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SUMMARY

Crops often have to face several abiotic stresses simultaneously, and under these conditions, the plant's
response significantly differs from that observed under a single stress. However, up to the present, most of
the molecular markers identified for increasing plant stress tolerance have been characterized under single
abiotic stresses, which explains the unexpected results found when plants are tested under real field condi-
tions. One important regulator of the plant’s responses to abiotic stresses is abscisic acid (ABA). The ABA
signaling system engages many stress-responsive genes, but many others do not respond to ABA treat-
ments. Thus, the ABA-independent pathway, which is still largely unknown, involves multiple signaling
pathways and important molecular components necessary for the plant’s adaptation to climate change. In
the present study, ABA-deficient tomato mutants (flacca, flc) were subjected to salinity, heat, or their combi-
nation. An in-depth RNA-seq analysis revealed that the combination of salinity and heat led to a strong
reprogramming of the tomato transcriptome. Thus, of the 685 genes that were specifically regulated under
this combination in our flc mutants, 463 genes were regulated by ABA-independent systems. Among these
genes, we identified six transcription factors (TFs) that were significantly regulated, belonging to the R2R3-
MYB family. A protein-protein interaction network showed that the TFs SIMYB50 and SIMYB86 were
directly involved in the upregulation of the flavonol biosynthetic pathway-related genes. One of the most
novel findings of the study is the identification of the involvement of some important ABA-independent TFs
in the specific plant response to abiotic stress combination. Considering that ABA levels dramatically
change in response to environmental factors, the study of ABA-independent genes that are specifically regu-
lated under stress combination may provide a remarkable tool for increasing plant resilience to climate
change.

Keywords: transcriptome, salinity, heat, stress combination, ABA-deficient mutant, tomato, TFs, ABA-inde-
pendent genes.

INTRODUCTION . L . . .
directly impinging global agricultural production, resulting

Changes in the Earth’s climate, primarily driven by the
escalating anthropogenic emissions of heat-trapping
greenhouse gases, are having widespread detrimental
effects on the environment. The frequency and severity of
extreme weather events, such as hurricanes, heatwaves,
wildfires, droughts, and floods, have increased dramati-
cally in the last few years and are expected to continue
doing so in the coming decades. These extreme events are
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in annual losses amounting to billions of dollars/euros
(Mariani & Ferrante, 2017) and leading to an inevitable
surge in food prices. The scientific community has long
recognized the serious impact of abiotic stresses on plant
growth and production, and over many decades, extensive
efforts have been dedicated toward the identification of
new molecular markers that can aid plants thrive and pro-
duce under various abiotic stresses.
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It is well-demonstrated that in the field, plants must
often confront multiple abiotic stresses simultaneously.
Under such conditions, the plant’s response significantly
differs from that traditionally observed under individual
stresses (Liu et al., 2023; Mittler, 2006; Rivero et al., 2014;
Zandalinas et al., 2021). For example, combining salinity
with heat induces a unique stress response in tomato
plants, such as the enhancement of some plant protection
mechanisms, as compared to plants exposed to salinity
alone (Rivero et al., 2014). Similarly, when tomato plants
were subjected to the combination of salinity and heat, the
metabolic, biochemical, and molecular profiles obtained
were different from that observed when these stresses
were applied individually (Martinez et al., 2016). Moreover,
the combination of heat and salinity granted tomato plants
with a significant tolerance to salinity through the specific
accumulation of glycine betaine and trehalose. The accu-
mulation of these compounds under stress combination
played a crucial role in maintaining a high K" concentra-
tion, which consequently reduced the Na”/K" ratio. As a
result, the cell’s water status and photosynthetic processes
showed a significant improvement when compared to
exposure to salinity alone (Rivero et al., 2014). On the con-
trary, some studies conducted in Arabidopsis grown under
the combination of salinity and heat showed an overall
negative impact on plants development (Suzuki et al.,
2016). Furthermore, Nahar et al. (2022) demonstrated a sig-
nificant water limitation and a crucial role for Na* and K"
uptake and transport, osmoprotectant accumulation, and
the expression of ROS-scavenging enzymes when rice
plants were exposed to the combined stresses of heat and
salinity. These findings cannot be inferred from the specific
responses of rice plants to each of these individual stres-
ses when applied alone (Nahar et al., 2022). Accordingly,
photosynthesis is more sensitive to the combination of soil
waterlogging and high temperatures than to individual
stressors (Liu et al., 2023). Elevated CO, levels have been
found to mitigate the adverse effects of water deficit stress
on plants, indicating a cooperative effect in safeguarding
plants against water stress (Shanker et al., 2022). Addition-
ally, Eucalyptus globulus exposed to a combination of
heat and drought stresses triggered a specific protective
response not observed when individual stresses were
applied (Correia et al., 2018). In Arabidopsis, a comparative
differential expression analysis and gene ontology enrich-
ment after the application of drought and cold stresses
revealed the presence of shared and unique components
between them. In this light, it was found that several tran-
scription factor families common to drought and cold
stress specifically regulated several common ABA-
dependent stress-responsive genes (Sharma et al., 2018).

Plants have evolved intricate signaling pathways to
facilitate their adaptation to changing environmental condi-
tions, and the phytohormone abscisic acid (ABA) is the

critical regulator of plant responses to abiotic stresses.
When plants experience abiotic stress, ABA accumulates in
various organs and tissues (Larkindale & Knight, 2002;
Muhammad Aslam et al., 2022; Popova et al., 1995), acti-
vating ABA-dependent signaling mechanisms that involve
numerous stress-responsive genes (Nakashima &
Yamaguchi-Shinozaki, 2013). ABA is synthesized from
B-carotene, and the final step in ABA biosynthesis involves
the oxidation of abscisic aldehyde to ABA, catalyzed by the
molybdenum-containing aldehyde oxidase (AO; EC 1.2.3.1)
(Leydecker et al., 1995; Walker-Simmons et al., 1989). In
turn, MoCo-containing aldehyde oxidase must be sulfu-
rated by MoCo sulfurase, which activates AO for ABA syn-
thesis. Several mutants with defects in any of the enzymes
belonging to the B-carotenoid biosynthesis and the down-
stream pathway have been generated in many plant spe-
cies, and they are characterized by their ABA deficiency
(Giraudat et al., 1994; Koornneef et al., 1982; Neill et al.,
1986; Parry et al., 1991; Quarrie, 1982; Robertson, 1955;
Rousselin et al., 1992; Tal & Nevo, 1973; Taylor et al., 1988;
Wang et al., 1984). Among these mutants, aba3 in Arabi-
dopsis and flacca (flc) in tomato plants are characterized
by mutations in the MoCo sulfurase gene (Min et al., 2000;
Sagi et al., 1999, 2002) resulting in a strong ABA defi-
ciency. These plants have served scientists to delve into
the involvement of ABA cellular signaling processes. ABA-
dependent responses encompass stomatal closure, growth
inhibition, and the induction of stress-related genes. For
instance, ABA-induced stomatal closure is mediated by the
binding of ABA to PYR/PYL/RCAR receptors in guard cells,
which activate ion channels and pumps, and ultimately
lead to stomatal closure (Dittrich et al., 2019; Fujii et al.,
2007).

