, 646 nm, and 470 nm (chlorophyll a, b, and
carotenoids, respectively) using a spectrophotometer (Biowave II, Bio-
chrom Ltd, UK). The calculations of chlorophyll content were as
following: Chlorophyll a = 12.25%A663 - 2.79*A646; Chlorophyll b =
21.50*A646 - 5.1*A663; Chlorophyll a + b = 7.15*A663.2 +
18.71*A646.8; Carotenoids = (1000*A470 - 1.82*Chl a - 85.02*Chl b) /
198 (Porra, 2002).

2.4. Determination of phenolic compounds

Phenolic compounds were determined by the Folin-Ciocalteu
method using the same acetone extract as for photosynthetic pig-
ments. The method was optimized for 96-well plates (GAMA 96-well
ELISA plate (9.7 mm / 0.3 mL). Into each well, 60 pL of shoot extract,
60 uL H50, 5 uL Folin—Ciocalteu reagent, and 130 pL 2 % NayCO3 were
added. The reaction mixture was then allowed to stand for 30 min at
room temperature in the dark. Absorbance of the samples was measured
at 750 nm using a multi-mode microplate reader (Synergy LX, Biotek,
USA). Gallic acid was used as a standard for the calibration curve with
0 to 16 mg/L concentrations.

2.5. Analysis of gene expression by RT-qPCR

The collected samples (whole seedlings, i.e. hypocotyl + root) were
homogenized in liquid nitrogen. The maximum weight per sample was
100 mg. Total RNA was extracted using a Monarch® Total RNA Mini-
prep Kit (New England Biolabs, USA) according to the manufacturer’s
protocol. The cDNA synthesis was performed using 1 pg total RNA with
SensiFAST™ cDNA Synthesis Kit (Meridian Bioscience, USA). For gPCR
reactions, SensiFAST SYBR Lo-ROX Kit (Meridian Bioscience, USA) was
used, with 200 nmol/L of each primer. Gene expression was analysed
using primers specific to all tested tomato genes (Supplementary


https://tgrc.ucdavis.edu
https://tgrc.ucdavis.edu
https://imagej.net/software/imagej/
https://imagej.net/software/imagej/

P. Bublava et al.

Table S1). Three technical replicates were prepared for each sample. All
cycle threshold (Ct) values of target genes were normalized against two
housekeeping genes (PP2Acs and Tip41like; Supplementary Table S1).
The results are reported as a fold change calculated by comparing gene
expression differences in cycle numbers during the linear amplification
phase using the AACT method (Pfaffl, 2001). Expression was normalized
to dark-grown or WL-grown WT controls.

2.6. Metabolite extraction and HPLC-MS/MS analysis

Plant hormones, related compounds, and polyamines were quanti-
fied by high-performance liquid chromatography coupled with tandem
mass spectrometry (HPLC-MS/MS) according to previously published
methods. Approximately 15 mg of homogenized plant material (whole
seedlings, i.e. hypocotyl + root) was extracted using 500 pL of cold
extraction solution consisting of 10 % acetonitrile and 0.5 % formic acid.
Isotopically labelled internal standards and zirconium oxide 2 mm beads
were added to the samples, followed by further homogenization on a
bead mill for 10 min at 27 Hz. Samples were centrifuged at 30,000 g for
20 min at 4 °C, and the supernatant was split into two 200 pL aliquots
and evaporated to dryness. One aliquot was dissolved in 30 pL of 10 %
acetonitrile and analysed for plant hormones according to Karady et al.
(2024); the other was derivatized with AccQ-Tag Ultra Derivatization
Kit from Waters, and polyamines and related compounds were quanti-
fied as described in Cermanova et al. (2025). The MRM transition 286.1
> 171.0 m/z at 8.9 min was used for proline quantification in derivat-
ized aliquots of samples. Both analyses were conducted using Agilent
6495B Triple-Quad LC/MS coupled to 1260 Infinity I LC system (Agi-
lent Technologies, Inc., Santa Clara, CA, USA).

2.7. Data processing and statistical analysis

Statistical analysis was performed using GraphPad Prism 9 software
(GraphPad Software Inc., San Diego, CA, USA). For normally distributed
data: ANOVA followed by the Turkey test, Welch ANOVA, or the un-
paired t-test and the Welch t-test were used. When the distribution of
results was not normal, a non-parametric test was conducted, using the
Mann-Whitney test.

3. Results
3.1. Blue light improves hypocotyl salt tolerance in hp1 plants

The effects of salt stress on hypocotyl and root length were examined
in 7 DAG old tomato seedlings of WT and the hpl mutant exposed to
different light conditions (dark, WL, BL) (Fig. 1). Under control condi-
tions (i.e., in the absence of salt stress), etiolated hp1 plants exhibited the
same length of hypocotyl as WT plants (Fig. 1A), whereas in both WL
and BL, the hp1 hypocotyl was significantly shorter than WT (Fig. 1B, C).
In the dark, treatment with 150 mmol/L NaCl resulted in a similar
reduction of hypocotyl length in WT and hp1 (approx. 30 %). Differ-
ently, in WL and especially under BL, hpl hypocotyls demonstrated
greater tolerance to salt stress compared to WT (WL: ~36 % growth
inhibition in WT vs. 25 % in hp1; BL: 50 % in WT vs. 12 % in hp1). In the
absence of stress, hpl roots were generally shorter in the dark than WT,
while under WL and BL conditions, no significant difference in root
length was detected between the genotypes. The roots of etiolated WT
and hp1 plants were unaffected by NaCl treatment (Fig. 1A). However,
under light conditions (WL, BL) salt-stressed hp1 roots showed slight
growth inhibition, while WT roots continued to grow normally (Fig. 1B,
Q).

