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Tomato is a horticultural crop of high economic and nutritional value.
Suboptimal environmental conditions, such as limited water and nutrient
availability, cause severe yield reductions. Thus, selection of genotypes
requiring lower inputs is a goal for the tomato breeding sector. We screened
10 tomato varieties exposed to water deficit, low nitrate or a combination of
both. Biometric, physiological and molecular analyses revealed different stress
responses among genotypes, identifying T270 as severely affected, and T250 as
tolerant to the stresses applied. Investigation of transcriptome changes caused
by combined stress in roots and leaves of these two genotypes yielded a low
number of differentially expressed genes (DEGs) in T250 compared to T270,
suggesting that T250 tailors changes in gene expression to efficiently respond
to combined stress. By contrast, the susceptible tomato activated
approximately one thousand and two thousand genes in leaves and roots
respectively, indicating a more generalized stress response in this genotype. In
particular, developmental and stress-related genes were differentially
expressed, such as hormone responsive factors and transcription factors.
Analysis of differential alternative splicing (DAS) events showed that
combined stress greatly affects the splicing landscape in both genotypes,
highlighting the important role of AS in stress response mechanisms. In
particular, several stress and growth-related genes as well as transcription
and splicing factors were differentially spliced in both tissues. Taken together,
these results reveal important insights into the transcriptional and post-
transcriptional mechanisms regulating tomato adaptation to growth under
reduced water and nitrogen inputs.
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differential gene expression, differential alternative splicing, leaf, root, water deficit,
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Introduction

Agriculture is the single human activity consuming the
highest amount of water. An increased frequency and duration
of drought spells, due to climate change dynamics, may result in
a higher water demand for agricultural activities. Nitrate
fertilization causes the formation of greenhouse gases,
contributing to climate change (Voigt et al., 2017). Thus, the
development of genotypes with lower demands in terms of water
and nitrate inputs, coupled with optimized management
practices, may reduce the environmental impact of agricultural
practices while improving stress resilience, and is thus
considered a priority in plant breeding.

Tomato is an important vegetable crop in terms of economic
value and as a dietary source of beneficial compounds.
Cultivation in open fleld is often challenged by drought stress,
which, depending on duration and intensity, can cause stomata
closure and reduced photosynthesis, a reduced leaf water content
and an overall reduction in size and leaf number, leading to a
lower leaf area and biomass accumulation (Iovieno et al., 2016;
Landi et al., 2017; Zhou et al,, 2017). In addition, drought can
reduce nitrate uptake in tomato, imposing further constraints on
plant growth (Sanchez-Rodriguez et al., 2011).

Similarly, nitrogen deficiency also has macroscopic effects on
plant growth and accumulation of dry matter, by causing
reduced protein synthesis and hormone imbalances, among
other effects (Scholberg et al., 20005 Scheible et al., 2004).

Drought and N availability are perceived by root systems,
leading to modifications of root architecture, with tomato
primary root growth favored over lateral root development
under water deficit, and a general inhibition of root growth in
the case of low N (Abenavoli et al., 2016; Machado et al., 2022).

Genome-wide expression studies, in addition to classical
genetics have contributed to identify drought responsive genes
and QTLs that may be important to improve tomato tolerance to
drought stress (Gur and Zamir, 2004; Gong et al., 2010; Tovieno
etal, 2016; Liu et al., 2017). Transporters and enzymes regulated
by nitrate availability and important for uptake, translocation
and metabolism of nitrate have been identified (Abenavoli et al.,
2016). However, a combination of drought stress and nitrate
deficiency, and the resulting molecular changes in tomato has
been little explored.

Alternative splicing (AS) is a co- and post-transcriptional
regulatory mechanism that gives rise to multiple transcripts
from a single gene. AS occurs when the spliceosome
recognizes different splice sites in the pre-mRNA, leading to
inclusion of introns (Intron Retention, IR) or exclusion of exons
(Exon Skipping, ES), completely or partially (Alternative Donor
or Acceptor site, A5’SS or A3’SS), in mature mRNA (Syed et al.,
2012; Chaudhary et al., 2019a).

In plants, AS regulates up to 70% of multi-exon genes
(Zhang et al., 2017; Calixto et al., 2018; Jabre et al., 2019). IR
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represents the predominant AS event, often generating
transcripts harboring premature stop codons, which are
retained in the nucleus (Jia et al., 2020), degraded via
nonsense-mediated mRNA decay (NMD) or translated into
truncated proteins (Filichkin and Mockler, 2012; Syed et al,
2012; Chaudhary et al., 2019b). Some introns, named exitrons,
present characteristics of protein-coding exons. Splicing of these
exitrons modifies protein domains, affecting severely the protein
function (Marquez et al,, 2015). During different developmental
stages and under environmental stress conditions, AS
mechanisms contribute to modulate the ratio between
functional and non-functional protein isoforms.

In tomato, Clark and colleagues (2019) integrated genomic
and transcriptomic data to analyze the AS landscape, estimating
that 65% of annotated protein-coding genes generate multiple
transcript isoforms. Recent studies have characterized
differential alternative splicing (DAS) in different tissues, in
response to hormones or abiotic stresses, such as heat or
drought (Zouine et al., 2014; Wang et al, 2016; Lee et al,
2020; Yang et al.,, 2020). Analysis of tomato seedlings, flowers
and fruits showed that the number of splice variants per gene
was higher in developing fruit compared to other organs,
indicating distinctive, tissue-specific AS regulation (Sun and
Xiao, 2015).

In addition, stress-responsive AS events may be differentially
regulated depending on the tissue examined, as shown in maize
(Thatcher et al, 2016). Indeed, Keller and colleagues observed
extensive AS regulation in tomato pollen, a heat-sensitive tissue,
in response to heat stress, where most of the transcript isoforms
identified were partially or fully lacking functional domains
(Keller et al., 2017).

Recently, AS pattern in response to heat and drought
combination was studied in wheat as well as in tea plants,
showing that combined stress can induce specific AS (Liu
et al., 2018; Ding et al., 2020; Ding et al., 2022).

Here, we subjected ten tomato varieties to a combination of
drought stress and low nitrate. By analyzing physiological and
growth parameters, we selected T270 and T250 as sensitive and
least affected by stress, respectively to analyze changes in gene
expression and splicing landscape in two different tissues, root
and leaf. We found key differences in terms of differentially
expressed (DEGs) and spliced (DAS) genes, which thus
highlighted the independent and specific role of AS in
adaptation to stress condition.

Materials and methods
Plant material and growth conditions

Ten Solanum lycopersicum L. genotypes including reference
genotype M82 (T162) and landraces from Southern Italy were
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used in this study. Supplementary Datasheet S1 provides a list
and main characteristics of the genotypes. Landraces under
study were selected as tolerant in terms of yield to low water
input conditions applied by local farmers, with the exception of
T270, reported as sensitive. Seeds were germinated at a nursery
(Coral Plant, Italy) in soil in a semi-controlled greenhouse, and
irrigated daily with standard nutrient solution. At two true leaves
stage, seedlings were transplanted to 15 L pots containing river
sand, previously imbibed to field capacity with water, and
maintained in semi-controlled conditions glasshouse. At
transplant, plants were divided in eight blocks, each containing
three to four replicates per genotype and watered for one week
with control nutrient solution. One week after transplant, two
blocks were used for each of four treatments: Control (10.2 mM
NO3; 100% water supply), Low Nitrate (2.88 mM NO3; 100%
water supply), Drought (50% water supply) and Combined
Stress (2.88 mM NO; with 50% water supply). Plants
belonging to Control and Low Nitrogen treatments were
irrigated daily until pot saturation (100% water supply), while
in Drought and Combined treatments the time of irrigation was
halved to provide 50% water supply. Nitric acid (HNO;) was
added to the nutrient solution to differentiate the treatments in
terms of nitrogen supply. To maintain pH to 5.7+ 0.1 in the
different nutrient solutions, Na,CO5; was used to buffer excess
acidity provided by HNOj; addition in control and drought stress
conditions. Similarly, NaCl was added in low nutrient and
combined stress solution to keep Na* concentrations similar in
all the treatments. Nutrient solution compositions were as
follows: Control (Foliar drop 0.5 g/L, Brexil 0.05 g/L, KH,PO,
0.1 g/L, Na,CO; 0.675 g/L, NaCl 0.15 g/L, HNO; (65%) 0.675
ml/L); Low Nitrate (Foliar drop 0.5 g/L, Brexil 0.05 g/L, KH,PO,
0.1 g/L, NaCl 0.3 g/L, HNO; (65%) 0.2 ml/L), Drought (Foliar
drop 1 g/L, Brexil 0.1 g/L, KH,PO, 0.2 g/L, Na,CO; 1.35 g/L,
HNO; (65%) 1.35 ml/L) and Combined Stress (Foliar drop 1 g/L,
Brexil 0.1 g/L, KH,PO, 0.2 g/L, NaCl 0.6 g/L, HNO; (65%) 0.2
ml/L)). A preventive phytosanitary treatment (PREVICUR®
Fungicide, Bayer CropScience) was conducted 9 days
after transplant.

Plants were cultivated under stress conditions for 30 days
and then harvested for molecular and biometric analyses. Leaf
(youngest fully expanded leaf) and root samples for RNA
extraction were collected and snap frozen in liquid nitrogen.