Nevertheless, it has been established that a significant
number of genes induced under various abiotic stress con-
ditions do not respond to ABA treatments. For example,
Du et al. (2018) discovered that in rice, certain flowering-
related genes (OsGL, OsELF3, OsPRR37, and OsMADS50)
were induced by water-deficit stress but remained unre-
sponsive to ABA (Du et al., 2018). Moreover, their expres-
sion levels were unaffected in ABA-deficient mutants,
indicating that these genes are involved in the drought reg-
ulation escape mechanism via an ABA-independent route
(Du et al., 2018). In this context, an ABA-independent cell
signaling transduction pathway has been elucidated, which
operates independently of ABA receptors or ABA signaling
components (Agarwal & Jha, 2010; Liu et al., 2018; Yoshida
et al., 2014). However, the molecular intricacies governing
ABA-dependent gene regulation and its potential interac-
tion with ABA-dependent pathway in controlling gene
expression under abiotic stress conditions remain largely
uncharted due to the inherent complexities involved. Tran-
scription factors, such as DREB2A/2B, AREB1, RD22BP1,
and MYC/MYB, regulate ABA-responsive gene expression
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by interacting with their corresponding cis-acting elements
DRE/CRT, ABRE, and MYCRS/MYBRS (Tuteja, 2007). It has
been demonstrated that DREB1 is activated by drought,
salt stress, and exogenous ABA (Yang et al., 2011). Intrigu-
ingly, the overexpression of DREB1 upregulates both ABA-
independent and ABA-dependent stress-induced genes
(COR15a and rd29B, respectively) in Arabidopsis, suggest-
ing a potential interaction between the ABA-dependent
and independent pathways (Yang et al., 2011). Another
study conducted by Lee et al. (2017) revealed that the
OsERF71 gene in rice participates in an ABA-independent
pathway, enhancing drought resistance through the regu-
lation of cell wall modifications (Lee et al., 2017). Similarly,
a mutant harboring a T-DNA insertion in AtMYB60 exhib-
ited a reduced stomatal opening, with observable effects
on water loss and transpiration rates during drought stress
(Cominelli et al., 2005). Consequently, the regulation of this
gene has been characterized as ABA-independent. Numer-
ous studies have demonstrated the crucial roles played by
R2R3-MYB transcription factors in plant responses to both
biotic and abiotic stresses by following an ABA-dependent
regulation, as well as their involvement in the regulation of
secondary metabolite biosynthesis (Abe et al.,, 2003;
Stracke et al., 2007). Thus, flavonoid levels are regulated
through different and specific MYB factors, depending on
the plant species. In this sense, SIMYB72 in tomato (Wu
et al., 2020), CmMYB8 in maize (Zhu et al., 2020), AtMYB4
in Arabidopsis (Wang et al., 2020), CsMYB2 and CsMYB26
in tea (Wang et al., 2018), and NtMYB3 in Narcissus (Anwar
et al., 2019), have been successfully identified as the main
regulators of the biosynthesis of flavonoids. It has to be
noted that the majority of the research conducted on these
R2R3-MYB transcription factor families has traditionally
been associated with the ABA-dependent pathway. In a
study by Zhao et al. (2014), which aimed to identify and
characterize the R2R3-MYB family in tomato, transcript
abundances of 51 R2R3-MYB genes were scrutinized under
different stress treatments, including NaCl (100 mwm), low
temperature (4°C), and ABA (100 um) (Zhao et al., 2014).
Notably, only three genes (SIMYB62, SIMYB74, and
SIMYB102) responded to all three treatments, and interest-
ingly, nine genes (SIMYB2, SIMYB20, SIMYB21, SIMYB53,
SIMYB78, SIMYB92, SIMYB108, SIMYB113, and SIMYB114)
did not exhibit a response to the ABA treatment (Zhao
et al., 2014).

Generally, the existing literature has primarily focused
on the identification of genes involved in either ABA-
dependent or ABA-independent pathways under single
stress conditions. Given that plant gene regulation under
abiotic stresses combination is highly specific and unique,
it is imperative to conduct studies that explore the plant’s
transcriptome regulation under different abiotic stress
combinations. Additionally, considering the significant
fluctuations in ABA levels in response to environmental
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changes, identifying ABA-independent genes involved in
stress signaling transduction pathways can be a valuable
tool for the development of plants with an enhanced resil-
ience to climate change.

In pursuit of this objective, the present study used
tomato ABA-deficient mutants (flacca, flc, Solyc07g066480)
subjected to single or combined stresses. The flc mutation
results in a complete loss of AO and xanthine dehydroge-
nase (XDH) activities in the shoot, while a minor but mea-
surable activity is retained in the roots, where low
although detectable levels of ABA accumulate (Sagi
et al.,, 1999). Through an extensive RNA-seq analysis of
these flc mutants, this study revealed that the combination
of salinity and heat strongly reprogrammed the tomato
transcriptome. Notably, among the 685 genes that were
specifically regulated under the combination of salinity
and heat found in flc mutants, 463 genes exhibited an
ABA-independent regulation under these specific condi-
tions. Within this group of genes, six transcription factors
belonging to the R2R3-MYB family were significantly upre-
gulated. An analysis of protein-protein interactions further
demonstrated that SIMYB50 and SIMYB86 were directly
involved in the upregulation of genes related to the flavo-
nol biosynthetic pathway. These findings provide evidence
that the upregulation of SIMYB50 and SIMYB86 follows an
ABA-independent pathway, and that this regulation is
uniquely induced under the combination of salinity and
heat stress in ABA-deficient plants. This resource article
analyzes the complete transcriptome of wild-type tomato
plants and ABA-deficient mutants grown under individual
or combined stresses. It provides an important and novel
reference for scientists working in this field. Future explo-
ration of the data presented in this study could lead to the
identification of new pathways and genes associated with
ABA signaling processes. These findings may be utilized to
enhance crop resilience to heat waves, salinity, and their
combination, contributing to addressing food security chal-
lenges in a climate change scenario.

RESULTS AND DISCUSSION

ABA-deficient flc mutants showed a dramatic phenotype
due to an impairment in stomatal regulation caused by
ABA deficiency

ABA has multiple functions in plants, including those
related to growth and development (Cutler et al., 2010).
Consequently, a basal amount of ABA is essential for the
development of plant tissues and organs. In our experi-
ments, ABA-deficient tomato plants (flc) exhibited a signifi-
cantly weaker phenotype as compared to the wild type
(Wt) under control conditions (Figure 1a), with 70% less
biomass than the latter (Figure 1b), which was primarily
attributed to the deficiency in endogenous ABA content in
leaves (Figure 1c; Imber & Tal, 1970). Interestingly, when
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Figure 1. Physiological characterization in tomato wild-type (Wt) and flacca mutants (flc) plants under control (C), salinity (S, NaCl 100 mm), heat (H, 35°C), and
combination of salinity and heat (S + H). (a) Pictures of tomato plants at the sampling time (b) Whole plant fresh weight (FW) of tomato plants (c) ABA endoge-
nous concentration (d) Representative stoma of each of the genotype under the single or combined stress treatments. Whole micrographics for adaxial leaf sur-
faces can be found in Figures S3 and S4 (e) Stomatal conductance (f) N° stomata per mm?. Values represent means + SE (n=6 in Figure 1b,f, n=3 in
Figure 1c,e,f). Letters within each panel are significantly different at P < 0.05 according to Duncan'’s test.

flc mutants were treated with 100 um ABA sprayed to the
leaves (a dose selected from a preliminary experiment,
Figure S2), a substantial phenotype recovery was observed
(Figure 1a,b). Under individual stress conditions, Wt
showed a slight reduction in biomass, which became much
more pronounced when salinity and heat were combined
(Figure 1b). On the other hand, flc mutants biomass
obtained in plants grown under heat stress was not signifi-
cantly different to those plants grown under control condi-
tions. However, flc mutants grown under salinity or stress

combination showed a significant decrease in plant bio-
mass as compared to the control conditions (Figure 1b).
Thus, our results showed that ABA is required for plant
growth under stress conditions.