3.2. Blue light mediates enhanced photosynthetic pigment stability and
antioxidant capacity in salt-stressed hp1 plants

In the absence of salt stress, the hpI and WT plants grown under WL
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conditions contained similar levels of chlorophyll, whereas in BL, hp1
showed significantly higher chlorophyll accumulation than WT plants
(Fig. 2A). During salt stress, chlorophyll levels did not change in either
genotype grown in WL, while under BL, chlorophyll content signifi-
cantly increased in salt-stressed WT plants (by approx. 45 %), but not in
hp1 mutant.

In non-stressed conditions, the hpl seedlings contained higher
carotenoid levels compared to WT under WL as well as BL (Fig. 2B). Salt
stress promoted carotenoid accumulation in BL-grown WT plants
(approx. by 37 %), although carotenoid content in hpl remained stable.
In WL, the carotenoid level in WT was unaffected by salt stress, while the
hp1 mutant showed a slight reduction in carotenoid content (by approx.
20 %). Despite this decline, tomato hpl plants consistently retained
higher carotenoid levels relative to WT under WL (Fig. 2B).

Antioxidant capacity was estimated by measuring total phenolic
compound (TPC) content in plants (Fig. 2C). Under control conditions,
hp1 plants displayed a higher TPC level than WT in WL as well as in BL
conditions. Salt stress significantly increased TPC levels in both geno-
types under the tested light conditions. In WL, the TPC level increased in
stressed WT plants by approx. 135 %, whereas in hp1 it was only 25 %,
resulting in comparable TPC content between both genotypes. Under BL,
salt stress induced similar increases in TPC accumulation in WT and hp1
plants compared to their respective basal levels (Fig. 2C).

3.3. hp1 plants show elevated light sensitivity through altered HY5 and
PIF4 expression patterns

HY5 and PIF4 are key transcription factors in the regulation of light
signalling pathways (Toledo-Ortiz et al., 2014). Although HY5 plays a
central role in light signalling, its gene expression was paradoxically
higher in the dark than under light (WL, BL) in tomato plants (Supple-
mentary Fig. S4). Under control conditions and in both genotypes, HY5
is expressed more in BL than in WL (Fig. 3). During salt stress, transcript
levels decreased in both genotypes under WL and BL, but more markedly
in hp1 plants. Despite stress-mediated downregulation, HY5 expression
was consistently elevated in the hpI mutant relative to WT except in the
dark, where HY5 transcript accumulation was comparable between hp1
and WT plants (Supplementary Fig. S5).

Expression of the PIF4 gene was generally higher under light con-
ditions (WL, BL) compared to dark in WT plants, whereas the opposite
pattern was observed in the hpl mutant (Fig. 4). In the dark, PIF4
transcript levels were significantly higher in hpl plants than in WT,
especially under control conditions. During salt stress, expression
remained unchanged in dark-grown WT plants; in contrast, the hpl
mutant displayed a dramatic reduction in transcript level relative to its
elevated baseline expression. Under WL, PIF4 transcript levels were
similar in WT and hp1 plants regardless of stress. In BL, salt stress had no
significant effect on PIF4 expression in either genotype. However, hpl
plants grown in BL showed slightly elevated expression relative to WT
under control conditions (Fig. 4).

3.4. The hpl mutant exhibits amplified hormonal responses under blue
light: elevated ABA with decreased ACC during salt stress

The levels of ABA and ethylene precursor ACC were analysed in 7
DAG seedlings of WT and hp1 treated or not with 150 mmol/L NaCl in
the dark, or under WL, and BL conditions. Exposure to light generally
promoted ABA accumulation. In the absence of salt stress, ABA content
in WT was approximately 6-fold higher under WL and 3.5-fold higher
under BL compared with dark-grown plants (Fig. 5 and Supplementary
Table S2). The effect of salt stress on the accumulation of ABA was
dependent on light conditions. In etiolated WT plants, the salt treatment
did not significantly affect ABA levels, whereas in WL, ABA content
declined by about 45 %, On the contrary, under BL, salt stress resulted in
an increase of ABA accumulation by approx. 41 %. In the hpl mutant,
salinity induced significant accumulation of ABA in dark- and BL-grown
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Fig. 1. Growth parameters of Solanum lycopersicum cv. Rutgers (WT) and hp1 (high pigment 1) mutant plants under WL and BL conditions exposed to salt stress.
Length of hypocotyl and root in WT and hp1 7 DAG old plants grown in the dark (A), under WL (B), and BL conditions (C) in the absence or presence of NaCl (150
mmol/L). Values are the mean + SD of +12 seedlings. Different letters indicate statistically significant differences (ANOVA + Turkey test or Mann-Whitney test, p <
0.05); SD, standard deviation.



P. Bublava et al.

Plant Stress 21 (2026) 101439

A WL BL
1000 - 800 - a a
= a wr = a B WT
o 800 (o Y >
> % % — S 600 B hpt
=1 = b
‘g‘ 600 - ‘g
€ £ 400-
8 400 9
Q o
= 200 p 200
e
© S
0 T T 0_
0 150 0 150
NaCl mmol/L NaCl mmol/L
B
WL BL
= 250+
5 i Ew £ i . WT
K o a
S 200 -+ b m TR a B !
b c c = -
3 150- £ b
S €
] 40
© 100- 3
T )
o ‘S i
8 50- g 20
o °
— =
g 0 T T 8 0-
0 150 0 150
NaCl mmol/L NaCl mmol/L
C
WL BL
30 30- q
a = wrt B WT
= % O3 mpt1 3 . B hp1
2 20+ b —IL o 20
|.<|(J i b
(L) ¢ 5 a
(o] (2}
< 10 < 10
& g
= =
0 T T 0_
0 150 (] 150
NaCl mmol/L NaCl mmol/L

Fig. 2. Content of chlorophyll a+b, carotenoids, and total phenolic compounds (TPC) in Solanum lycopersicum cv. Rutgers (WT) and hp1 (high pigment 1) mutant
plants under WL and BL conditions exposed to salt stress.