Physiological parameter measurements

To monitor stress progression, chlorophyll content was
measured on three leaves of each individual plant per
treatment using Chlorophyll meter SPAD-502Plus (Konika
Minolta, Japan). Stomatal conductance, monitored through
porometer AP4-UM3 (Delta-T Devices, UK), and Leaf relative
water content (LRWC) were measured on three replicates per
genotype per treatment. For LRWC, excised leaves were
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immediately weighed obtaining the fresh weight (FW) and
hydrated with distilled water for 24 hours to obtain the turgid
weight (TW). Leaf samples were then oven-dried at 70°C for 72
hours and dry weight (DW) was measured. The LRWC
percentage was calculated using the following equation: LRWC
(%)=(FW-DW)/(TW-DW) x100.

Growth parameter measurements

At harvest, aerial part and roots were collected and
separated. Roots were washed to remove residual sand. Plant
height, shoot fresh weight, shoot dry weight, root fresh and dry
weight, and leaf area were measured using 6 to 8 replicates per
treatment per genotype. To obtain shoot dry weight, samples
were oven-dried at 70°C until a stable weight was reached. Plant
leaf area was measured on excised leaves of all plants using a
scanning planimeter (LI — 3400 area meter, Licor).

Statistical analysis

One way analysis of variance (ANOVA) within each
genotype was carried out on physiological and growth
parameters using the SPSS software package (SPSS 19 for
Windows, SPSS Inc., an IBM Company, United States). When
ANOVA indicated significant differences among treatments,
mean separation was performed using the Duncan’s multiple
range test. Different letters shown in figures indicate significant
difference at p< 0.05.

Heatmap construction

The cluster heatmap was produced with ClustVis tool
(http://biit.cs.ut.ee/clustvis/) using Euclidean distance as the
similarity measure and Ward as linkage rule (Metsalu and
Vilo, 2015). Per each parameter and genotype, the percent
variation induced by the different treatments compared to the
control was used as data input.

RNA sequencing

Total RNA was isolated from 100 mg of root and leaf
samples using RNeasy Plant Mini Kit (Qiagen, Germany)
according to manufacturer’s instructions.

For RNA deep sequencing, three biological replicates per
genotype from control and combined stress treatments were
used. The sequencing service was provided by Macrogen Europe
(https://www.macrogen-europe.com/). Raw sequences are
available at the National Center for Biotechnology Information
Sequence Read Archive, bioproject PRINA855575. The quantity

frontiersin.org


http://biit.cs.ut.ee/clustvis/
https://www.macrogen-europe.com/
https://doi.org/10.3389/fpls.2022.974048
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ruggiero et al.

and the quality of RNA (RNA integrity) were assured by using
an Agilent Technologies (USA) 2100 Bioanalyzer. The poly-A
tailed mRNA was collected with poly-T oligo beads of TruSeq
stranded mRNA kit (Illumina, USA). The cDNA was
synthesized from the randomly fragmented RNAs. The cDNA
fragments were selected to obtain an optimal insert size of 200-
400 bp. The sequencer specific adaptors and indexes were
attached to the cDNA fragments to generate the libraries
according to the TruSeq stranded mRNA kit instructions. The
size and quantity of target-enriched libraries were confirmed by
TapeStation D1000 Screen Tape (Agilent) and quantitative PCR
following the standard Illumina qPCR Quantification Protocol.
The normalized and pooled libraries were loaded into the flow
cell of NovaSeq 6000 Illumina sequencer, where the bridged
amplification reaction of these libraries occurred, and a series of
images were captured from the extension of nucleotides
possessing reversible fluorophore and termination properties.

Transcriptomic and differential
splicing analysis

Prior to further analysis, a quality check was performed on
the raw sequencing data by using FastQC. (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/), then low
quality portions of the reads were removed with BBDuk
(sourceforge.net/projects/bbmap/). The minimum length of the
reads after trimming was set to 35 bp and the minimum base
quality score to 25. On average, 51.8 million filtered reads were
obtained per sample. The high quality reads were aligned against
the Solanum lycopersicum reference genome sequence
(ITAG4.0) with STAR aligner (version 2.5.0c, Dobin et al,
2013). On average 86% of the reads could be uniquely mapped
to the reference genome. FeatureCounts (version 1.4.6-p5, Liao
et al, 2014) was used together with the ITAG4.0 annotation to
calculate gene expression values as raw read counts. Normalized
TMM and FPKM values were calculated. All the statistical
analyses were performed with R with the packages HTSFilter
(Rau et al,, 2013) and edgeR (Robinson et al.,, 2010). The first
step was the removal of not expressed genes and the ones
showing too much variability. The HTSFilter package was
chosen for this scope, which implements a filtering procedure
for replicated transcriptome sequencing data based on a Jaccard
similarity index. The “Trimmed Means of M-values” (TMM)
normalization strategy was used. The filter was applied to the
different experimental conditions in order to identify and
remove genes that appear to generate an uninformative signal.
The overall quality of the experiment was evaluated, on the basis
of the similarity between replicates, by a Principal Component
Analysis (PCA) using the normalized gene expression values as
input. The differential expression analysis was performed to
identify the genes that are differentially expressed in all
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comparisons. Only genes with an FDR equal or lower than
0.05 were considered as Differentially Expressed Genes (DEGs).

In order to identify the number of different splicing events
the software rMATS (V 3.2.5, Shen et al., 2014) was used. Prior
to further analysis, the high quality reads were aligned against
the reference genome with STAR aligner (version 2.5.0c), with
Local Mapping and in double pass. rMATS was then used with
the following options: -t “paired” -libType “fr-firststrand” -
readLength 150 -variable-read-length —anchorLength 15 -
allow-clipping -novelSS -mil 3 -mel 13575. The -novelSS
option was used since the ITAG4.0 annotation does not report
splicing variants. An FDR filter of<=0.05 and an absolute
minimum Inclusion Difference of 0.25 was used to detect
significant differences in splicing. Furthermore, for further
analysis were considered events supported by at least 20 reads
as the sum of reads in all treatments in each of the pairwise
comparisons for each of the including form and the skipping
form. For the DEGs and significantly different splicing events, a
Gene Ontology Enrichment Analysis (GOEA) was performed to
identify the most enriched Gene Ontology (GO) categories
across the down- and up-regulated genes following the
method described in Tian et al. (2017). The Gene Ontology
annotation was updated using the software Pannzer2 (Toronen
et al, 2018) providing the FASTA file of the proteins as input
and selection the following options: Minimum query coverage
0.4 or minimum subject coverage 0.4 and minimum alignment
length 40. Transcriptomic and differential splicing analysis was
performed by Sequentia Biotech (http://www.sequentiabiotech.
com). Differential splicing results were validated through RT-
qPCR. Primers used are listed in Supplementary Datasheet S2.

Results

Physiological response to single and
combined stress

To identify tomato genotypes with contrasting responses to
combined stress, we cultivated 10 genotypes, including landraces
and varieties (Supplementary Datasheet S1) in single pots in four
different conditions: Control, Low Nitrate, Drought and
Combined Stress. Physiological measurements confirmed a
lower chlorophyll content in low nitrate and combined stress
treatments, and a low stomatal conductance in plants subjected
to drought or combined stress (Supplementary Figure S1). After
30 days of growth under stress, biometric parameters were
measured (Figure 1). Concerning plant height, genotypes
T162, T249, T250 displayed no difference between the
treatments (Figure 1A). The remaining six genotypes showed
significantly lower height in drought and combined stress
treatment compared to control; genotype T270 showed the
biggest difference in height between combined (49 cm) and
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control treatment (63 cm) (Figure 1A). Leaf area (LA) measured
in stressed plants was lower than that of the control treatment, in
all genotypes; however, single stresses resulted in a bigger
penalty in the leaf area than combined stress (Figure 1B).
Notably, T250 was the only genotype with virtually no
difference in LA in combined stress (909 cm?), compared to
control (1024 cmz), whereas T275 was the most affected, with a
LA in combined stress approximately half that of the control
(Figure 1B). Shoot fresh and dry weight of all genotypes were
reduced in the stress treatments (Figures 1C, D); T250 was least
affected by stress (-12.68% shoot fresh weight and +3% shoot dry
weight in combined stress) (Figures 1C, D). On the opposite end,
T276 and T270 showed the biggest reduction in weight in
combined stress compared to control treatment (Figure 1D).
Thus, combined stress had a different impact on growth
parameters depending on the genotype tested. As summarized
in the heatmap provided in Figure 2, extensive variations in
percentage differences of physiological and biometric parameters
measured in combined stress vs. control treatment were
observed, with T250 showing little or no reduction in several
biometric parameters, and was thus considered tolerant, whereas
T270, like other genotypes, was severely affected by combined
stress and was thus selected as sensitive genotype. These two
genotypes showed obvious differences in root systems, with
T250 having a smaller root and T270 a more developed root
system (Table 1). In addition, T250 had a lower root/shoot ratio,
stable in control and combined stress conditions, whereas T270,
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similarly to T276 and T263, was characterized by a higher root/
shoot ratio showing a significant increase in combined stress
(Table 2). Thus, T250 and T270 (Figure 3) were selected for
further molecular analyses.