Figure 1c shows that the ABA endogenous concentra-
tion increased under all the stress conditions applied to
both, Wt and flc + ABA plants. Furthermore, the stress
combination induced the highest accumulation of endo-
genous ABA levels in Wt plants, as compared to the levels
found under single stress conditions in these plants
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(Figure 1c). In flc mutants supplemented with ABA,
whether exposed to single or combined stresses, a signifi-
cant increase in the endogenous concentration of ABA was
also observed, with no discernible differences between the
different stress treatments. On the other hand, in flc
mutants that were not treated with exogenous ABA, the
endogenous concentration of this phytohormone remained
very low, with no significant changes observed under the
different stress conditions when compared to control
plants (Figure 1c). These results confirm the ABA defi-
ciency in our flc plants, and the effectiveness of ABA appli-
cation (Figure 1c). However, it should be noted that despite
these findings, a complete phenotypic recovery as com-
pared to the Wt control was not obtained (Figure 1a,b),
which points to the involvement of other ABA-independent
factors in the plant’s development and stress response.
ABA is directly associated with stomatal regulation
processes (Hsu et al., 2021; Yoshida et al., 2019; Zandali-
nas, Balfagon, et al., 2016), and it is therefore important to
study how the stomatal conductance in flc mutants
behaves, and if an application of exogenous ABA has any
effect on these mutants. Figure 1d shows a representative
single stoma from both genotypes grown under control
and under every stress condition applied (Figure S3 and
S4). Wt and flc + ABA plants showed a clear stomata clo-
sure under salinity or heat applied individually, although
the stress combination induced stomata opening in these
plants (Figure 1d), which indicated the specificity of abiotic
stress combination in the stomatal regulation of Wt and
flc + ABA plants (Figure 1e). In fact, in flc plants, the sto-
matal conductance under heat stress and the combination
of salinity and heat was significantly higher as compared
to flc under control conditions (Figure 1e). It is remarkable
that in Wt plants, the salinity and salinity+heat combina-
tion treatments induced a significant decrease (P < 0.001
#*%)  whereas heat induced a significant increase
(P < 0.001***) in the stomatal conductance as compared to
Wt plants, although these statistical differences were
diluted when plotted with the data obtained in flc mutants,
with values up to three times higher than Wt and
flc + ABA. Similar results were previously obtained by our
research group (Lopez-Delacalle et al., 2020, 2021; Rivero
et al., 2014). When trying to elucidate if the stomatal con-
ductance was stress- or stomatal number-related, we
observed that stomata number did not follow the same
trend as stomatal conductance in every genotype studied.
The stomata number in flc plants was not significantly dif-
ferent between the different conditions applied, although it
was observed that it was significantly higher as compared
to Wt and flc + ABA plants under any condition tested
(Figure 1f). However, a significant increase was observed
in the number of stomata in Wt and flc + ABA plants under
heat stress, and the combination of heat and salinity stres-
ses, as compared to their respective controls (Figure 1f). In
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addition, ABA deficiency induced an increase in the sto-
mata number, while heat and the combination of salinity
and heat increased the stomata number in plants without
an ABA deficiency. In short, ABA deficiency significantly
increased the stomata number under all the conditions
tested; however, in plants without this ABA deficiency (Wt
and flc + ABA) the stomata number was only significantly
higher under heat or the combination of salinity and heat.
Our research group previously showed that in tomato
plants, the transpiration rate increased under heat or the
combination of salinity and heat as compared to the salin-
ity treatment alone or in control plants (Lopez-Delacalle
et al., 2020, 2021; Rivero et al., 2014). In this light, it can be
hypothesized that heat stress (applied as a single stress or
in combination with salinity) may be inducing an increase
in the stomata number to increase the leaf transpiration
index, thus reducing leaf temperature without affecting the
stomatal conductance. On the other hand, the stomatal
response of leaves is oftentimes different from that
observed in flowers and fruits during stress combination
(Sinha et al., 2022, 2023). These authors demonstrated that
during a combination of drought and heat stress, soybean
plants prioritized transpiration through flowers rather than
leaves. This was achieved by stomata opening in the
flowers, while maintaining those on the leaves closed. This
adaptive approach, known as ‘differential transpiration’,
results in a reduction of the inner temperature of the
flowers by approximately 2-3°C. While this protects repro-
ductive processes, it comes at the cost of the well-being of
vegetative tissues (Sinha et al., 2023).

In summary, our study demonstrates that plant bio-
mass is dependent on both ABA levels and stress condi-
tions. Previous research has extensively documented the
significant roles of ABA and stress conditions in plant
growth and development (Segarra-Medina et al., 2023;
Zandalinas, Rivero, et al., 2016). Consequently, as our
results indicated, it was expected that the ABA deficiency
imposed on flc mutants would result in a poor control of
stomatal closure, which is consistent with previous find-
ings (Tal et al., 1970). Our studies also demonstrated that
an ABA deficiency leads to an increase in stomatal density
(Figure 1f). Caine et al. (2023), in their work on several tra-
ditionally bred rice varieties, observed that a high stomatal
density was associated with increased stomatal conduc-
tance and decreased biomass production (Caine et al.,
2023). These observations support our findings in flc
mutants (Figure 1b,c,e,f), as we showed a positive correla-
tion between stomatal conductance and stomatal number
(Figure 1c,e,f), which was negatively correlated with plant
biomass.

Additionally, our results revealed a specific trend in
plant biomass and ABA concentration in plants subjected
to combined stress conditions across all genotypes tested,
indicating the specificity of stress combination in the
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plant’s response to abiotic stress combination (Figure 1b,c)
(Zandalinas, Balfagon, et al., 2016; Segarra-Medina et al.,
2023). Finally, the application of 100 um ABA did not lead
to a complete recovery of the Wt phenotype, suggesting
the existence of ABA-independent regulatory mechanisms
(Li & Liu, 2021).

ABA-deficient flc mutants showed a specific regulation of
685 transcripts under the combination of salinity and heat,
mostly related to cell catalytic, transcription regulation,
and transporter activities

To further investigate how ABA deficiency can affect the
transcriptional machinery of the plants tested, an RNA-seq
analysis was performed on Wt and flc mutants after
10 days of growth under control, single, or combined
stress conditions. For these analyses, metabolically active
and fully expanded leaves were processed for RNA extrac-
tion, and RNA sequencing was performed by Macrogen
Inc. (Seoul, Rep. of Korea) (Figure S5; Tables S1-S3). Wt
control or flc control samples were used to normalize and
obtain differentially expressed transcripts (DEGs) from
Wt and flc plants, under a single or combined stress
(Table S4). Considering all the stress conditions, our
results showed that ABA-deficient flc mutants had a lower
total number of DEGs (5691), as compared to Wt (6451)
(Figure 2). This may indicate that flc mutants have a defec-
tive transcriptional machinery, which may be affected by
ABA deficiency. It has been previously shown that ABA-
dependent stress signaling first adjusts the constitutively
expressed TFs, leading to the expression of early response
transcriptional activators, which activate downstream
stress tolerance effector genes (Hussain et al., 2021).
Therefore, ABA-deficient mutants could be defective in this
transcriptional adjustment, which is consistent with the
stronger growth inhibition observed in flc mutants under
any stress condition applied (Figure 1a,b). Salinity applied
as an individual stress induced the lowest number of DEGs
in both flc (1613) and Wt (975) plants (Figure 2a), although
it was noted that only 10% of the DEGs found in the flc
mutant under this stress were common to Wt. This obser-
vation, together with the fact that Wt plants grown under
salinity stress shared only 40 (22 upregulated and 18
downregulated) transcripts with Wt plants grown under
heat, and only 85 transcripts (18 upregulated and 67 down-
regulated) with Wt plants grown under the combination of
salinity+heat, indicate that Wt plants were more tolerant to
salinity stress than to heat or the combination of stresses,
and that the plant’'s metabolism needs less transcriptome
readjustment under salinity stress alone (Rivero et al.,
2014). On the other hand, in flc mutants grown under salin-
ity, 1288 transcripts out 1431 DEGs were specifically upre-
gulated by this condition (~90%) (Figure 2a). This indicates
that ABA-deficient flc mutants are more susceptible to
salinity than Wt plants, and that under this condition, the