(A) Level of chlorophyll a+b in WT and hp1 7 DAG old plants (hypocotyl + cotyledon) grown under WL and BL conditions in the absence or presence of NaCl (150
mmol/L). Values are the mean + SD of 3-4 independent biological replicates. (B) Level of carotenoids in WT and hp1 7 DAG old plants (hypocotyl + cotelydon)
grown under WL and BL conditions in the absence or presence of NaCl (150 mmol/L). Values are the mean + SD of + 4 independent biological replicates expressed in
ug/g FW. (C) Level of TPC in WT and hp1 7 DAG old plants (hypocotyl + cotyledon) grown under WL and BL conditions in the absence or presence of NaCl (150
mmol/L). Values are the mean =+ SD of + 6 replicates expressed in ug GAE/g FW. Different letters indicate statistically significant differences (multiple t-test with
Welch correction or Mann-Whitney test, p < 0.05); GAE, gallic acid equivalents; FW, fresh weight.
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Fig. 4. Expression of PIF4 in Solanum lycopersicum cv. Rutgers (WT) and hpl
(high pigment 1) mutant in the dark and under WL or BL conditions exposed to
salt stress.

Relative expression levels of PIF4 in WT and hpl 7 DAG old plants (whole
seedlings) grown in the dark, under WL and BL in the absence or presence of
NaCl (150 mmol/L). Expression levels were normalized to control WT plants in
the dark. Values are the mean =+ SE of three independent experiments. Different
letters indicate statistically significant differences (unpaired t-test or Welch's t-
test, p < 0.05); SE, standard deviation.

plants (by approx. 88 % and 450 %, respectively), whereas under WL,
salt stress reduced ABA level by approx. 30 % (Fig. 5A).

Under control conditions, ACC content in WT plants was approxi-
mately 57 % higher in WL and approximately 30 % lower under BL than
in the dark (Supplementary Table S2). The hp1 plants displayed reduc-
tion in ACC levels (about 43 %) under WL, while showing significantly
higher ACC content (by approx. 94 %) under BL relative to dark con-
ditions (Supplementary Table S2). Salt stress induced varied ACC re-
sponses, depending on light quality. In WT plants, salt stress did not
affect ACC level in the dark, however, it significantly increased (about 4
times) or decreased (about 2 times) the accumulation of ACC in seed-
lings grown under WL or BL, respectively (Fig. 5). Similarly, in the hp1
mutant, the level of ACC increased due to salinity in etiolated (about 1.2
times) and WL-grown plants (about 5 times), but decreased (about 4
times) under BL exposure (Fig. 5).

For further characterization of the ACC metabolism in WT and hp1
plants, they were treated with exogenous ACC and the ethylene
biosynthesis inhibitor AVG. Based on dose-response analysis of growth
parameters (Supplementary Fig. S2 and Fig. S3), a concentration of 1
umol/L was selected for both ACC and AVG treatments. Plants treated
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with 1 pmol/L ACC showed significantly higher ACC content in hp1 than
in WT under all light conditions (dark, WL, BL), with the ACC treatment
inducing a substantially higher increase in hp1 relative to its control
compared to WT, particularly in the dark and under WL (Supplementary
Table S3). Under salt stress, the same trend was observed: the combined
ACC and NaCl treatment resulted in significantly greater ACC accumu-
lation in hp1 over salt stress alone, and in WT across all light conditions
(dark, WL, BL). However, AVG treatment induced a more pronounced
reduction of ACC content in hpl compared to its control than in WT
plants, particularly under BL. Combined AVG and NaCl treatment
showed a greater decline in ACC content in hpI relative to salt stress
alone than in WT under WL and BL, whereas in the dark, ACC levels
increased in both genotypes (Supplementary Table S3).

To investigate the relationship between ABA and ACC, WT and hp1
plants were exposed to exogenous ABA (1 pmol/L) in the dark, under
WL, and BL conditions (Fig. 5C). In the dark and BL, the application of
ABA reduced ACC accumulation in both WT and hp1 plants, with ACC
content under BL approaching the detection limit. Conversely, ABA
treatment under WL resulted in elevated ACC accumulation in both
genotypes. Additionally, this relationship was investigated through the
effect of ACC or AVG on ABA levels under the same light conditions
(Supplementary Table S3). In the dark, ABA levels in WT remained
unchanged at 1 umol/L ACC and 1 umol/L AVG, but slightly increased in
hp1 plants. During salt stress, the addition of ACC or AVG had no effect
on ABA levels in either WT or hp1 dark-grown plants compared to salt
stress alone. Under WL, ABA content was unaffected in WT by both
treatments, while hp1 showed a slight increase. In WT plants exposed to
BL, ABA levels increased with both ACC and AVG treatments (more with
ACC), whereas hpl showed a greater increase with AVG relative to its
control. Salt stress combined with ACC or AVG generally increased ABA
content compared to salt stress alone, except in hp1 under BL, where no
additional effect was observed (Supplementary Table S3).

ABA biosynthesis was further analysed through the expression of
genes encoding key enzymes involved in its synthesis and degradation
(Fig. 6). In control conditions, the expression of the NCED1 gene, which
plays a central role in ABA production (Thompson et al., 2000), was
higher in etiolated WT plants than in the hpl mutant (Supplementary
Fig. S4). However, under salt stress, NCEDI transcripts remained at
similar levels in WT dark-grown plants, while the expression increased
in hpl, resulting in comparable values (Supplementary Fig. S6). Light
(WL, BL) influenced NCED1 expression differently in a
genotype-dependent manner (Fig. 6A). In WL, transcript levels were
similar between WT and hpl under both control and salt conditions
(Fig. 6A). Under BL, hp1 plants had lower NCED1 expression than WT.
Despite this, salt stress increased NCED1 transcript abundance in both
genotypes exposed to BL, with a more pronounced increase in the hp1
mutant relative to its basal expression level.