Impact of combined stress on root and
leaf gene expression

To investigate gene expression changes elicited by combined
drought stress and low N in tomato, and responsible for the
phenotypic and physiological changes observed, a
transcriptomic analysis was performed on T250 and T270,
with the aim of identifying common or specific responses.
Given the importance of the root systems in the perception of
water/nutrient availability and their uptake, RNA was extracted
and sequenced from roots in addition to leaves, collected 30 days
after stress initiation. Out of 34,075 genes annotated in the
reference genome sequence (ITAG4.0), ~ 22, 000 unigenes on
average were expressed (FPKM > 1), of which ~ 52% were found
in leaves and ~ 57% in roots of both genotypes (Supplementary
Figure S2A). Venn diagrams were then constructed, highlighting
that over 90% of expressed genes in control conditions were
common to the two genotypes in both tissues, whereas ~ 5% on
average were specific (Supplementary Figure S2B). Despite the
high number of shared genes, gene expression levels were
different in the two genotypes, especially in leaves. Indeed, by
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performing the differential expression analysis in the pairwise
comparison T250 vs. T270, 1,086 differentially expressed genes
(DEGs) were found in leaves (588 up-regulated and 498 down-
regulated), whereas only eight genes (six up-regulated and two
down-regulated) were annotated as DEGs in roots, suggesting
that the root transcriptomes in the two genotypes were
comparable (Supplementary Datasheet S3). Gene Ontology
Enrichment Analysis (GOEA) revealed several GO terms
involved in stress response-related categories as significantly
enriched (FDR< 0.05) in the tolerant genotype, along with
categories related to plant development (Supplementary
Figure S2C).

Pairwise comparisons were also carried out in stressed
samples versus their respective control (Supplementary
Datasheet 54). As shown in Figure 4A, responses in terms of
the total number of DEGs elicited by combined stress in leaves
were different in the two genotypes. Indeed, 2,460 DEGs were

TABLE 1 Root biometric parameters in control treatment.

Genotype Root fresh weight (g) Root dry weight (g)
T250 17.32 % 137 1.47 + 0.13
T270 64.87 +2.59 4.87 £ 0.32

Values indicate mean + SE (n>6).
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identified in the leaves of the former genotype, whereas only 204
were found in the latter (Supplementary Datasheet 54). GOEA
and Venn diagrams highlighted how gene expression changes
elicited in leaves were genotype-specific, with less than 30 genes
being up- or down-regulated and common between T250 and
T270 (Figures 4B-D). Among enriched GO terms, different
categories related to photosynthesis were differentially
regulated in the two genotypes. In T250, GO terms such as
“photosynthesis”, light harvesting” and “response to light
stimulus”, “photosystem I”, “photosystem II”, “chlorophyll
binding” were enriched among up-regulated DEGs, including
several genes encoding Chlorophyll a-b binding proteins. By
contrast, in T270 leaves, several GOs related to catabolic
processes were enriched among up-regulated genes, including
autophagy and protein-ubiquitination related GOs as well as an
“mRNA destabilization” (Figure 4C). GO “chlorophyll
biosynthetic process” was enriched among down-regulated
genes together with several categories related to plastid
function and biology (Figure 4D).

Among the other genotype-specific changes in the sensitive
T270, 30 genes coding for histones (histone H1, histone H2A,
histone H2B, histone 3 and histone 4) were down-regulated, in
addition to ten genes encoding heat shock proteins and one
Pyrroline-5-carboxylate reductase; this latter known to be
involved in proline biosynthesis (Supplementary Datasheet S4).
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TABLE 2 Root/shoot ratio in control and combined stress treatments.

Genotype Control Combined stress
T162 0.29 + 0.04 (b) 0.48 + 0.08 (a)
T247 0.30 £ 0.03 (b) 0.58 £ 0.07 (a)
T249 0.16 + 0.02 (b) 0.30 + 0.04 (a)
T250 0.17 £ 0.01 (n.s.) 020 £ 0.02 (n.s.)
T263 0.34 £ 0.03 (ns.) 038 £ 0.05 (n.s.)
T265 0.24 £ 0.02 (n.s.) 0.38 £ 0.07 (n.s.)
T270 0.30 + 0.03 (b) 057 +0.02 (a)
T275 0.20 + 0.02 (b) 0.46 + 0.07 (a)
T276 0.30 + 0.03 (b) 0.71 £ 0.08 (a)
T279 0.20 + 0.03 (b) 047 + 0.06 (a)

Values indicate mean + SE (n>6); different letters indicate significant difference within
each genotype at p< 0.05 (Duncan test). N.s., non significant.

Exclusively up-regulated genes in T270 leaf included 12 nitrate
transporters, five heat shock proteins, three heat shock factors,
three PYLs and two LEAs, whereas only 66 genes were exclusively
up-regulated in T250, including a Nitrate Transporter in addition
to the Chlorophyll a/b binding proteins described above
(Supplementary Datasheet S4).

As was true for leaves, responses in terms of the total number
of DEGs in roots was higher in the susceptible genotype T270
compared to the tolerant T250, since 3,912 and 692 DEGs were
identified, respectively (Supplementary Datasheet S4; Figure 5A).
GOEA analysis and Venn diagrams revealed interesting genotype-
specific and shared features (Figures 5B-D). Among genotype-
specific changes, GOs related to galactinol galactosyltransferase
activity were up-regulated in susceptible T270, along with
“response to nitrate” and “response to water”, whereas
“regulation of circadian rhythm” and “response to heat” were
induced in the tolerant T250 (Figure 5C). Concerning GOs
enriched among down-regulated genes, “water transport” and

FIGURE 3
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“nitrate transport” were identified in T250, whereas “nitrate
assimilation” was peculiar to T270 (Figure 5D), pointing to
different responses of the root systems in the two genotypes.
The sensitive genotype showed 1,986 exclusively induced DEGs
(Figure 5B), including osmotic stress responsive genes such as
HSPs, LEAs, ERDs, AREB Transcription factors, and a Delta-1-
pyrroline-5-carboxylate synthase (P5CS) that catalyzes the first two
steps in proline biosynthesis. Different candidates belonging to the
same gene families were also identified in T250 roots but in lower
number (Supplementary Datasheet S4). In addition, as shown in
Figure 5B, root tissues shared 163 and 185 commonly down and
up-regulated genes, respectively. Among the former dataset, a
gene coding for a putative Wuschel protein was in common
between T250 and T270, together with three nitrate transporters
and ABA receptor PYL4. By contrast, among the second dataset,
six HSPs, six HSFs, three NRTs, two LEAs, one dehydrin, and
ABA receptor PYL10 were found (Supplementary Datasheet S4).

Alternative splicing regulation

We investigated the common and genotype-specific
alternative splicing (AS) regulation in response to combined
stress in T250 and T270 leaf and root tissue. Multivariate
Analysis of Transcript Splicing software (rMATS) was used to
investigate AS events, including intron retention (IR), alternative
3 or 5’ splice site (A3SS; A5SS), exon skipping (ES) and mutually
exclusive exon (MXE) (Supplementary Datasheet S5). Pairwise
comparisons identified differential alternative splicing (DAS)
events, and the concerned genes, in both control and stress
conditions (Figure 6, Supplementary Datasheets S6-S11). The
DAS events identified through RNA-seq were validated by RT-
qPCR, and the presence of non-canonical splice variants was
verified in additional genotypes (Supplementary Figure S3).

Representative plants of genotypes T250 (left) and T270 (right) grown for 24 days in Control (Ct), Low Nutrient (LN), Drought (Dr) or Combined

stress (Cm) condition.
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Differentially expressed genes (DEGs) and enriched Gene Ontology terms in leaves of T250 and T270 subjected to combined stress. (A) MA plots
depicting the distribution of DEGs (green dots, down-regulated, red dots, up-regulated) in T270 (left) and T250 (right) leaves. X-axis: log, mean
expression across treatments; Y-axis: log, expression fold change in combined stress vs. control treatments. (B) Venn diagrams depicting
number and overlap of up-regulated (upper panel) and down-regulated (lower panel) DEGs in leaves of combined stress-treated T250 and
T270. The diagrams were drawn using the online tool Venny (Oliveros, 2007-2015); (C, D) Plots showing enriched GO terms in leaf DEGs up (C)
or down-regulated (D) in T270 (left) or T250 (right). Symbols indicate GO categories: MF, Molecular Function; CC, cellular compartment, BP,
biological process. Symbol sizes are proportional to the gene count, whereas colors represent FDR values< 0.05. X-axis: enrichment score.

Categories with ES> 5 and gene count > 4 are shown.
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FIGURE 5

Differentially expressed genes (DEGs) and enriched Gene Ontology terms in roots of T250 and T270 subjected to combined stress. (A) MA plots
depicting the distribution of DEGs (green dots, down-regulated, red dots, up-regulated) in T270 (left) and T250 (right) roots. X-axis: log, mean
expression across treatments; Y-axis: log, expression fold change in combined stress vs. control treatments. (B) Venn diagrams depicting
number and overlap of up-regulated (upper panel) and down-regulated (lower panel) DEGs in roots of combined stress-treated T250 and T270.
The diagrams were drawn using the online tool Venny (Oliveros, 2007-2015); (C, D) Plots showing enriched GO terms in root DEGs up (C) or
down-regulated (D) in T270 (left) or T250 (right). Symbols indicate GO categories: MF, Molecular Function; CC, cellular compartment, BP,
biological process. Symbol sizes are proportional to the gene count, whereas colors represent FDR values< 0.05. X-axis: enrichment score.
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depicting the number of genotype-specific and common (DAS) genes.