ABA-dependent pathway plays an important role in
the development of the salinity stress response (Hussain
et al., 2021; Mathan et al., 2021). Under heat applied as an
individual stress or under the combination of salinity and
heat, flc mutants shared 65% and 47% of the DEGs with Wt
plants under each condition, respectively, so half of the
transcriptome response was heat- or salinity+heat-
dependent (Figure 2a). But more importantly, the other half
of the DEGs were genotype-dependent, highlighting the
importance of the ABA-independent pathway in the plant’s
response to heat and salinity+heat.

Our research interest was centered on the DEGs pre-
sent in Wt and flc mutants under the combination of salin-
ity and heat, and not under single stress condition, as the
latter have already been widely studied and published in
previous decades. With this aim, the DEGs obtained from
both genotypes under single and combined stresses were
plotted in Venn diagrams (Figure 2b,c, Table S6-S9). Our
results demonstrated that the combination of salinity and
heat induced a specific transcriptomic response, in both
Wt and flc mutants, which was different from that
observed under salinity or heat applied individually
(Figure 2b,c). It was observed that the number of genes
specifically upregulated in flc mutants under the combina-
tion of salinity and heat were significantly higher (817)
than those found in Wt (547) (Tables S6 and S7). This
observation has been extensively reported by other
researchers and highlights the importance of studying abi-
otic stress in combination (Lopez-Delacalle et al., 2021;
Mikotajczak et al., 2022; Rivero et al., 2014; Zandalinas,
Rivero, et al., 2016). A GO enrichment analysis based on
the biological processes affected showed that in both
genotypes, genes related to RNA modification and protein
folding were significantly enriched (Table S10). Adverse
environmental conditions, such as heat stress, can disrupt
protein folding, which is an error-prone process, leading to
endoplasmic reticulum stress, and consequently, triggering
the unfolded protein response (UPR) that results in the
accumulation of misfolded proteins (Li et al., 2020). Addi-
tionally, in flc mutants, many of these 817 genes that were
specifically upregulated under the combination of salinity
and heat were related to the transcription process, which
revealed that there are many specific ABA-independent
genes engaged to the transcriptional machinery in
response to salinity and heat combination (Figure 2b;
Table S11).

In addition, with respect to the number of genes that
were specifically downregulated under the combination of
salinity and heat (Figure 2c), both genotypes presented a
similar number of DEGs (450 in Wt and 445 in flc)
(Tables S8 and S9). However, a GO enrichment analysis
revealed that in Wt plants, most of the important processes
related to primary (photosynthesis, amino acid synthesis,
pyruvate and TCA cycle, glyoxylate metabolism) and
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Figure 2. Differentially expressed genes (DEGs) in Wt and flc mutants under salinity, heat or the combination of salinity and heat. (a) Venn diagrams of the over-
lap between Wt and flc mutants in each stress treatment (b, ¢) Venn diagrams representing the upregulated (b) and downregulated (c) DEGs in Wt under salinity,
heat and the combination of salinity+heat and the same for flc mutants. GO enrichment analysis for the specific DEGs upregulated (b) or downregulated (c)

under the combination of salinity+heat in Wt and flc mutants.
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secondary metabolism were significantly downregulated
(Table S12). In flc mutants, these downregulated genes
were mainly associated with the chlorophyll biosynthetic
pathway (plastid translation, protoporphyrin synthesis, tet-
rapyrrole synthesis), electron transport in PSI, and phos-
phorous metabolic process. Under stress conditions, the
decrease in chlorophyll production results in the accumula-
tion of these intermediates alongside reactive oxygen spe-
cies (ROS) (Table S13). It has been suggested that ROS,
produced by porphyrin mediators, function as signaling
molecules within the stress response pathway. Thus, it has
been previously postulated that the ROS increase activates
the stress response network, ultimately leading to the
downregulation of genes associated with porphyrin metab-
olism and chlorophyll metabolism inhibition (Karami
et al., 2023; Yun et al., 2013).

ABA-independent transcriptome reprogramming under
the combination of salinity and heat induced the specific
regulation of oxidative metabolism-, transcription-, and
transport activity-related genes

Given that studies on abiotic stress combination can pro-
vide a better insight on specific molecular markers
involved in plant stress tolerance, and as our transcrip-
tomic data showed a clear involvement of the ABA-
independent pathway in this specific response, we were
particularly interested in those DEGs that were specifically
regulated in ABA-deficient flc mutants grown under stress
combination, and at the same time, those that were not
shared by any other stress condition or with Wt plants.
Thus, we constructed an Upset Plot (Figure 3a), where the
DEGs found in flc mutants under the combination of salin-
ity and heat (2047 upregulated, 1390 downregulated, total
3437) were compared against all the DEGs found in Wt
under any of the stress conditions used or in flc mutants
under a single stress. A total of 685 DEGs were extracted
(Figure 3a, marked in orange, Table S14). Interestingly, this
stress combination yielded the second-highest number of
DEGs (685), following Wt-Heat (893). These DEGs were not
shared with any other genotype or condition used in our
experiments, underscoring the specificity of this stress
combination in the transcriptome reprogramming of ABA-
deficient tomato plants. Suzuki et al. (2016) showed that
Arabidopsis mutants deficient in abscisic acid metabolism
and signaling were more susceptible to a combination of
salt and heat stresses than wild-type plants, which sup-
ports our findings and demonstrates the significant plant
transcriptional reprogramming under an ABA deficiency
(Suzuki et al., 2016). We further extracted these 685

transcripts and a GO enrichment analysis was performed
(http://www.pantherdb.org/genelListAnalysis.do), showing
that most of them were related to catalytic (46%), transcrip-
tion (40%), and transport activity (9%) (Figure 3b,
Tables S15-S17). Among the DEGs with GO enrichment for
catalytic activity, those related to oxidative metabolism
almost comprised 20% of the total (Table S18), with most
of them showing an upregulated expression under the
combination of salinity and heat (Figure 3c; Table S13).
Considering that all of these genes are only specifically
regulated in flc mutants under the combination of salinity
and heat, and that they were not found among the DEGs in
Wit under any stress condition, the existence of an
ABA-independent pathway associated with some oxidative
metabolism-, transcription-, and transport activity-related
genes is underlined here. It has been shown that ABA defi-
ciency can trigger the expression of ROS-related genes to
induce an ROS wave necessary for stomata control under
abiotic stress in coordination with Ca?" signaling waves
(Mittler & Blumwald, 2015; Postiglione & Muday, 2020).
Recent advances in the study of ROS signaling in plants
involve the discovery of ROS receptors and crucial regula-
tory hubs. These components establish connections
between ROS signaling and other significant pathways
related to stress response and hormones (revised by Mit-
tler et al., 2022). An ABA deficiency in our flc mutants spe-
cifically induced the expression of some ROS-related
transcripts under the combination of salinity+heat, but the
absence in stomata control (Figure 1d,e) may indicate that
ABA levels are also fundamental for the Ca?" waves and
ROS signaling mechanisms needed to induce stomata clo-
sure (Mittler & Blumwald, 2015). DEGs related to binding
and transcription regulation activity were also significantly
enriched among the transcripts that were specifically regu-
lated under the combination of salinity+heat (40%), con-
firming that ABA deficiency directly affects the
transcriptional machinery reprogramming of tomato under
the combination of salinity and heat.