CYP707A3 is one of four genes involved in ABA catabolism (Saito
et al., 2004). In the dark, WT and hp1 plants showed different expres-
sion patterns. Under non-stress conditions, expression of CYP707A3 was
much lower in WT than in the mutant. Salt stress did not affect the
transcript level of CYP707A3 in etiolated WT plants, whereas hp1 plants
displayed a significant decline (Supplementary Fig. S6). The hpl mutant
exposed to WL and BL had significantly higher CYP707A3 expression
than WT under control conditions, although the transcript level declined
sharply (by about 70 %) during salt stress (Fig. 6B). Interestingly, in WL
or BL, WT plants exhibited a slight reduction or no change in CYP707A3
expression in response to salinity compared to the control (Fig. 6B).

3.5. The hp1 mutant shows enhanced ABA signalling with light-dependent
transcriptional regulation

Changes in the ABA signalling pathway were analysed based on
expression of the ABI5 gene, which encodes a key transcription factor
involved in ABA signalling (Finkelstein and Lynch, 2000).

In WT plants, ABI5 expression increased under salt stress in etiolated
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Fig. 5. ABA and ACC levels in Solanum lycopersicum cv. Rutgers (WT) and hp1 (high pigment 1) mutant plants in the dark, under WL and BL conditions exposed to salt

stress or exogenous ABA.

Level of ABA (A) and ACC (B) in WT and hp1 7 DAG old plants (whole seedlings) in the absence or presence of NaCl (150 mmol/L) grown in the dark, and in WL or BL
conditions. (C) Level of ACC in WT and hpI 7 DAG old plants (whole seedlings) treated with exogenous ABA (1 pmol/L) and grown in the dark, and in WL or BL
conditions. Values, expressed in pmol/g FW, are the mean + SD of + 6 technical replicates. Different letters indicate statistically significant differences (Welsh
ANOVA with Dunnett correction or for non-parametric data, multiple Mann-Whitney test, p < 0.05); ABA, abscisic acid; ACC, 1-aminocyclopropane-1-carboxylic

acid; FW, fresh weight; SD, standard deviation.

plants (Supplementary Fig. S4) as well as in light conditions (WL, BL)
(Fig. 7). Under dark conditions, the hpl mutant showed slightly lower
expression of ABI5 compared to WT in controls, but during salt stress,
the transcript levels increased similarly in both genotypes (Supple-
mentary Fig. S7). However, hp1 plants grown under WL or BL had higher
ABI5 transcript levels than WT, regardless of salt treatment, with the
increase being more pronounced under BL (Fig. 7).

Expression of genes SnRK2.2, encoding a positive regulator of ABA
signalling, and PP2C2, a negative regulator (Lin et al., 2021), was
further analysed in WT and hp1 plants (Supplementary Fig. S8). SnRK2.2
transcript levels decreased or remained unchanged during salt stress
across all light conditions tested (Supplementary Fig. S8A). In the dark,

SnRK2.2 expression was lower in hp1 than in WT plants under control
and salt conditions, whereas under WL and BL, SnRK2.2 transcript levels
were higher in hpl mutant compared to WT. Interestingly, PP2C2
expression was significantly upregulated during salt stress under all light
conditions (dark, WL, BL) in both genotypes (Supplementary Fig. S8B).
In control conditions, dark-grown hpl plants exhibited lower PP2C2
transcript levels than WT, with the difference most pronounced under
salt stress. Conversely, under WL, PP2C2 expression was higher in hp1
than in WT plants during salt stress, while under BL, this difference was
observed under both control and salt-stress conditions.
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Fig. 7. Expression of ABI5 in Solanum lycopersicum cv. Rutgers (WT) and hp1
(high pigment 1) mutant under WL and BL conditions exposed to salt stress.
Relative expression levels of ABI5 in WT and hpl 7 DAG old plants (whole
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indicate statistically significant differences (unpaired t-test or Welch's t-test, p
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3.6. Enhanced osmoprotectant accumulation in hpl mutant provides
better salt stress tolerance

Proline is an amino acid that plants accumulate as an osmolyte in
response to abiotic stress (Liang et al., 2013). In the absence of salt
stress, dark-grown WT and hpl plants exhibited comparable proline
levels Conversely, under WL and BL, the proline level was significantly
higher and lower in the hpl mutant relative to WT, respectively
(Fig. 8A). Salt stress induced a significant increase in proline content
under all tested light conditions, with the highest accumulation
observed under WL across both genotypes (Supplementary Table S2).
However, salt-stressed hpl plants accumulated higher proline levels
than WT plants in all light conditions. It's in line with the expression of
the P5CS1 gene, which encodes Pyrroline-5-carboxylate synthase
(P5CS), the key enzyme in proline biosynthesis (Pérez-Arellano et al.,
2010) (Supplementary Fig. S9).

Ornithine (Orn) is a precursor in proline biosynthesis through the
Orn pathway (Lou et al., 2020). Under control conditions, WT and hp1
plants accumulated more Orn when grown in the dark and BL compared
to WL (Fig. 8B). Additionally, Orn levels were significantly higher in the

hp1 mutant than in WT under all tested light conditions. In WT plants,
salt stress reduced Orn levels in the dark and in BL, whereas content
remained unaffected under WL. By contrast, hpl plants promoted Orn
accumulation in response to salt stress under WL, but levels declined in
the dark and BL conditions. Overall, hp1 plants maintained higher Orn
content than WT across all conditions, which correlated with proline
accumulation (Fig. 8B).

3.7. hp1 plants displayed altered polyamine profiles with light-dependent
accumulation patterns

Polyamines are organic compounds containing nitrogen that fulfil
multiple functions in plants, such as enhancing productivity, regulating
development, and coordinating responses to stress. The major poly-
amines in plants are putrescine (Put) and Put-derived spermidine (Spd)
and spermine (Spm) (Blazquez, 2024). Precursors of these polyamines
are arginine (Arg) and Orn.