In all pairwise comparisons, IR was the most abundant
category, consistent with previous studies in plants (Filichkin
etal, 2010; Chaudhary et al., 2019a), whereas MXE was the least
represented (Figures 6A B; Supplementary Figure S4A).

When genotypes were analyzed under control conditions,
934 and 1,210 events were identified in root and leaves,
respectively, and annotated as DAS in the tolerant genotype
compared to the susceptible one (Supplementary Datasheets S6-
S7). GOEA analysis on this subset revealed GO terms involved in
the regulation of gene expression, RNA binding, nucleoplasm
and peroxisome as significantly enriched in both leaves and
roots of the tolerant genotype T250 compared to the susceptible
T270 (Supplementary Figures S4B, C).

In stress conditions, we observed a substantial number of
genes subjected to DAS under stress in both genotypes.
Consistent with DEGs, a higher number of DAS events were
detected in roots (Figure 6C). In particular, we detected 2,152
and 1,839 DAS events in T270 and T250 roots, respectively,
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compared to 1,547 and 1,440 in leaves. Less than 30% of genes
concerned by DAS were shared by the two genotypes in both
tissues (Figure 6D). In detail, the percentage of events common
to the two genotypes was lower than 8% for A3SS and A5SS, and
lower than 10% in the case of SE, IR and MXE. For all categories,
the common events were lower in leaves compared to roots
(Table 3). The fraction of genotype-specific A3SS events was
highest in T270 leaves (84%) compared to T250 leaves (14%),
whereas similar percentages were found in roots (50% in T270
and 44% in T250) (Table 3).

To better understand the correlation between gene
expression and RNA processing regulation, we compared DAS
genes to DEGs. Little overlap was detected between DAS and DE
genes in both genotypes. In T250 in particular, only 3 and 34
differentially regulated genes in leaf and root respectively, were
also regulated by DAS (Table 4; Supplementary Datasheet S12).

GOEA analysis was performed to investigate the biological
functions and the cellular component of genes that undergo DAS
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TABLE 3 Number of shared and genotype-specific transcripts subjected to each of the five splicing types of event in T250 and T270 leaf and root.

Splicing event T250 total
ﬁ i A3SS leaf 57
A3SS root 315
i'} it A5SS leaf 195
A5SS root 230
MXE leaf 44
MXE root 50
i? IR leaf 688
IR root 741
; ; ES leaf 151
ES root 138

T270 total T250 specific T270 specific Common
307 49 299 8
14% 84% 2%
352 272 309 43
44% 50% 7%
161 177 143 18
52% 42% 5%
234 194 198 36
45% 46% 8%
25 38 19 6
60% 30% 10%
50 41 41 9
45% 45% 10%
630 570 512 118
48% 43% 10%
814 599 672 142
42% 48% 10%
131 128 108 23
49% 2% 9%
174 109 145 29
39% 51% 10%

A3SS, alternative 3’ splice site; A5SS, alternative 5’ splice site; MXE, mutually exclusive exon; IR, intron retention; ES, exon skipping.

in response to combined drought and low nitrogen stress
(Supplementary Figures 54-55). In leaves, categories such as
“response to abiotic stimulus” and “photosynthesis” were
enriched among DAS genes in T270, whereas “cellular
homeostasis” and “cell growth” terms were enriched in T250
(Supplementary Figure S5). In roots, categories such as
“peroxisome”, and “response to extracellular stimulus” were
specific to the tolerant T250, whereas “endomembrane system”
and “tropism” were found only in T270.

Interestingly, we identified many genes involved in TOR
pathway, major regulatory pathway controlling plant growth. For
example, a transcript retaining intron of putative tomato TOR
orthologous gene (Solyc01¢g106770.4) was down-regulated in T250

roots. Additional orthologous genes involved in TOR pathway such
as LST8 and RAPTOR2 were also differentially spliced in T250.
Among other genes that underwent DAS under combined
stress, we detected alteration in key players involved in
phytohormone metabolism, transport and signaling, abscisic
acid, ethylene and auxin-related pathways. For example,
numerous protein phosphatases belonging to the PP2C family,
such as SIPP2C30 (Solyc03¢121880), a member of group A of
PP2C (Qiu et al., 2022), underwent alternative splicing
regulation in T250 or T270 roots. This is noteworthy since
clade A PP2Cs are negative regulators of ABA responses and are
involved in several physiological and biochemical processes
during biotic and abiotic stress responses (Lee and Luan, 2012).

TABLE 4 Number and fraction of DEGs and DAS genes in T250 and T270 leaf and root in combined stress condition.

Genotype Tissue Number of DEGs Number of DAS DEGs Specific DAS Specific Common
T250 leaf 204 885 201 882 3
(18.5%) (81.2%) (0.3%)
root 692 1089 658 1055 34
(37.7%) (60.4%) (1.9%)
T270 leaf 2460 955 2348 843 112
(71.1%) (25.5%) (3.4%)
root 3912 1205 3721 1014 191
(75.5%) (20.6%) (3.9%)
Frontiers in Plant Science 11 frontiersin.org
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Several splice variants of stress and hormone-related
transcription factors were also detected, including MYBs,
bHLHs, bZIPs, WRKYs, Heat Shock Transcription factors and
Auxin Response Factors, indicating that AS regulates their
activity in response to combined stress.

Similarly, numerous intron-retaining variants of splicing
factors, such as Serine/Arginine-rich-splicing factor SR46a
(Solyc064076670), RS40 (RS41, Solyc11g072340), SCL30A
(SCL29, Solyc11g072340) were differentially spliced.

Discussion

Drought stress and low nitrate availability limit tomato plant
growth, as shown here and in previous reports (e.g. lovieno et al.,
2016; Abenavoli et al., 2016). Because reduction of inputs in
agriculture and improvement of plant stress tolerance are
becoming increasingly urgent issues, we have focused on the
combined drought/low N stress condition, analyzing tomato
responses in terms of morpho-physiological and transcriptomic
changes in different genotypes. The combined stress condition
applied had a different impact depending on the biometric or
physiological parameter and the genotype examined, indicating
that strategies to withstand simultaneous stresses may vary
among genotypes (Figures 1-3, Tables 1-2). Combined stress
had little impact on leaf area and shoot weight of T250, whereas
growth of T270 was severely hindered. Root systems of the two
genotypes were dramatically different, with T250 having a small
root apparatus in terms of dry weight, and a lower root/shoot
ratio compared to T270 or other genotypes analyzed here
(Table 2). An increase in root/shoot ratio is a common
response to limited nitrate and water availability, and is a trait
often observed in tolerant genotypes (Koevoets et al., 20165
Moles et al., 2018). T270 increased the root/shoot ratio in
response to combined stress, whereas this parameter remained
low and stable across the treatments in the tolerant T250, thus
suggesting that T250 may possess a root system that maybe pre-
adapted to stressful environments that does not require adaptive
modifications. In addition, T250 shows the lowest biomass
accumulation also in control conditions, which may aid in
maintenance of tissue water and N status under stressful
conditions (Araus et al., 2020).

The analysis of transcriptomic changes of T250 and T270
leaf and root in control and under combined drought stress and
nitrogen deficiency conditions gave a comprehensive view of
differential expression and alternative splicing of transcripts
(Figures 4-6, Supplementary Datasheets S3-S12). In both
genotypes, combined stress caused most transcriptomic
changes in roots (Figures 4-5), consistent with a previous work
carried out in spinach (Joshi et al., 2020).

Cytokinins (CKs) contribute to modulation of lateral root
proliferation and mediate one of the major long-distance root to
shoot nitrogen signaling pathways (Ruffel et al,, 2011; Zhang et al,,
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2020), starting from adenosine phosphate-isopentenyl-transferase
(IPT), which catalyzes the initial and rate limiting step of CKs
biosynthesis. In our RNAseq results (Supplementary Datasheet 54),
a gene coding for IPT (Solyc04g007240.1) was present and up-
regulated only in T270 root, while another Solyc09g064910.1 was
repressed in T270 leaf, possibly indicating enhanced CK synthesis in
T270 root. In addition, in T270, eight genes implicated in the CKs
activation pathway were differentially expressed, indicating a CK-
dependent modulation of transcription, which could possibly
contribute together with other pathways to the increase in root/
shoot ratio observed in T270. CKs are implicated in the
maintenance of the stem cell homeostasis in the shoot apical
meristem, by inducing WUSCHEL (WUS) (Chickarmane et al,
2012), and repressing CLAVATA3 (CLV3) expression (Nimchuk
et al,, 2015). WUS acts as a positive regulator for the expression of
CLV3, which in turn negatively regulates the meristem size by
suppressing WUS expression (Ikeda and Ohme-Takagi, 2014).
CLV3 (Solyc11g066120.3) and WUS (Solyc11g072770.2) were
both down-regulated in T270 root, consistent with the markedly
reduced growth of T270 in combined stress condition compared
to T250.