The specific ABA-independent transcriptome
reprogramming that occurs under the combination of
salinity and heat induced the regulation of transcription —
related and serine/threonine kinase — related genes

ABA-deficient flc mutants showed a basal ABA concentra-
tion (very low, but with some ABA synthesis and accumu-
lation, Figure 1c), and therefore, it cannot be absolutely
confirmed that the 685 DEGs found to be specifically regu-
lated in flc under salinity and heat combination (Figure 3a),
were also subjected to ABA-independent regulation.

Figure 3. (a) Upset plot displaying the intersections between the sets of DEGs found under single or combined stresses. Upregulated and downregulated genes
for each genotype and condition were put in the same set for the specific DEGs subtraction for the flc mutant under the combination of salinity and heat. (b) GO
enrichment analysis of the specific 685 DEGs found under the combination of salinity and heat. (c) Heatmap of the specific oxidative metabolism-related genes

found to be differentially expressed in flc mutants under salinity+heat.
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Therefore, we performed an RNA-seq analysis on these flc
mutants supplemented with 100 um ABA (Figure 1;
Tables S1-S3), to remove the DEGs that could be subject
to ABA-dependent regulation.

After normalizing the data obtained in flc + ABA under
single or combined stresses, against flc + ABA plants
grown under control conditions, the DEGs obtained were
matched with the 685 DEGs that were specifically
expressed under the combination of salinity+heat found in
our previous experiment (Figure 3a) through a Venn Dia-
gram (Figure 4a, Table S19). flc + ABA plants grown under
salinity+heat or under heat alone obtained the highest
number of DEGs (6583 and 5978 respectively). From these,
1386 transcripts were specifically regulated in flc + ABA
under the combination of salinity and heat, which again
underlined the specificity of this stress combination on the
plant’s transcriptional response. In this light, 37 genes
were common to the previously extracted 685 genes that
were specifically regulated under the combination of salin-
ity and heat (Figure 3a), indicating that these genes were
perhaps subjected to ABA regulation. Similarly, another
185 genes in total were shared with the other abiotic stress
conditions applied to flc + ABA, which were not consid-
ered for future analyses as they were considered to be
ABA-dependent. Thus, a total of 222 transcripts were
removed from the initial list of 685, and the remaining 463
genes were considered to be specific to the combination of
salinity and heat and, most importantly, with an ABA-
independent regulation (Figure 4a). These 463 DEGs were
subjected to an enriched network molecular function analy-
sis (http://bioinformatics.sdstate.edu/go/; Figure 4b) using
a FDR cutoff of 0.02. A narrow and enriched network con-
taining a total of 124 transcription-related genes was found
(Figure 4b,c, Table S20). Additionally, a group of 17 genes
related to serine/threonine kinase activity proteins were
also enriched among these 463 DEGs (Figure 4b,c,
Table S20). Previously (Figure 2b), the GO enrichment anal-
ysis performed with the 685 DEGs that were specifically
regulated in flc mutants grown under the combination of
salinity+heat showed that a high percentage of these tran-
scripts had a binding/transcription activity (~40%). In the lit-
erature, several publications were found that
demonstrated the transcriptional regulation of gene
expression governed by various key TF pathways that
operate in ABA-dependent and independent signaling
pathways under abiotic stress (Hussain et al., 2021), which
are regulated by AREB/ABFs (bZIP TFs) and DREB2A

(AP2/ERF family of plant-specific TFs), respectively
(Yoshida et al., 2014). DREB2 has been identified as the
main TFs in ABA-independent pathways in Arabidopsis
and soybean under single drought and/or salinity stresses
(Chen et al., 2016; Yoshida et al., 2014). In addition, some
studies have dealt with the functionality of these DREBs
and the genes they may regulate under single abiotic
stress conditions. However, as far as we know, this is the
first evidence that shows an enriched list of 124
transcription-related genes under ABA-independent regula-
tion, which are specifically regulated under the combina-
tion of salinity and heat. And more importantly, these TFs
were not significantly regulated under heat or salinity
applied as individual stresses.

Of these 124 transcription-related genes (Figure 4c),
some of them were repeated among the different GO
molecular functions groups. Thus, only 49 true
transcription-related transcripts were extracted and sub-
jected to further analysis (Table S21).

SIMYB50 and SIMYB86 TFs were ABA-independently
upregulated under the combination of salinity and heat
and were found to be related to flavonoid biosynthesis

Forty-nine transcription-related DEGs were found to be
specifically regulated under the combination of salinity
and heat, and they were also selected for being under
ABA-independent regulation. These 49 transcription factors
(TFs) were grouped under the different known TF families,
and it was found that most of these families were repre-
sented, under our specific conditions, by two to three TFs,
except for the MYB family, which was represented by nine
of them (Figure 5a, Table S21). Also, it was remarkable that
most of the TFs found among all the TF families were upre-
gulated, with only four TFs downregulated, indicating the
need in flc mutants for transcriptional reprogramming
within the ABA-independent pathway under the combina-
tion of salinity and heat. While it is true that the MYB fam-
ily is the largest one, comprising a total of 140 TFs in
tomato (PlantTFDB http://planttfdb.gao-lab.org/), it should
also be noted that in our analysis, after screening out all
the TFs that were specific to the combination of salinity
and heat, and that followed an ABA-independent regula-
tion, having nine TFs from the MYB family on this list, with
almost all of them being upregulated, was something we
considered of the upmost importance. Members of the
MYB family are involved in many cell events, including
plant growth (Oppenheimer et al., 1991), plant responses

Figure 4. Identification of ABA-independent genes specifically regulated by the combination of salinity and heat. (a) Venn diagram displaying the intersections
between the sets of specific DEGs found in flc mutants under the combination of salinity and heat (n = 685, Figure 3) and DEGs found in flc mutants grown with
ABA supplementation under single or combined stress. 463 DEGs were found for being specifically regulated under the combination of salinity and heat and
with an ABA-independent regulation (b) Molecular functions pathway enrichment of ABA-independent DEGs specific to the combination of salinity+heat (FDR
cutoff: 0.02). The size of the circles is proportional to the number of genes related to that pathway and the color intensity is related to the pathway P-value signif-
icance level (P < 0.05) (c) Number of genes representative of each pathway. The raw data used for this figure can be found in Table S20.
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to environmental factors and hormones (Jin & Martin, 1999;
Lee et al., 2007; Magaraggia et al., 1997; Urao et al., 1993),
signal transduction processes (Gubler et al., 1995; Hama-
guchi et al., 2008; Li et al., 2019), and pathogen defense
(Noman et al., 2019; Shan et al., 2016), among others. It is
also known that the regulation of TFs from the MYB family
may be ABA-dependent or ABA-independent (Zhao et al.,
2014).