Across all tested conditions, accumulation of Arg (Supplementary
Fig. S11) and Orn (Fig. 8B) was significantly higher in the hpl mutant
compared to WT. Under control conditions, light (WL, BL) did not
essentially affect the Put content in WT plants. In contrast, the hpl
mutant showed higher Put levels under WL and BL than in dark-grown
plants (Supplementary Table S2). Spd and Spm contents were elevated
under WL in both genotypes, whereas BL stimulated an increase only in
hp1 plants relative to the dark (Supplementary Table S2). During salt
stress, Put and Spd levels under WL and BL were similar to their
respective controls in both WT and hpl plants, while Spm content
increased (Fig. 9). In the dark, salt stress reduced Put, Spd, and Spm
levels in WT plants, but promoted the accumulation of all three poly-
amines in the hpl mutant. Under WL, the hpl mutant consistently
showed higher Put and Spd levels than WT. In hp1 plants exposed to BL,
Spd remained elevated compared to WT regardless of stress, while Put
was higher only under control conditions and decreased slightly during
salt stress (Fig. 9A, B). In contrast, under control conditions, Spm con-
tent was elevated in hp1 only under BL compared to WT plants (Fig. 9C).

4. Discussion

In this study, we investigated the interplay between light, ABA, and
other endogenous compounds in plant responses to salt stress utilizing
the photomorphogenetic tomato mutant hp1, which has a defect in the
DDB1 locus (Lieberman et al., 2004). The DDB1 protein is part of
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dard deviation.

complexes such as CUL4-DDB1 and CDD (COP10-DDB1-DET1), involved
in repressing light signalling by promoting the degradation of positive
regulators (Schroeder et al., 2002; Chen et al., 2010). The loss of DDB1
function altered plant responses to light, resulting in a specific pheno-
type and changes in hormone and metabolic profiles. Our results
revealed a strong interaction between light and ABA during salt stress.
Enhanced light signalling in the hpl mutant leads to elevated ABA sig-
nalling and alterations in ABA biosynthesis, while the effect is more
pronounced under BL conditions. This altered light-ABA interaction in
hp1 plants likely modulates the accumulation of stress-related metabo-
lites and alters the plant’s sensitivity to salt conditions. Dark-grown hp1
plants showed a similar hypocotyl length as WT plants. In contrast, the
hpl mutant displayed significantly shorter hypocotyl than WT under
WL, with more obvious inhibition of growth under BL. This specific hp1
phenotype in response to light is consistent with the results of previous
works (Liu et al., 2004; Hunziker et al., 2022).

The stronger inhibitory effect of BL on hypocotyl elongation aligns
with the earlier reported role of CRYs and PHOTs in regulating this
process (Folta and Spalding, 2001). In our study, the BL condition was
applied at a lower intensity (10 umol m~2s™!) compared to WL (100 umol
m=2 s7') to avoid stress responses under continuous illumination, as
higher BL intensities are known to trigger CRY-mediated ROS produc-
tion (Consentino et al., 2015) and significant chloroplast avoidance re-
sponses (Ko et al., 2020). Additionally, the hpl phenotype parallels
other photomorphogenic mutants, including CRY1 and CRY2 over-
expression lines (Lin et al., 1998; Giliberto et al., 2005) and the det1
(de-etiolated 1) mutant (Ganpudi and Schroeder, 2013).

A comparison of our tomato hpl mutant with Arabidopsis ddb1 mu-
tants reported in other studies reveals key differences. The tomato

genome contains only a single DDB1 gene, while Arabidopsis possesses
two homologs (DDB1A and DDB1B) (Lieberman et al., 2004; Bernhardt
et al., 2010). In Arabidopsis mutants deficient in one of the DDBI genes,
the remaining copy may compensate for the lost function; therefore,
these mutants showed no detectable changes in phenotype. However,
the Arabidopsis double mutant ddbla/ddb1b is lethal (Bernhardt et al.,
2010), making tomato hpI a valuable model for studying the complete
loss of DDB1 functions in photomorphogenesis.

Our salt stress growth experiments showed that hpl plants are
potentially stress-tolerant, similar to findings in the tomato 7B-1 mutant
demonstrating BL-specific tolerance to mannitol-induced osmotic stress
(Fellner and Sawhney, 2002). The hp1 shoots were salt-tolerant under BL
and displayed minimal growth inhibition by NaCl under WL conditions.
Under WL and BL, salinity slightly reduced root growth in hp1 plants,
whereas WT roots were insensitive to salt stress under the same light
conditions. This differential response is likely due to the elevated
accumulation of ABA in the hp1 plant relative to WT. It’s correlated with
the earlier-described ABA inhibitory role in root growth. Several studies
indicate that high ABA concentrations inhibit root growth by sup-
pressing cell division and cell expansion through core signaling com-
ponents (PYR/PYL receptors, SnRK2s, and PP2Cs), while also activating
NADPH oxidases AtrbohD and AtrbohF to drive ROS production. ABA
further disrupts growth by reducing auxin levels, downregulating auxin
transport genes (AUX1, PIN1, PIN3, PIN4, and PIN7), and impairing
auxin signalling (Li et al., 2017; Sun et al., 2018). Ethylene biosynthesis
has also been shown to be required for this inhibitory effect (Luo et al.,
2014).

The involvement of BL-mediated signalling in salt stress responses
we further investigated using the crylacry2 double mutant, which lacks
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Fig. 9. Level of polyamines in Solanum lycopersicum cv. Rutgers (WT) and hp1 (high pigment 1) in dark, WL and BL conditions exposed to salt stress.