ABA-dependent pathways of stress response are implicated
in both drought and nitrogen deficiency (Machado et al., 2022).
Interestingly, 10 genes encoding PYR/PYL ABA receptors were
differentially expressed in T270 root, most of them down-
regulated, compared to only 2 in T250, suggesting that
repression of expression of PYLs may contribute to stress
signal desensitization (Ali et al., 2021) in T270.

Drought stress and nitrogen deficiency also impair
photosynthesis (Iovieno et al., 2016; Mu and Chen, 2021);
under drought in particular, several GO categories related to
photosynthesis were enriched in clusters showing down-
regulation in drought stressed samples, including those
containing light-harvesting chlorophyll a/b-binding protein
coding genes (LHCBs, lovieno et al, 2016). In T250 exposed
to combined stress, “Photosynthesis, light harvesting” and
“Response to light stimulus” GOs, as well as 12 LHCBs were
up-regulated in leaf, indicating an active photosynthetic
machinery. It is reported that the Arabidopsis LHCBs are
positively involved in guard cell signaling in response to ABA,
and they may affect ABA signaling partly by modulating ROS
homeostasis (Xu et al,, 2012). In addition, over-expression of
several LHCBs was shown to improve stress tolerance (Zhao
et al, 2020). The observed up-regulation of LHCBs in T250
leaves may thus contribute to explain the tolerance traits
displayed by this genotype.

In T270 leaves autophagy and protein-ubiquitination related
terms and mRNA destabilization terms were enriched among
up-regulated genes, which may indicate a degradation of
cytoplasmic, protein and RNA material to aid survival under
stress (Su et al., 2020).

Down-regulation of histone coding genes was previously
observed in tomato plants exposed to drought stress and was
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correlated to a reduction of cell division and growth (lovieno
et al, 2016). In our RNAseq results, down-regulation of 36
histone loci was observed in susceptible T270, indicating that
this may contribute to the observed growth arrest under stress.

Alternative splicing (AS) is among the main co- and post-
transcriptional mechanisms involved in plant adaptation to
suboptimal environmental conditions (Laloum et al., 2018;
Punzo et al., 2020). Here, we have identified a high number of
combined stress-related splice events in root and leaf of
genotypes T250 and T270. Interestingly, compared to the low
number of DEGs, the alternative splicing profile of T250
changed strikingly under combined stress (Table 4), suggesting
that AS might represent the prevalent mechanism of
transcription regulation in this genotype.

In tomato, the key regulator of heat stress response HsfA2
(Fragkostefanakis et al., 2016) is also induced in response to
water deprivation, with higher up-regulation in root compared
to leaf (Mishra et al, 2021). Consistent with this report, we
observed severe up-regulation of HsfA2 in roots of both
genotypes. In addition, HsfA2 was recently shown to be
alternatively spliced in response to heat stress, with isoform
abundance being temperature-dependent (Hu et al., 2020; Broft
et al, 2022). The two main variants, HsfA2-II and HsfA2-Ico,
characterized by splicing or retention of intron 2 respectively,
were detected with different abundance in wild or modern
tomato accessions. HsfA2-I was mainly observed in wild
tomatoes and proposed to increase their capacity to rapidly
acclimate against severe heat stress compared with modern
cultivars (Hu et al,, 2020). Interestingly, we observed down-
regulation of HsfA2-Io in T250 roots, suggesting rapid
acclimation to stress of this genotype.

It has been shown that tomato HSFs regulate the expression
of several Serine/arginine-rich (SR) proteins, which are
important regulators of alternative splicing (Rosenkranz et al.,
2021). SR genes are subject to alternative splicing themselves. In
Arabidopsis, abiotic stresses, such as high temperature and
salinity as well as hormones, severely affect splicing of SR
transcripts (Palusa et al., 2007; Duque, 2011). In tomato, 17
SR protein-coding genes were identified. Most of them showed a
reduction in protein levels under heat stress (Rosenkranz et al.,
2021). We observed DAS of numerous members of SR family
under combined stress, including Solyc06g076670 (SI-SR46a),
orthologue of Arabidopsis SR45a.

SR45a acts in Arabidopsis at the early stage of spliceosome
assembly through the interaction with U1-70 K and U2AF35b
(Tanabe et al., 2009; Day et al., 2012), and is involved in different
environmental stress response, such as high-light irradiation and
salinity (Tanabe et al., 2007; Li et al., 2021). Two splice variants
of SR45a are induced by salt stress, SR45a-1a encoding full-
length functional protein and SR45a-1b encoding a truncated
isoform lacking the C-terminal RS domain. SR45a-1a interacts
with the cap-binding protein 20 (CBP20) which regulates the
expression and splicing of salt-related genes. Interestingly, the

Frontiers in Plant Science

13

10.3389/fpls.2022.974048

truncated isoform SR45a-1b promotes the interaction between
SR45a-1a and CBP20, increasing the plant salt-stress tolerance
(Li et al., 2021).

The tomato SI-SR46a is highly expressed in response to heat
stress due to the presence of HS elements (HSEs) in the
promoter, that are bound by HSFs (Rosenkranz et al., 2021).
Interestingly, we detected down-regulation of the ES event of
SR46a in T250 leaf compared to T270 in control condition. This
predicted exon is located in the intron 5 region and contains a
predicted premature terminator codon when included in the
transcript. Thus, we speculate that the identified DAS event in
SI-SR46a may influence the T250 stress tolerance through a
regulatory mechanism similar to Arabidopsis.

Auxin is mainly involved in the regulation of plant growth
and development, however their roles in abiotic stress response
were reported in different species (Jain and Khurana, 2009; Ha
et al, 2013; Sekhwal et al., 2015). In tomato, several Auxin
Response Factors (ARF) are differentially expressed under
drought, salt or flooding condition both in leaves and roots
(Bouzroud et al., 2018). We mainly observed differential
regulation of several ARFs in T270 root. Interestingly, these
factors are also regulated by AS. Studies on tomato fruit set
revealed that over 30% of ARF genes undergo AS, and all the
analyzed splice variants generated frame shift that creates a
premature stop codon (Zouine et al., 2014). We detected several
AREF splicing variants mainly in T250, such as ARF4, ARF8A,
ARF9B, indicating that AS regulates these factors also in
response to combined stress. In Arabidopsis, several ARF
splice variants were characterized. The two isoforms of the
ARF4, ARF4 and AARF4, lacking sequence of exon, showed
different function during carpel development (Finet et al., 2013).
A splicing variant of ARF8.2, ARF8.4, characterized of retention
of intron 8, regulates stamen elongation and endothecium
lignification by directly activation of AUX/IAA19 and MYB26,
more efficiently than ARF8.2. In T250, the intron retention of
ARF4 and ARFS is differentially regulated in response to drought
and nitrogen starvation.

Auxin also represents a key signal for upstream regulation of
the Target of Rapamycin (TOR) kinase pathway (Deng et al,
2016; Schepetilnikov et al., 2017; Pacheco et al., 2021). TOR
coordinates the cell growth with nutrient or energy availability
and hormonal signaling pathways (Punzo et al., 2018; Burkart
and Brandizzi, 2021). In mammals, mTOR undergoes alternative
splicing (Panasyuk et al., 2009). We detected IR events in TOR in
T250 root, suggesting that this regulation may be present also in
plants. Interestingly, in maize root the increased auxin transport
and accumulation under low nitrogen condition induce root
growth through TOR activation (Sun et al., 2020). Recent report
showed that TOR controls alternative splicing in root (Riegler
et al,, 2021). We detected splicing variants of tomato homologs
of TOR-associated protein LST8-2 in T250 root.

Altogether, this study has sought to identify tomato
genotypes with contrasting morphophysiological behaviors
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under combined water and nutrient deficit and establish their
expression and splicing responses to the stress applied. A
number of differentially expressed genes and splice variants
were identified which may contribute to describe the observed
phenotypes. Further studies pursuing a detailed characterization
of selected genes and alternative splicing events identified here
will assess their roles and possible applications in low
input agriculture.

Data availability statement

The data presented in the study are deposited in the National
Center for Biotechnology Information Sequence Read Archive,
accession number PRJNA855575.

Author contributions

AR, PP, MVO, VC, AC, and GB performed experiments;
AR, PP, VC, and SE analyzed data; AM, SG, and GB directed
research; GB conceived the project; GB, PP, AR, and SE wrote
the manuscript with contributions from all authors. All authors
contributed to the article and approved the submitted version.

Funding

This work has received funding from the European Union’s
Horizon 2020 research and innovation program under grant
agreement No 727929 (A novel and integrated approach to
increase multiple and combined stress tolerance in plants using
tomato as a model —TOMRES), and by the CNR Bio-
Memory project.