There are four classes of MYB proteins depending on
the number of adjacent repeats (one, two, three, or four).
The three repeats of the prototypic MYB protein c-Myb are
referred to as R1, R2, and R3 (Dubos et al., 2010; Kirik &
Baumlein, 1996). The most heterogeneous class comprises
proteins with a single or a partial MYB repeat, collectively
designated ‘MYB-related’, with the R2R3- MYB class being
the largest (Dubos et al., 2010). Our results showed that six
genes containing the R2R3 MYB domain (SIMYB2,
SIMYB102, SIMYB10, SIMYB50, SIMYB32, and SIMYB86)
were found to be upregulated, with the seventh (SIMYB84)
repressed under our specific conditions (Figure 5b).
R2R3MYB proteins play regulatory roles in developmental
processes and defense responses in plants (Zhao et al.,
2014), with a total of 121 R2R3MYB genes identified in the
tomato genome. Moreover, the transcript abundance level
under abiotic conditions identified a group of R2R3MYB
genes that responded to one or more stresses, suggesting
that SIR2R3MYBs played major roles in the plant's
response to abiotic conditions, being involved in signal
transduction pathways (Zhao et al.,, 2014). It has been
shown that the Arabidopsis AtMYB2 was under ABA-
dependent regulation after the application of drought and
salinity stress as individual stresses (Abe et al., 2003). Also
in rice, Yang et al. (2012) demonstrated that OsMYB2-
overexpressing plants were more tolerant to salt, cold, and
dehydration stresses, and more sensitive to abscisic acid
than wild-type plants (Yang et al., 2012). However, our
results indicate an ABA-independent regulation of this
SIMYB2 under the combination of salinity and heat. On the
other hand, Liao et al. (2008) showed that the transgenic
Arabidopsis plants overexpressing soybean GmMYB?76,
GmMYB92, or GmMYB177 showed a reduced sensitivity to
ABA and exhibited better tolerance to salt and freezing
treatments when compared with the Wt plants, following
an ABA-independent regulation (Liao et al., 2008). Simi-
larly, OsMYB3R2 was also found to be under ABA-
independent regulation under cold, drought, or salinity
stress (Dai et al., 2007). The results from that study

suggested an ABA-independent regulation of some
R2R3MYB transcription factors under abiotic stress, but
these experiments were only assayed under the applica-
tion of a single stress and, nothing was shown about their
specific regulation when abiotic stresses were applied in
combination.

To positively verify an ABA-independent regulation of
these selected MYB TFs, we analyzed all their promoter
sequences. An ABA-responsive element (ABRE; ACGTGG/
TC) was not found in any of them, except for SIMYB84
(Solanaceae Genome Network database; https://solgenomics.
net/). Since SIMYB84 was the only gene from this TFs list
that was downregulated, it can be hypothesized that an ABA
deficiency governed its differential regulation.

To further delve into the putative role of the upregula-
tion of these SIMYB-related transcription factors on the
plant’s response to the combination of salinity and heat, a
predicted functional protein interaction network analysis
was performed using STRING (https://string-db.org/) with
these seven R2R3MYB genes (Figure S6). These predictive
protein networks may help us to elucidate the potential tar-
gets of these TFs and their specific regulation. SIMYB2 and
SIMYB102 were related to the spliceosome; SIMYB32 were
related to the biosynthesis of amino acids, and SIMYB84
was related to DNA-binding function (Figure S6). Surpris-
ingly, SIMYB50 and SIMYB86 showed an identical protein
interaction network (Figure S7; Table S22), with a GO
KEGG enrichment in the flavonoid synthesis pathway. The
first hypothesis that emerged was that these two genes
could perhaps be the same gene. However, after an iden-
tity check performed in the Solanaceae Genome Network
database (https://solgenomics.net/tools/blast/) through a
blast analysis (Figure S7), these two transcripts only
shared 58.68% of identity (at the nucleotide and protein
levels), and were therefore considered different and inde-
pendent genes with an identical function. Thus, and due to
the interest in studying the upregulation observed in these
two transcription factors (SIMYB50 and SIMYB86), which
in turn may regulate the same genes, these two protein
interaction networks were kept for further analyses. After
performing a k-means clustering analysis within these two
networks (Tables S23 and S24), as well as a GO enrich-
ment analysis, two specific pathways were found to be
enriched in them: flavonoids biosynthetic process (green)
and phospholipid translocation (yellow) (Figure 5c).

Flavonoids comprise a large group of secondary
metabolites with a broad range of biological functions,

Figure 5. Identification of SIMYB50 and SIMYB86 transcription factors (TFs) with an ABA-independent regulation and specifically induced under the combina-
tion of salinity and heat.(a) Number of upregulated and downregulated transcription factors (TFs) identified for having an ABA-independent and specific regula-
tion under the combination of S + H (b) MYB-related TFs identified in Figure 5a (c) Predicted functional protein interaction networks for SIMYB50 and SIMYB86
(d) Fold-change expression values (log,FC) of the genes represented within the SIMYB50 and SIMYB86 protein interaction networks in Wt and flc mutants under
single and combined stresses. sf3a602: splicing factor subunit 3a, DF4R: dihydroflavonol 4-reductase, CHS: chalcone synthase, F3H: flavanone 3-hydroxylase

and F3'H: flavonoid 3'-hydroxylase.
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vonoid biosynthesis pathway is a branch of the general
phenylpropanoid pathway, with the first step catalyzed by

© 2024 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), doi: 10.1111/tpj.16642

correlated activities of chalcone isomerase (CHI), flavanone
3-hydroxylase (F3H), flavonoid 3'-hydroxylase (F3'H), and

85U8017 SUOLILLOD BATER.D 3edldde aus Aq peusenob aJe sspiie YO ‘8sn JO s3I0y ARIqiT8uIIUO AB|IAA L (SUONIPUOD-PUR-SLLIBYLIOD A 1M ALRIq Ul UO//SANY) SUORIPUOD PUe SWB | 8U) 89S *[7202/20/82] U0 Ariq1TaulluO A8]IM ‘eAunfeled 8@ SLBISIBAIUN SBAIRS 8@ 1010SU0D AQ Z99T [dY/TTTT'OT/I0p/L0D A8 1M ARe.d 1 jBulUO//:SdNY WOl papeojumoqd ‘0 ‘XETESIET



14 Miriam Pardo-Hernandez et al.

flavonol synthase (FLS) result in the synthesis of the
flavonols kaempferol and quercetin, which are further gly-
cosylated by a number of glycosyltransferases (Winkel-
Shirley, 2002). A few years ago, our research group
showed that most of the genes that belong to the flavonoid
biosynthetic pathway were differentially and specifically
upregulated under the combination of salinity and heat in
tomato plants, and that flavonols were accumulated over
hydroxycinnamic acids (Martinez et al., 2016). The fold-
change expression values (log,) of the genes contained in
these SIMYB50 and SIMYBS86 protein interaction networks
were measured in Wt and flc mutants under single and
combined stresses (Figure 5d; Table S25). Surprisingly,
those belonging to the flavonoids biosynthetic branch
(DF4R, CHS, F3H, and F3’H) were significantly upregulated
in flc mutants grown under the combination of salinity and
heat, whereas they were downregulated or not significant
in Wt (under any stress condition applied), or in flc
mutants grown under single stress conditions. These
results confirm that the overexpression of SIMYB50 and
SIMYB86 followed an ABA-independent plus a salinity+-
heat specific regulation and that those TFs may control the
upregulation of the flavonoids biosynthetic-related genes.
Thus, in tomato plants, SIMYB50 and SIMYB86 may be tar-
geted as potential molecular markers for enhancing flavo-
noid biosynthesis and the plant's resilience to the
combination of salinity and heat.