Level of Put (A), Spd (B) and Spm (C) in WT and hpl 7 DAG old plants (whole seedlings) in the absence or presence of NaCl (150 mmol/L), grown in the dark and
under WL and BL conditions. Values are the mean =+ SD of + 6 technical replicates expressed in pmol/g FW. Different letters indicate statistically significant dif-
ferences (ANOVA with Tukey test or Welch ANOVA, p < 0.05); Put, putrescine; Spd, spermidine; Spm, spermine; FW, fresh weight; SD, standard deviation.

functional BL receptors (CRY) (the results are presented in the Supple-
mentary material). Crylacry2 plants showed increased sensitivity to salt
stress, particularly under light conditions (WL, BL) and at higher NaCl
concentrations (150, 200 mmol/L NaCl). This aligns with previous
studies reporting enhanced sensitivity of cryalcry2 mutant to cold stress,
as well as increased salt sensitivity in cryla mutant tomato plants (Li
et al.,, 2021; Dong et al., 2025). These contrasting results between hp1
and crylacry2 further support the specific role of BL in plant adaptation
to salt stress.

Previous research on hp1 plants focused primarily on the fruit, con-
firming enhanced pigment accumulation in hp1 fruits (Lieberman et al.,
2004; Pal et al., 2019; Wang et al., 2019). In our study, we measured
pigment levels (chlorophyll, carotenoids) in 7 DAG old seedlings treated
with 150 mmol/L NaCl under WL and BL. The experiment revealed that
under BL, the hpl mutant had raised photosynthetic pigment levels,
which remained stable during salt stress, whereas in WT, pigment con-
tent varied between control and salt conditions. However, in WL as well
as in BL, the carotenoid level was higher in hpI than in WT plants,
regardless of the stress conditions. These results underline the positive
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role of BL photoreceptors in regulating pigment biosynthesis. Previous
research reported an involvement of CRY1 and CRY2 in photosynthetic
pigment accumulation (Lopez-Figueroa and Niell, 1988; Giliberto et al.,
2005; D'Amico-Damiao et al., 2021). The possible reason for the
BL-enhanced effect on chlorophyll metabolism lies in the modulation of
the key catabolic genes. BL specifically upregulates AtCLH2 via CRY1,
whereas AtCLHI responds to both BL and RL through
cryptochrome-phytochrome cooperation (Banas et al., 2011). WL may
balance these signalling pathways in hpl plants, masking the pro-
nounced effects observed under monochromatic BL due to mixed
wavelengths.

A defect in the DBB1 protein increased the mutant plant's response to
light. Consequently, we decided to analyse the expression of the HY5
and PIF4 genes, which encode key transcription factors controlling light
signalling (Toledo-Ortiz et al., 2014). HY5 is a central positive regulator
of photomorphogenesis, coordinating light-responsive development and
stress adaptation (Nawkar et al., 2017; Xiao et al., 2022). Our results
showed that the hpl mutant upregulated HY5 expression under light
conditions, particularly in response to BL. These outcomes indicate hp1
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hypersensitivity to light, due to an amplified light signalling pathway,
consistent with phenotypic and pigment changes. In dark-growing
plants, the transcription factor HY5 is degraded by COP1, an E3 ubiq-
uitin ligase, through regulated complexes involving the DDB1 protein
(Chen et al., 2010; Xu et al., 2014), suggesting that a defect in this
protein may alter HY5 expression. Interestingly, HY5 transcript levels
declined under salt stress in hp1 and WT plants, with a more pronounced
reduction in hp1 relative to the basal level. This may reflect the plant’s
transition from growth to stress adaptation. Elevated HY5 expression
under BL supports previous discoveries that BL promotes HY5 accu-
mulation via CRY1-COP1 interactions (Osterlund et al., 2000; Liu et al.,
2011). Unexpectedly, WT plants showed higher HY5 transcripts in the
dark relative to light (WL, BL), possibly as a preparatory transcriptional
mechanism for rapid photomorphogenetic responses upon light
exposure.

The PIF4 is a negative regulator of phytochrome signalling that
promotes gene expression to inhibit photomorphogenesis (Choi and Oh,
2016). Dark-grown hp1 plants displayed upregulated PIF4 gene under
control conditions compared to the WT. However, under salt stress,
transcript levels markedly decreased in the hpl mutant, whereas the
expression slightly increased in WT plants grown in the dark. This
altered PIF4 expression is likely due to the loss of DDB1 protein, which
typically interacts with the COP1-SPA ubiquitin ligase complex to
regulate PIF4 stability in the dark (Ponnu and Hoecker, 2021). During
salt conditions, the disrupted regulatory system fails to properly coor-
dinate stress signalling with photomorphogenic pathways, resulting in
opposite transcriptional responses between dark-grown hpl and WT
plants. In hp1 plants exposed to BL, we observed slightly higher PIF4
expression under control conditions, which correlated with published
literature indicating that cryptochromes directly interact with PIF4 to
regulate plant growth under BL. Moreover, the CRY1-PIF4 complex is a
key mechanism for BL-controlled temperature-responsive growth (Ma
et al.,, 2016; Pedmale et al., 2016). Furthermore, we analysed the
expression of the ABI5 gene encoding a key transcription factor in ABA
signalling. Our data revealed that the enhanced light signalling pathway
in the hp1 plants may have influenced ABA signalling, possibly through
HY5 - ABI5 interaction (Chen et al., 2008; Bhagat et al., 2021). Ac-
cording to Yadukrishnan & Datta (2021), ABI5 may act as a major
convergence point in the interaction between light and ABA under
abiotic stress. We found that ABI5 gene was upregulated in hp1 plants
compared to WT, especially under BL. Zhou et al. (2018) suggest that
CRY1 may modulate ABA signalling via the HY5-ABI5 regulon. To
further support the role of BL in regulating ABI5 expression, we
measured ABI5 transcript levels in the crylcry2 double mutant under
identical conditions. Consistent with ABI5 the upregulation observed in
hp1 plants, we showed that crylcry2 plants exhibited reduced ABI5
transcript levels compared to WT under all light conditions (dark, WL,
and BL), particularly under salt stress. The most pronounced down-
regulation was observed under BL, confirming the specific role of
CRY-mediated BL perception in modulating ABA signalling through
ABIS5 regulation under salt stress.