References

Abenavoli, M. R,, Longo, C., Lupini, A., Miller, A. J., Araniti, F., Mercati, F., et al.
(2016). Phenotyping two tomato genotypes with different nitrogen use efficiency.
Plant Physiol. Biochem. 107, 21-32. doi: 10.1016/j.plaphy.2016.04.021

Ali, A., Pardo, J. M., and Yun, D. J. (2021). Desensitization of ABA-signaling:
The swing from activation to degradation. Front. Plant Sci. 11. doi: 10.3389/
fpls.2020.00379

Araus, V., Swift, J., Alvarez, J. M., Henry, A., and Coruzzi, G. M. (2020). A
balancing act: how plants integrate nitrogen and water signals. J. Exp. Bot. 71 (15),
4442-4451. doi: 10.1093/jxb/eraa054

Bouzroud, S., Gouiaa, S., Hu, N., Bernadac, A., Mila, I, Bendaou, N., et al.
(2018). Auxin response factors (ARFs) are potential mediators of auxin action in
tomato response to biotic and abiotic stress (Solanum lycopersicum). PloS One 13
(2), €0193517. doi: 10.1371/journal.pone.0193517

Broft, P., Rosenkranz, R. R., Schleiff, E., Hengesbach, M., and Schwalbe, H.
(2022). Structural analysis of temperature-dependent alternative splicing of HsfA2
pre-mRNA from tomato plants. RNA Biol. 19 (1), 266-278. doi: 10.1080/
15476286.2021.2024034

Burkart, G. M., and Brandizzi, F. (2021). A tour of TOR complex signaling in
plants. Trends Biochem. Sci. 46 (5), 417-428. doi: 10.1016/j.tibs.2020.11.004

Frontiers in Plant Science

14

10.3389/fpls.2022.974048

Acknowledgments

The authors are grateful to the Department of Agriculture
(IPA Sector) of the Campania Region, Prof. Amalia Barone
(University of Naples Federico II), and La Semiorto Sementi srl
for providing seeds. We thank Vincenzo Cenvinzo (University of
Naples Federico II), Gaetano Guarino and Rosario Nocerino
(CNR-IBBR) for excellent technical assistance, and Rosaria

Avino and Marina Reccia for collection of experimental records.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.974048/full#supplementary-material

Calixto, C. P., Guo, W., James, A. B., Tzioutziou, N. A., Entizne, ]. C., Panter, P.
E., et al. (2018). Rapid and dynamic alternative splicing impacts the arabidopsis
cold response transcriptome. Plant Cell 30 (7), 1424-1444. doi: 10.1105/
tpc.18.00177

Chaudhary, S., Jabre, I, Reddy, A. S., Staiger, D., and Syed, N. H. (2019b).

Perspective on alternative splicing and proteome complexity in plants. Trends Plant
Sci. 24 (6), 496-506. doi: 10.1016/j.tplants.2019.02.006

Chaudhary, S., Khokhar, W, Jabre, I, Reddy, A. S., Byrne, L. J., Wilson, C. M.,
et al. (2019a). Alternative splicing and protein diversity: plants versus animals.
Front. Plant Sci. 10, 708. doi: 10.3389/fpls.2019.00708

Chickarmane, V. S., Gordon, S. P., Tarr, P. T., Heisler, M. G., and Meyerowitz, E.
M. (2012). Cytokinin signaling as a positional cue for patterning the apical-basal
axis of the growing arabidopsis shoot meristem. Proc. Natl. Acad. Sci. U. S. A. 109
(10), 4002-4007. doi: 10.1073/pnas.1200636109

Clark, S., Yu, F,, Gu, L., and Min, X. J. (2019). Expanding alternative splicing
identification by integrating multiple sources of transcription data in tomato.
Front. Plant Sci. 10, 689. doi: 10.3389/fpls.2019.00689

Day, I S., Golovkin, M., Palusa, S. G., Link, A, Ali, G. S., Thomas, J., et al. (2012).
Interactions of SR45, an SR-like protein, with spliceosomal proteins and an intronic

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.974048/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.974048/full#supplementary-material
https://doi.org/10.1016/j.plaphy.2016.04.021
https://doi.org/10.3389/fpls.2020.00379
https://doi.org/10.3389/fpls.2020.00379
https://doi.org/10.1093/jxb/eraa054
https://doi.org/10.1371/journal.pone.0193517
https://doi.org/10.1080/15476286.2021.2024034
https://doi.org/10.1080/15476286.2021.2024034
https://doi.org/10.1016/j.tibs.2020.11.004
https://doi.org/10.1105/tpc.18.00177
https://doi.org/10.1105/tpc.18.00177
https://doi.org/10.1016/j.tplants.2019.02.006
https://doi.org/10.3389/fpls.2019.00708
https://doi.org/10.1073/pnas.1200636109
https://doi.org/10.3389/fpls.2019.00689
https://doi.org/10.3389/fpls.2022.974048
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ruggiero et al.

sequence: insights into regulated splicing. Plant J. 71 (6), 936-947. doi: 10.1111/
j.1365-313X.2012.05042.x

Deng, K., Yu, L., Zheng, X., Zhang, K., Wang, W., Dong, P., et al. (2016). Target
of rapamycin is a key player for auxin signaling transduction in arabidopsis. Front.
Plant Sci. 7. doi: 10.3389/fpls.2016.00291

Ding, Y. Q,, Fan, K, Wang, Y., Fang, W. P, Zhu, X. ], Chen, L, et al. (2022).
Drought and heat stress-mediated modulation of alternative splicing in the genes
involved in biosynthesis of metabolites related to tea quality. Mol. Biol. 56 (2), 257
268. doi: 10.31857/S0026898422020057

Ding, Y., Wang, Y., Qiu, C,, Qian, W, Xie, H., and Ding, Z. (2020). Alternative
splicing in tea plants was extensively triggered by drought, heat and their combined
stresses. Peer] 8, €8258. doi: 10.7717/peerj.8258

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., et al.
(2013). STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29 (1), 15-21.
doi: 10.1093/bioinformatics/bts635

Duque, P. (2011). A role for SR proteins in plant stress responses. Plant Signaling
Behav. 6 (1), 49-54. doi: 10.4161/psb.6.1.14063

Filichkin, S. A., and Mockler, T. C. (2012). Unproductive alternative splicing and
nonsense mRNAs: a widespread phenomenon among plant circadian clock genes.
Biol. Direct. 7 (1), 1-15. doi: 10.1186/1745-6150-7-20

Filichkin, S. A., Priest, H. D., Givan, S. A., Shen, R,, Bryant, D. W,, Fox, S. E,,
et al. (2010). Genome-wide mapping of alternative splicing in arabidopsis thaliana.
Genome Res. 20 (1), 45-58. doi: 10.1101/gr.093302.109

Finet, C., Berne-Dedieu, A., Scutt, C. P., and Marlétaz, F. (2013). Evolution of the
ARF gene family in land plants: old domains, new tricks. Mol. Biol. Evol. 30 (1), 45—
56. doi: 10.1093/molbev/mss220

Fragkostefanakis, S., Mesihovic, A., Simm, S., Paupiére, M. J., Hu, Y., Paul, P.,
et al. (2016). HsfA2 controls the activity of developmentally and stress-regulated
heat stress protection mechanisms in tomato male reproductive tissues. Plant
Physiol. 170 (4), 2461-2477. doi: 10.1104/pp.15.01913

Gong, P, Zhang, J., Li, H, Yang, C.,, Zhang, C., Zhang, X, et al. (2010).
Transcriptional profiles of drought-responsive genes in modulating transcription
signal transduction, and biochemical pathways in tomato. J. Exp. Bot. 61 (13),
3563-3575. doi: 10.1093/jxb/erq167

Gur, A, and Zamir, D. (2004). Unused natural variation can lift yield barriers in
plant breeding. PloS Biol. 2 (10), e245. doi: 10.1371/journal.pbio.0020245

Ha, C. V., Le, D. T,, Nishiyama, R., Watanabe, Y., Sulieman, S., Tran, U. T, et al.
(2013). The auxin response factor transcription factor family in soybean: genome-
wide identification and expression analyses during development and water stress.
DNA Res. 20 (5), 511-524. doi: 10.1093/dnares/dst027

Hu, Y., Mesihovic, A., Jiménez-Gomez, ]. M., Réth, S., Gebhardt, P., Bublak, D.,
et al. (2020). Natural variation in HsfA2 pre-mRNA splicing is associated with
changes in thermotolerance during tomato domestication. New Phytol. 225 (3),
1297-1310. doi: 10.1111/nph.16221

Ikeda, M., and Ohme-Takagi, M. (2014). TCPs, WUSs, and WINDs: families of
transcription factors that regulate shoot meristem formation, stem cell
maintenance, and somatic cell differentiation. Front. Plant Sci. 5. doi: 10.3389/
£pls.2014.00427

Tovieno, P., Punzo, P., Guida, G., Mistretta, C., Van Oosten, M. J., Nurcato, R.,
et al. (2016). Transcriptomic changes drive physiological responses to progressive
drought stress and rehydration in tomato. Front. Plant Sci. 7. doi: 10.3389/
fpls.2016.00371

Jabre, I, Reddy, A. S., Kalyna, M., Chaudhary, S., Khokhar, W., Byrne, L. ., et al.
(2019). Does co-transcriptional regulation of alternative splicing mediate plant
stress responses? Nucleic Acids Res. 47 (6), 2716-2726. doi: 10.1093/nar/gkz121

Jain, M., and Khurana, J. P. (2009). Transcript profiling reveals diverse roles of
auxin-responsive genes during reproductive development and abiotic stress in rice.
FEBS J. 276 (11), 3148-3162. doi: 10.1111/j.1742-4658.2009.07033.x

Jia, J., Long, Y., Zhang, H., Li, Z., Liu, Z.,, Zhao, Y., et al. (2020). Post-

transcriptional splicing of nascent RNA contributes to widespread intron
retention in plants. Nat. Plants 6, 780-788. doi: 10.1038/s41477-020-0688-1