Plant flavonoids exhibit not only potent antioxidant
properties but also function as regulators of cell metabo-
lism. It is hypothesized that they can influence cell signal-
ing pathways by interacting with receptors on the cell
surface or by inserting themselves into the lipid bilayer of
membranes. Certain flavonoids have the capability to
enhance lipid viscosity and reduce the cooperativity of
hydrocarbon chain melting, while others can significantly
lower the lipid melting temperature, thereby allowing
greater freedom for lipid diffusion. As lipid rafts play cru-
cial roles in cellular signal transduction, endocytosis, and
the transmembrane movement of various compounds, fla-
vonoids may modulate cell metabolism by influencing the
state of the lipid bilayer (Tarahovsky et al., 2008; Karo-
nen, 2022). Our GO clustering analysis on SIMYB50 and
SIMYB86 showed and significant enrichment on flavonoids
biosynthetic process (green) but also on phospholipid
translocation (yellow) (Figure 5c), pointing to the putative
role of flavonoids on controlling phospholipid metabolism
under the combination of salinity and heat in an ABA-
independent manner. Further studies with tomato plants
that either overexpress or have these two R2R3MYB TFs
silenced will yield valuable insights into their role in con-
ferring plant abiotic stress tolerance. Furthermore, CHIP-
sequencing experiments performed in ABA-deficient plants
would help to identify other novel genes specifically regu-
lated under abiotic stress combination, which could be key

in breeding crops with an enhanced tolerance to climate
change.

MATERIAL AND METHODS
Plant growth and stress treatments

Wild-type (Wt) and the ABA-deficient mutants flacca (flc) (gener-
ously donated by TGRC, UC Davis, CA, USA, accession LA4479) of
tomato (Solanum lycopersicum L. cv MicroTom) were used in all
our experiments. Flc mutants are defective in the synthesis and/or
maturation of the molybdenum cofactor (MoCo) sulfurylase gene
(Solyc079g066480), with these mutants deficient in ABA synthesis.
Seeds were sterilized and germinated in vermiculite under optimal
and controlled conditions (25/20°C day/night, light intensity of
400 pmol m~2 sec™", 16/8 h day/night photoperiod, and 60-80%
relative humidity). When the plants had at least two true leaves,
24 Wt plants and 48 flc mutants were transplanted into an aerated
hydroponic system containing a modified Hoagland solution, and
grown under controlled conditions until all of them developed
four true leaves. The modified Hoagland solution had the follow-
ing composition: KNO3 (6 mm), Ca(NOs), (4 mm), MgSO,4 (1 mm),
KH,PO, (1 mm), KCI (50 um), Fe-EDTA (20 um), H3BO3z (25 um),
MnSO4-H,0 (2 pm), ZnS0,4-7H,0 (2 pm), CuSO4-5H,0 (0.5 pm), and
(NH4)6M070,4-4H,0 (0.5 um) (Hoagland & Arnon, 1950). The pH of
the nutrient solution was measured and maintained within 5.2
5.7, and the nutrient solution was renewed every 3 days.

When all the plants had developed four true leaves, half of
the plants of each genotype (24 flc and 12 Wt) were transferred
from Chamber A (where the plants were germinated and trans-
planted) to Chamber B, with the light, photoperiod, and humidity
parameters set identical to Chamber A, except for the environ-
mental temperature variable, which was set to 35°C, while the
temperature remained at 25°C in Chamber A. At the same time,
half of the plants (12 flc and 12 Wt) of each genotype received
100 mm NaCl in their nutrient solution. Therefore, the experiment
consisted in four treatments (Figure S1): control (25°C and 0 mm
NaCl), salinity (25°C and 100 mm NaCl), heat (35°C and
0 mm NaCl), and salinity + heat (35°C and 100 mwm NaCl). In paral-
lel, half of our flc mutants from each treatment group (24 plants,
with 6 plants per treatment) received an exogenous application of
100 um ABA through a foliar spray of 10 ml of this solution. (based
on a preliminary experiment, described below). After this time, all
the plants were separated into roots and leaves, and fresh weight
(FW) was recorded. The leaves of each plant were immediately
stored at —80°C for future determinations.

ABA-exogenous application experimental design

Forty-eight flc mutant plants were germinated, transplanted, and
grown under control conditions (25/20°C day/night, light intensity
of 400 pmol m~2 sec™", 16/8 h day/night photoperiod, and 60-80%
relative humidity), as described previously. When the plants had
developed four true leaves, different concentrations of exogenous
ABA (0, 50, 100, 150 um) were applied to a group of 12 plants per
ABA treatment. These treatments were repeated three times a
week. Plants were kept under these conditions for 1 month, and
were physiologically characterized (Figure S2). The application of
100 pm of exogenous ABA was chosen as the best for the stress
combination experiments described previously.

Stomatal conductance and stomata number determination

The stomatal conductance was measured every 3 days, as the
stress treatments began in three single and fully expanded leaves
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of each plant, using a LI-6400XT photosynthesis system (LICOR,
Inc., Lincoln, NE, USA). Leaf gas exchange was measured in a
2 cm? leaf cuvette. During these measurements, the conditions set
in the LICOR were 1000 pmol photons m2sec”!, and
400 pmol mol~" CO,. The leaf-air vapor pressure deficit was main-
tained between 1 and 1.3 kPa. The data reported are the mean six
biological replicates per treatment and genotype.

Alternatively, the stomata number was determined by leaf
epidermal impressions on 50 x 75 mm slides fashioned from
474 mm (3/16 in) cellulose acetate butyrate (CAB)/acetone. The
impression of the adaxial (upper) part of the tomato leaf epider-
mis was performed as described by (Gitz & Baker, 2009) and
photographed in a microscope (Olympus CKX41, Olympus Life
Science, Tokio, Japan).

ABA quantification

Endogenous ABA concentration was quantified in three biological
samples per treatment and genotype in the Scientific and Techno-
logical Research Area (ACTI) of the University of Murcia. The
extraction was carried out on 100 mg of frozen fresh leaf following
the Miller and Munné-Bosch protocol (Miller & Munné--
Bosch, 2011) with minor modifications (Muller & Munné-
Bosch, 2011). Then, the organic extracts were injected into high-
resolution UPLC-QToF-MS/MS equipment (Waters |-Class UPLC
and Bruker Daltonics’ maXis impact Series QToF-MS with a reso-
lution of >55 000 FWHM). lonization by electrospray (ESI) was
used as the source MS with both positive and negative polarities.
Broad Band Collision Induced Dissociation (+bbCID) was used for
MS/MS analysis with collision energies applied between 20 and
24 eV. Other parameters included a voltage source of 4.0-4.5 kV, a
nebulizer pressure of 2.0 bar, drying temperature of 200°C, a N,
flow rate of 9 L/min, and a mass range of 50-1200 Da. Sodium
Formate (HCOONa) was used as a reference standard. An ABA
standard curve (2-1000 ppm) was used for calculating the endoge-
nous concentration of ABA in leaf samples.

Total RNA extraction

Total RNA was isolated from 100 mg of frozen tomato leaves
using the NucleoSpin® RNA kit (Reference no. 740949.50) in three
biological replicates for each treatment and genotype. Total RNA
was quantified and RNA integrity number (RIN) was checked in a
bioanalyzer (2100 Expert Plant RNA Nano_DE13806178). 2 pug of
total RNA with a RIN >8 of each genotype and treatment were
sent to Macrogen (Seoul) to proceed with the RNA-sequencing
analysis.