Altered ABA signalling in the hpl mutant was also supported by
expression of key ABA regulators SnRK2.2 (positive ABA regulator) and
PP2C2 (negative ABA regulator). In the dark, SnRK2.2 and PP2C2
expression was reduced in the hp1 plants compared to WT. Conversely,
under WL and BL, hpl plants exhibited higher transcript levels of
SnRK2.2, indicating enhanced activation potential of ABA signalling. At
the same time, the upregulation of PP2C2 transcript level in hp1 under
WL and BL, particularly during salt stress, reflects amplified negative
feedback control of ABA signalling in the mutant. This coordinated
modulation of both positive and negative ABA regulators is consistent
with the elevated ABI5 expression observed in hp1 plants exposed to WL
and BL.

ABA quantification in tomato WT and hp1 seedlings provides insight
into distinct light-dependent accumulation patterns in plant responses to
salt stress, which correlate with the gene expression results of NCEDI
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and CYP707A3. Under dark conditions, salt-stressed WT plants had ABA
levels through coordinated upregulation of NCEDI and CYP707A3. In
contrast, salt-stressed etiolated hpl mutant accumulated elevated ABA
due to reduced CYP707A3 expression, effectively limiting degradation
and promoting accumulation. WL surprisingly decreased ABA content in
both genotypes; salt stress does not affect NCED1 expression in WT and
hp1 plants, and CYP707A3 was downregulated only in salt-stressed hp1
plants compared to basal expression. In contrast, BL enhanced ABA
levels in WT plants via salt-induced NCED1 upregulation, while the
CYP707A3 transcript level remained unchanged. Under BL, salt stress
substantially increased ABA accumulation in hpl relative to the basal
level, driven by enhanced NCED1 expression and a simultaneous marked
decrease in CYP707A3 expression. These results indicate that hp1 plants
have altered both ABA synthesis and catabolism pathways in a light-
dependent manner, correlated with enhanced light and ABA signalling
networks, and thus with the observed tolerance of hp1 shoots to salinity.

We further validated these findings by measuring ABA content and
the expression of NCED1 and CYP707A3 genes in the crylcry2 double
mutant under the same conditions. In the dark, salt stress induced
significantly higher ABA accumulation in crylacry2 compared to WT,
driven by a pronounced increase in NCED1 expression, while CYP707A3
transcript levels were reduced across all light conditions under salt
stress. However, under WL and BL, salt-stressed crylacry2 plants
maintained lower ABA levels than WT, consistent with reduced NCED1
expression regardless of salt treatment. These results suggest that CRYs
may play a key role in regulating ABA homeostasis under salt stress by
modulating both biosynthesis and catabolism pathways in a light-
dependent manner, supporting the importance of BL signalling in
plant adaptation to salinity.

In our experiments, we observed that in the absence of salt stress, BL
induced the accumulation of ACC in the hp1 mutant, but not in the WT.
These data align with earlier research, reporting light-mediated regu-
lation of ethylene biosynthesis through alterations in ACS and ACO gene
expression, affecting ACC content (Harkey et al., 2019). Under BL,
exposure to salt stress resulted in a decline in ACC levels in WT plants,
while this reduction was substantially stronger in the hpl mutant. Thus,
hpl mutant tolerance to salt stress in BL is associated with lower
ethylene accumulation. These results are in good correlation with ob-
servations that exogenous ABA reduced ACC levels in both WT and hp1
plants in the dark and under BL conditions, with the reduction more
pronounced in the hpl mutant under BL. The data indicate that BL
mediates ABA-induced inhibition of ethylene biosynthesis. Previous
publications reported that ABA and ethylene interact antagonistically or
synergistically, depending on various environmental factors
(Ghassemian et al., 2000; LeNoble et al., 2004; Li et al., 2019). A study
by Li et al. (2011) supported the idea that the interaction between ABA
and ACC depends on light conditions, and HY5 modulates both
biosynthesis pathways.

We also examined how the regulation of ethylene biosynthesis affects
ABA levels under the same light conditions using ACC and AVG treat-
ments. Modulation of ethylene biosynthesis resulted in limited effect on
ABA levels in the dark and WL conditions in both genotypes, whereas
more pronounced responses were observed in WT and hpl plants
exposed to BL, indicating that BL strongly modulates the crosstalk be-
tween these pathways. The hp1 plants treated by AVG showed higher
ABA accumulation compared to the control condition than WT, which is
consistent with enhanced light signalling in hpI, which likely amplifies
ABA accumulation when ACC production is suppressed. We suggest that
BL may enhance ABA responsiveness to altered ethylene biosynthesis,
leading to increased ABA levels under AVG and ACC treatment. Overall,
these findings indicate that ABA-ethylene crosstalk is dynamically
regulated and strongly influenced by various environmental conditions.

The crosstalk was further supported by the observation that modu-
lation of ethylene biosynthesis through ACC and AVG treatments
influenced ABA accumulation in a light-dependent manner during salt
stress. In the dark, ACC and AVG treatments had no effect on ABA
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content under salt stress in WT and hp1 plants, whereas under WL and
BL, both treatments generally increased ABA levels. However, this effect
was absent in hp1 plants under BL, suggesting that the ABA response in
hpl may already operate at maximum capacity, with enhanced light
signalling potentially limiting further ABA accumulation when ethylene
biosynthesis is modulated under salt stress.