Joshi, V., Joshi, M., and Penalosa, A. (2020). Comparative analysis of tissue-
specific transcriptomic responses to nitrogen stress in spinach (Spinacia oleracea).
PloS One 15 (5), €0232011. doi: 10.1371/journal.pone.0232011

Keller, M., Hu, Y., Mesihovic, A., Fragkostefanakis, S., Schleiff, E., and Simm, S.
(2017). Alternative splicing in tomato pollen in response to heat stress. DNA Res. 24
(2), 205-217. doi: 10.1093/dnares/dsw051

Koevoets, I. T., Venema, J. H., Elzenga, J. T., and Testerink, C. (2016). Roots
withstanding their environment: Exploiting root system architecture responses to
abiotic stress to improve crop tolerance. Front. Plant Sci. 7. doi: 10.3389/
fpls.2016.01335

Laloum, T., Martin, G., and Duque, P. (2018). Alternative splicing control of abiotic
stress responses. Trends Plant Sci. 23 (2), 140-150. doi: 10.1016/j.tplants.2017.09.019

Frontiers in Plant Science

15

10.3389/fpls.2022.974048

Landi, S., De Lillo, A., Nurcato, R., Grillo, S., and Esposito, S. (2017). In-field
study on traditional Italian tomato landraces: the constitutive activation of the ROS
scavenging machinery reduces effects of drought stress. Plant Physiol. Biochem.
118, 150-160. doi: 10.1016/j.plaphy.2017.06.011

Lee, H. ], Eom, S. H,, Lee, J. H., Wi, S. H,, Kim, S. K., Hyun, T.K,, et al. (2020).
Genome-wide analysis of alternative splicing events during response to drought
stress in tomato (Solanum lycopersicum 1.). J. Hortic. Sci. Biotechnol. 95 (3), 286—
293. doi: 10.1080/14620316.2019.1656552

Lee, S. C.,and Luan, S. (2012). ABA signal transduction at the crossroad of biotic
and abiotic stress responses. Plant. Cell Environ. 35 (1), 53-60. doi: 10.1111/§.1365-
3040.2011.02426.x

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

Li, Y., Guo, Q, Liu, P, Huang, J., Zhang, S., Yang, G., et al. (2021). Dual roles of
the serine/arginine-rich splicing factor SR45a in promoting and interacting with
nuclear cap-binding complex to modulate the salt-stress response in arabidopsis.
New Phytol. 230 (2), 641-655. doi: 10.1111/nph.17175

Liu, Z., Qin, J., Tian, X., Xu, S., Wang, Y., Li, H,, et al. (2018). Global profiling of
alternative splicing landscape responsive to drought, heat and their combination in
wheat (Triticum aestivam 1.). Plant Biotechnol. J. 16 (3), 714-726. doi: 10.1111/
pbi.12822

Liu, M., Yu, H,, Zhao, G., Huang, Q., Lu, Y., and Ouyang, B. (2017). Profiling of
drought-responsive microRNA and mRNA in tomato using high-throughput
sequencing. BMC Genomics 18, 481. doi: 10.1186/s12864-017-3869-1

Machado, J., Fernandes, A. P. G., Fernandes, T. R., Heuvelink, E., Vasconcelos,
M. W,, and Carvalho, S. M. P. (2022). “Drought and nitrogen stress effects and
tolerance mechanisms in tomato: a review,” in Plant nutrition and food security in
the era of climate change. Eds. V. Kumar, A. K. Srivastava and P. Suprasanna
(Cambridge, Massachusetts: Academic press), 315-359.

Marquez, Y., Hopfler, M., Ayatollahi, Z., Barta, A., and Kalyna, M. (2015).
Unmasking alternative splicing inside protein-coding exons defines exitrons and
their role in proteome plasticity. Genome Res. 25 (7), 995-1007. doi: 10.1101/
gr.186585.114

Metsalu, T., and Vilo, J. (2015). ClustVis: A web tool for visualizing clustering of
multivariate data using principal component analysis and heatmap. Nucleic Acids
Res. 43, W566-W570. doi: 10.1093/nar/gkv468

Mishra, R., Shteinberg, M., Shkolnik, D., Anfoka, G., Czosnek, H., and Gorovits,
R. (2021). Interplay between abiotic (drought) and biotic (virus) stresses in tomato
plants. Mol. Plant Pathol. 23 (4), 475-488. doi: 10.1111/mpp.13172

Moles, T. M., Mariotti, L., De Pedro, L. F., Guglielminetti, L., Picciarelli, P., and
Scartazza, A. (2018). Drought induced changes of leaf-to-root relationships in two
tomato genotypes. Plant Physiol. Biochem. 128, 24-31. doi: 10.1016/
j.plaphy.2018.05.008

Mu, X, and Chen, Y. (2021). The physiological response of photosynthesis to
nitrogen deficiency. Plant Physiol. Biochem. 158, 76-82. doi: 10.1016/
j-plaphy.2020.11.019

Nimchuk, Z. L., Zhou, Y., Tarr, P. T., Peterson, B. A., and Meyerowitz, E. M.
(2015). Plant stem cell maintenance by transcriptional cross-regulation of related
receptor kinases. Development 142 (6), 1043-1049. doi: 10.1242/dev.119677

Oliveros, J. C. (2007-2015) Venny. an interactive tool for comparing lists with
venn's diagrams. Available at: https://bioinfogp.cnb.csic.es/tools/venny/index.html.

Pacheco, J. M., Canal, M. V., Pereyra, C. M., Welchen, E., Martinez-Noél, G. M.,
and Estevez, J. M. (2021). The tip of the iceberg: emerging roles of TORC1, and its
regulatory functions in plant cells. J. Exp. Bot. 72 (11), 4085-4101. doi: 10.1093/jxb/
eraa603

Palusa, S. G, Ali, G. S., and Reddy, A. S. (2007). Alternative splicing of pre-
mRNAs of arabidopsis serine/arginine-rich proteins: regulation by hormones and
stresses. Plant J. 49 (6), 1091-1107. doi: 10.1111/j.1365-313X.2006.03020.x

Panasyuk, G., Nemazanyy, L., Zhyvoloup, A., Filonenko, V., Davies, D., Robson,
M., et al. (2009). mTORP splicing isoform promotes cell proliferation and
tumorigenesis. J. Biol. Chem. 284 (45), 30807-30814. doi: 10.1074/jbc.M109.056085

Punzo, P., Grillo, S., and Batelli, G. (2020). Alternative splicing in plant abiotic
stress responses. Biochem. Soc. Trans. 48 (5), 2117-2126. doi: 10.1042/
BST20200281

Punzo, P., Ruggiero, A., Possenti, M., Nurcato, R., Costa, A., Morelli, G, et al.
(2018). The PP 2A-interactor TIP 41 modulates ABA responses in arabidopsis
thaliana. Plant J. 94 (6), 991-1009. doi: 10.1111/tpj.13913

Qiu, J., Ni, L,, Xia, X, Chen, S., Zhang, Y., Lang, M., et al. (2022). Genome-wide
analysis of the protein phosphatase 2C genes in tomato. Genes 13 (4), 604.
doi: 10.3390/genes13040604

Rau, A., Gallopin, M., Celeux, G., and Jaffrézic, F. (2013). Data-based filtering for
replicated high-throughput transcriptome sequencing experiments. Bioinformatics
29, 2146-2152. doi: 10.1093/bioinformatics/btt350

frontiersin.org


https://doi.org/10.1111/j.1365-313X.2012.05042.x
https://doi.org/10.1111/j.1365-313X.2012.05042.x
https://doi.org/10.3389/fpls.2016.00291
https://doi.org/10.31857/S0026898422020057
https://doi.org/10.7717/peerj.8258
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.4161/psb.6.1.14063
https://doi.org/10.1186/1745-6150-7-20
https://doi.org/10.1101/gr.093302.109
https://doi.org/10.1093/molbev/mss220
https://doi.org/10.1104/pp.15.01913
https://doi.org/10.1093/jxb/erq167
https://doi.org/10.1371/journal.pbio.0020245
https://doi.org/10.1093/dnares/dst027
https://doi.org/10.1111/nph.16221
https://doi.org/10.3389/fpls.2014.00427
https://doi.org/10.3389/fpls.2014.00427
https://doi.org/10.3389/fpls.2016.00371
https://doi.org/10.3389/fpls.2016.00371
https://doi.org/10.1093/nar/gkz121
https://doi.org/10.1111/j.1742-4658.2009.07033.x
https://doi.org/10.1038/s41477-020-0688-1
https://doi.org/10.1371/journal.pone.0232011
https://doi.org/10.1093/dnares/dsw051
https://doi.org/10.3389/fpls.2016.01335
https://doi.org/10.3389/fpls.2016.01335
https://doi.org/10.1016/j.tplants.2017.09.019
https://doi.org/10.1016/j.plaphy.2017.06.011
https://doi.org/10.1080/14620316.2019.1656552
https://doi.org/10.1111/j.1365-3040.2011.02426.x
https://doi.org/10.1111/j.1365-3040.2011.02426.x
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1111/nph.17175
https://doi.org/10.1111/pbi.12822
https://doi.org/10.1111/pbi.12822
https://doi.org/10.1186/s12864-017-3869-1
https://doi.org/10.1101/gr.186585.114
https://doi.org/10.1101/gr.186585.114
https://doi.org/10.1093/nar/gkv468
https://doi.org/10.1111/mpp.13172
https://doi.org/10.1016/j.plaphy.2018.05.008
https://doi.org/10.1016/j.plaphy.2018.05.008
https://doi.org/10.1016/j.plaphy.2020.11.019
https://doi.org/10.1016/j.plaphy.2020.11.019
https://doi.org/10.1242/dev.119677
https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://doi.org/10.1093/jxb/eraa603
https://doi.org/10.1093/jxb/eraa603
https://doi.org/10.1111/j.1365-313X.2006.03020.x
https://doi.org/10.1074/jbc.M109.056085
https://doi.org/10.1042/BST20200281
https://doi.org/10.1042/BST20200281
https://doi.org/10.1111/tpj.13913
https://doi.org/10.3390/genes13040604
https://doi.org/10.1093/bioinformatics/btt350
https://doi.org/10.3389/fpls.2022.974048
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ruggiero et al.