RNA sequencing, data analysis, functional annotation, and
GO enrichment analysis

RNA sequencing was performed in an lllumina Hliseq (151 read-
length paired-ends) analyzer. The raw reads obtained were filtered
(Ilumina passed-filter call) and further checked for sequence con-
taminants with fastQC (Table S1, S2, Figure S5). Contaminant-free,
filtered reads for each sample were mapped with Bowtie/TopHat
to the tomato genome sequence SL3.0 (ITAG4.0) (Hosmani
et al., 2019) using HISAT2, which is known to handle spliced read
mapping through the Bowtie2 aligner. After mapping, StringTie
was used for transcript assembly. The expression profile was cal-
culated for each sample and transcript/gene as read count, FPKM
(Fragment per Kilobase of transcript per Million mapped reads)
and TPM (Transcripts Per Kilobase Million) with a cutoff value of
0.1 DEG (Differentially Expressed Genes) analysis was performed
on a comparison ttest pair using edgeR, where Wt and flc

© 2024 The Authors.

grown under the different stress treatments were compared with
their respective control. The statistical analysis was performed
using Fold Change, and exactTest per comparison pair. The signifi-
cant results were selected on conditions of |fc| > =2 and exactTest
raw P-value <0.05 (Table S3-S9). The DEG list was further analyzed
with gProfiler (https:/biit.cs.ut.ee/gprofiler/orth) and the Panther
Classification System (http://www.pantherdb.org/geneListAnalysis.
do; [Mi et al., 2019]) for gene set enrichment analysis (g-value 0.05)
per biological process (BP), cellular component (CC), and molecu-
lar function (MF) (Table S10-S18). Upset plots were created in
UpSetR (https://gehlenborglab.shinyapps.io/upsetr).

Network enrichment analyses

Specific DEGs found in flc mutants under the combination of
salinity and heat (Table S20) were submitted to the platform Shi-
nyGO 0.77 (http:/bioinformatics.sdstate.edu/go/) (Ge et al., 2020)
with a FRD cutoff of 0.02 and a minimum pathway size of 5. The
source code is available at https://github.com/iDEP-SDSU/idep/
tree/master/shinyapps/go61.

For the construction of the protein-protein interaction net-
work, the web-based tool STRING v11.5 (Szklarczyk et al., 2015),
which is based on a large database of protein-protein interactions
(PPI), was used. It also provides functionality for enrichment anal-
ysis of GO and protein domains in 5090 species (version 11),
including tomato. The protein network analysis was performed
based on the protein sequences as high confidence (0.7) with a
maximum number of interaction of 10.

Statistical analysis

All the experiments were performed in at least three biological
repeats using the IBM SPSS 26 Statistics program. An analysis of
variance (ANOVA) with a P-value <0.05 was performed for fresh
weight, stomatal conductance, stoma number per mm?, and ABA
concentration, followed by Duncan’s test. Standard error (SE)
values for the different treatments and genotypes was calculated
and added as shown in the figures. Significant changes in tran-
script expression as compared to the control (DEGs) were defined
as log, FC < -2 or >2 and adjusted P < 0.05 (negative binomial
Wald test followed by Benjamini-Hochberg correction) (Ferreira &
Zwinderman, 2006).
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Additional Supporting Information may be found in the online ver-
sion of this article.

Figure S1. Experimental design followed in our experiments with
Wt and flc mutants subjected to single or combined stresses.
Figure S2. Preliminary experiment in flc mutant for the establish-
ment of the exogenous ABA concentration.

Figure S3. Light microscopy micrograph of adaxial leaf surface of
tomato Wt and flc mutants grown under control, salinity, heat
stress, or their combination. Scale bars: 100 pm.

Figure S4. Light microscopy micrograph of adaxial leaf surface of
tomato flc mutants grown with an exogenous ABA supplementa-
tion (100 pum) under control, salinity, heat stress, or their combina-
tion. Scale bars: 100 pm.

Figure S5. Heatmap of the gene expression obtained for each
sample and genotype in Wt and flc mutants grown under every
stress condition applied. C: Control; S: Salinity; H: Heat; SH: Sal-
inity+Heat. 1, 2, and 3 represent the respective biological
replication.

Figure S6. Protein interaction network for (1) SIMYB2, (2)
SIMYB102, (3) SIMYB10, (4) SIMYB50, (5) SIMYB32, (6) SIMYB86,
(7) SIMYB84. The networks were constructed using STRING
(https://string-db.org/) for Solanum lycopersicum L., with a mini-
mum interaction score of 0,7 (high confidence) and using UniProt
protein sequencing for each SIMYB transcription factor studied.
Figure S7. SIMYB50 and SLMYB86 identity check
(https://solgenomics.net/tools/blast/)  Proteins  SIMYB50 and
SLMYB86 showed a 58,68% identity, therefore they were consid-
ered as two different TFs with similar functions. They can regulate
identical proteins in tomato metabolism, as shown in Figure 5c.
Table S1. Quality check of the reads obtained in the raw RNA-seq
dataset for trimmed sequences.

Table S2. Mapping data statistics obtained in the RNA-seq
analysis.

Table S3. Gene expression profile obtained for Wt and flc
mutants. For the flc mutants, the presented samples are without
or with 100 um ABA exogenous application. Reads are shown as
counts, Fragments Per Kilobase Million (FPKM) and Transcripts
Per Kilobase Million (TPM).

Table S4. Differentially expressed genes (DEGs) obtained in Wt
and flc mutants under salinity, heat or the combination of salinity
and heat. Samples were normalized against control condition.
Table Sb. Differentially expressed genes for Wt and flc as shown
in the Venn diagram of Figure 2a.

Tables S6-S9. Differentially expressed genes for Wt and flc
mutants as shown in the Venn diagram of Figure 2b,c.

Tables $10-S13. GO enrichment analysis in Wt and flc mutants
specifically regulated under the combination of salinity and heat
as shown in Figure 2b,c.

Tables $14-S17. GO enrichment analysis of DEGs with catalytic
activity, transcription and transporter activity specifically regulated
in flc mutants under the combination of salinity and heat.

Table S$18. Oxidative metabolism-related genes contained in Table
S15 (Catalytic activity). Expression data was taken from Table S4.

Table S19. Data for Venn diagram as shown in Figure 3a using
specific DEGs found in flc Salt + Heat (without ABA application)
and DEGs in flc (with ABA application) under salinity, heat and
Salt+Heat. Only 463 DEGs were foundthat were not shared with
any flc stress treatment with ABA application.

Table S20. Network enrichment analysis with the DEGs specifically
regulated in flc mutants under the combination of salinity and
heat and with an ABA-independent regulation.

Table S21. Transcription factor classification and fold-change
found in flc mutants specifically regulated under the combination
of salinity and heat and ABA-independent.

Table S22. K-means clustering analysis of SIMYB50 protein inter-
action network (http://string-db.org).

Table S23. K-means clustering analysis of SIMYB86 protein inter-
action network (http://string-db.org).

Table S24. Process, Component, Clusters, KEGG, Compartments,
Pfam and InterPro Enrichment in SIMYB50 and SLMYB86 protein
interaction network analysis found in flc mutants.

Table S25. Gene expression of the genes contained in SIMYB50
and SIMYB86 protein interaction network. Data extracted from
Table S4.
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