Additional insight into the light-dependent regulation of ACC
metabolism was provided by treatments with exogenous ACC and the
ethylene biosynthesis inhibitor AVG, which revealed altered regulation
of ACC metabolism in hpI plants. In the dark and WL conditions, hp1
accumulated significantly higher ACC levels than WT compared to their
respective controls, while under BL, these differences between geno-
types were no longer observed. Conversely, AVG treatment in plants
under BL resulted in a more pronounced reduction of ACC content in hp1
relative to the basal levels than in WT, indicating enhanced sensitivity of
ethylene biosynthesis to BL signalling in this mutant.

Amplified light signalling and ABA levels in the mutant hpl most
likely affect the content of stress-related compounds, including phenolic
compounds, proline, and polyamines. Proline functions as an osmolyte
and an antioxidant, scavenging reactive oxygen species under stress
conditions (El Moukhtari et al., 2020). Salt stress increased proline
levels in both genotypes under all tested light conditions, while the most
pronounced proline accumulation was observed under WL. Our data are
consistent with the previously described regulatory role of light in
proline metabolism, mediated through HY5-induced expression of
P5CS1 and suppression of PDH1 (Hayashi et al., 2000; Kovacs et al.,
2019). Salt-stressed hpl plants exhibited elevated proline levels
compared to WT under dark and light conditions, particularly in WL,
which was linked to higher P5CSI expression. Moreover, the results
align with other studies demonstrating the essential role of light in
salt-induced proline accumulation (Kovacs et al., 2019; Kovtun et al.,
2019). Additionally, we analysed proline content in the crylacry2 to-
mato double mutant to support the role of light signalling in proline
accumulation. Cryalcry2 showed an opposite pattern in response to salt
stress in the dark compared to WL and BL conditions. In the dark,
crylacry2 plants exhibited higher proline levels than WT under salt
stress, whereas in WL and BL, proline content was significantly reduced
relative to WT. It’s correlated with results obtained in hpl indicating
that enhanced light signalling promotes proline synthesis, while
impaired BL perception in cryalcry2 compromises this response.

Proline synthesis occurs via glutamate and Orn pathways (Meena
et al,, 2019). Therefore, we measured Orn levels in WT and hpl
plants. Our hpl mutant showed elevated Orn levels compared to WT
under all tested conditions. The effects of light (WL, BL) and dark con-
ditions on Orn metabolism varied during salt stress. Both BL and dark led
to reduced Orn levels in salt-stressed plants of both genotypes, with the
decrease being more pronounced in the hpl mutant. In contrast, we
observed a different pattern of Orn accumulation in WT and hp1 plants
grown in WL. While WT plants maintained stable Orn levels under salt
conditions, hpl plants experienced an increase in Orn accumulation
under salt stress. The obtained results support the hypothesis that
enhanced light signalling in hpl plants affects proline synthesis
pathways.

The hp1 mutant also produced higher levels of phenolic compounds
than WT under both WL and BL in control conditions, supporting an
enhanced antioxidant defence in hp1 plants. However, during salt stress,
only hp1 plants grown in BL showed a higher content of phenolic com-
pounds compared to WT plants, whereas no difference was observed
between genotypes under WL. These data are consistent with research
confirming BL's role in regulating the accumulation of phenolic com-
pounds under stress conditions via CRYs (Brelsford et al., 2019; Rai
et al., 2019), which directly interact with PIF4 and PIF5 transcription
factors to modulate stress-responsive phenolic biosynthesis (Pedmale
et al., 2016).

In addition to the above-mentioned substances, polyamines repre-
sent another important group in plants’ defence against stress. Arg and
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also Orn are precursors for polyamines (Put, Spd, and Spm). Our results
demonstrated that the hpl had enhanced accumulation of all analysed
polyamines (Put, Spd, Spm), which can boost stress tolerance. It is
associated with a higher content of Arg and Orn in hp1 plants relative to
WT under both tested light conditions. Under control conditions, WL
stimulated Put levels exclusively in hpI mutant compared to dark-grown
plants. Spd and Spm content raised under WL in both genotypes, with an
increase under BL specific to hp1 plants. This data supports the earlier
report that in tomato, polyamines are accumulated more under light
(WL, BL) than in the dark (Santa-Cruz et al., 1998). Salt stress mostly
didn’t affect levels of Put and Spd, while only Spm level increased under
light (WL, BL), especially in BL conditions with consistently higher Spm
content in hp1 plants. Research on wheat plants revealed that BL upre-
gulated key genes for polyamine biosynthesis, whereas red light had
opposing effects on the expression of these genes (Pal et al., 2022).
Surprisingly, in the dark, salinity reduced polyamine content in WT,
whereas it increased its amount in the hpI mutant. The data indicate that
the mutant confers improved stress tolerance mechanisms even under
dark conditions.

Based on observed changes in the accumulation of proline and
polyamines, we suggest that enhanced light signalling in hp1 regulates
multiple stress-related metabolic pathways through shared precursors,
such as Orn, contributing to improved stress adaptation.

5. Conclusions

This study demonstrates that the tomato hpl mutant provides a
unique model for studying light-ABA interactions during salt stress.
Through impaired DDB1 function, hpl plants exhibit amplified light
signalling that coordinates ABA biosynthesis, ethylene precursor mod-
ulation, and accumulation of protective metabolites, including proline,
polyamines, and phenolic compounds. The pronounced effects under BL
confirm the essential role of specific light wavelengths in stress adap-
tation mechanisms. Our results indicate that enhanced interactions be-
tween HY5 and ABI5 in hpl plants may create a regulatory hub that
integrates light perception with hormonal stress responses. Additionally,
light coordinates multiple metabolic pathways via shared metabolic
precursors such as Orn and Arg. These findings suggest that manipu-
lating signalling components, like DDB1, presents a potential strategy
for enhancing salt tolerance in crop breeding programs. Future research
should investigate the molecular details of DDB1-mediated regulation of
these pathways and determine whether similar mechanisms exist in
other crop species facing salt stress.
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