Riegler, S., Servi, L., Scarpin, M. R,, Herz, M. A. G., Kubaczka, M. G., Venhuizen,
P, et al. (2021). Light regulates alternative splicing outcomes via the TOR kinase
pathway. Cell Rep. 36 (10), 109676. doi: 10.1016/j.celrep.2021.109676

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a
bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 26 (1), 139-140. doi: 10.1093/bioinformatics/
btp616

Rosenkranz, R. R,, Bachiri, S., Vraggalas, S., Keller, M., Simm, S., Schleiff, E., et al.
(2021). Identification and regulation of tomato Serine/Arginine-rich proteins
under high temperatures. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.645689

Ruffel, S., Krouk, G., Ristova, D., Shasha, D., Birnbaum, K. D., and Coruzzi, G.
M. (2011). Nitrogen economics of root foraging: transitive closure of the nitrate-
cytokinin relay and distinct systemic signaling for n supply vs. demand. Proc. Natl.
Acad. Sci. U. S. A. 108 (45), 18524-18529. doi: 10.1073/pnas.1108684108

Sanchez-Rodriguez, E., Rubio-Wilhelmi, M., del, M., Rios, J. J., Blasco, B.,
Rosales, M. A., et al. (2011). Ammonia production and assimilation: its
importance as a tolerance mechanism during moderate water deficit in tomato
plants. J. Plant Physiol. 168, 816-823. doi: 10.1016/j.jplph.2010.11.018

Scheible, W. R., Morcuende, R., Czechowski, T., Fritz, C., Osuna, D., Palacios-
Rojas, N, et al. (2004). Genome-wide reprogramming of primary and secondary
metabolism, protein synthesis, cellular growth processes, and the regulatory
infrastructure of arabidopsis in response to nitrogen. Plant Physiol. 136 (1),
2483-2499. doi: 10.1104/pp.104.047019

Schepetilnikov, M., Makarian, J., Srour, O., Geldreich, A., Yang, Z., Chicher, J.,
etal. (2017). GTPase ROP 2 binds and promotes activation of target of rapamycin,
TOR, in response to auxin. EMBO J. 36 (7), 886-903. doi: 10.15252/
embj.201694816

Scholberg, J., McNeal, B. L., Boote, K. J., Jones, J. W., Locascio, S. J., and Olson, S.
M. (2000). Nitrogen stress effects on growth and nitrogen accumulation by field-
grown tomato. Agron. J. 92, 159. doi: 10.2134/agronj2000.921159x

Sekhwal, M. K., Swami, A. K., Sharma, V., and Sarin, R. (2015). Identification of
drought-induced transcription factors in sorghum bicolor using GO term semantic
similarity. Cell. Mol. Biol. Lett. 20 (1), 1-23. doi: 10.2478/s11658-014-0223-3

Shen, S., Park, J. W, Lu, Z.-X,, Lin, L., Henry, M. D., Wu, Y. N,, et al. (2014).
rMATS: Robust and flexible detection of differential alternative splicing from
replicate RNA-seq data. Proc. Natl. Acad. Sci. U.S.A. 111, E5593-E5601.
doi: 10.1073/pnas.1419161111

Su, T, Li, X, Yang, M., Shao, Q., Zhao, Y., Ma, C,, et al. (2020). Autophagy: An
intracellular degradation pathway regulating plant survival and stress response.
Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00164

Sun, X., Chen, H., Wang, P., Chen, F., Yuan, L., and Mi, G. (2020). Low nitrogen
induces root elongation via auxin-induced acid growth and auxin-regulated target
of rapamycin (TOR) pathway in maize. J. Plant Physiol. 254, 153281. doi: 10.1016/
jjplph.2020.153281

Sun, Y., and Xiao, H. (2015). Identification of alternative splicing events by RNA
sequencing in early growth tomato fruits. BMC Genomics 16 (1), 1-13.
doi: 10.1186/512864-015-2128-6

Syed, N. H., Kalyna, M., Marquez, Y., Barta, A., and Brown, J. W. (2012).
Alternative splicing in plants—coming of age. Trends Plant Sci. 17 (10), 616-623.
doi: 10.1016/j.tplants.2012.06.001

Frontiers in Plant Science

16

10.3389/fpls.2022.974048

Tanabe, N., Yoshimura, K., Kimura, A., Yabuta, Y., and Shigeoka, S. (2007).
Differential expression of alternatively spliced mRNAs of Arabidopsis SR protein
homologs, atSR30 and atSR45a, in response to environmental stress. Plant and Cell
Physiology 48 (7), 1036-1049. doi: 10.1093/pcp/pem069

Tanabe, N., Kimura, A., Yoshimura, K., and Shigeoka, S. (2009). Plant-specific
SR-related protein atSR45a interacts with spliceosomal proteins in plant nucleus.
Plant Mol. Biol. 70 (3), 241-252. doi: 10.1007/s11103-009-9469-y

Thatcher, S. R., Danilevskaya, O. N., Meng, X., Beatty, M., Zastrow-Hayes, G.,
Harris, C., et al. (2016). Genome-wide analysis of alternative splicing during
development and drought stress in maize. Plant Physiol. 170 (1), 586-599.
doi: 10.1104/pp.15.01267

Tian, T., Liu, Y., Yan, H,, You, Q,, Yi, X,, Du, Z,, et al. (2017). agriGO v2.0: a GO
analysis toolkit for the agricultural community. Nucleic Acids Res. 45, 122-129.
doi: 10.1093/nar/gkx382

Toronen, P., Medlar, A., and Holm, L. (2018). PANNZER2: A rapid functional
annotation web server. Nucleic Acids Res. 46, W84-W88. doi: 10.1093/nar/gky350

Voigt, C., Lamprecht, R. E., Marushchak, M. E, Lind, S. E., Novakovskiy, A.,
Aurela, M., et al. (2017). Warming of subarctic tundra increases emissions of all
three important greenhouse gases - carbon dioxide, methane, and nitrous oxide.
Glob. Change Biol. 23, 3121-3138. doi: 10.1111/gcb.13563

Wang, K., Jiao, Z., Xu, M., Wang, Y., Li, R,, Cui, X, et al. (2016). Landscape and
fruit developmental regulation of alternative splicing in tomato by genome-wide
analysis. Hortic. Plant J. 2 (6), 338-350. doi: 10.1186/s12864-015-2128-6

Xu, Y. H,, Liu, R, Yan, L, Liu, Z. Q,, Jiang, S. C., Shen, Y. Y., et al. (2012). Light-
harvesting chlorophyll a/b-binding proteins are required for stomatal response to
abscisic acid in arabidopsis. J. Exp. Bot. 63 (3), 1095-1106. doi: 10.1093/jxb/err315

Yang, Z., Yang, Z., Yang, C., Wang, Z, Chen, D., Xie, Y., et al. (2020).
Identification and genetic analysis of alternative splicing of long non-coding
RNAs in tomato initial flowering stage. Genomics 112 (1), 897-907. doi: 10.1016/
j.ygen0.2019.06.005

Zhang, R., Calixto, C. P., Marquez, Y., Venhuizen, P., Tzioutziou, N. A., Guo,
W., etal. (2017). A high quality arabidopsis transcriptome for accurate transcript-
level analysis of alternative splicing. Nucleic Acids Res. 45 (9), 5061-5073.
doi: 10.1093/nar/gkx267

Zhang, Q., Shen, L., Ren, D., Hu, J., Zhu, L, Gao, Z., et al. (2020).
Characterization of the CRM gene family and elucidating the function of
OsCFM2 in rice. Biomolecules 10 (2), 327. doi: 10.3390/biom10020327

Zhao, S., Gao, H., Luo, J., Wang, H., Dong, Q., Wang, Y., et al. (2020). Genome-
wide analysis of the light-harvesting chlorophyll a/b-binding gene family in apple
(Malus domestica) and functional characterization of MdLhcb4.3, which confers
tolerance to drought and osmotic stress. Plant Physiol. Biochem. 154, 517-529.
doi: 10.1016/j.plaphy.2020.06.022

Zhou, R, Yu, X,, Ottosen, C. O., Rosengvist, E., Zhao, L., Wang, Y., et al. (2017).
Drought stress had a predominant effect over heat stress on three tomato cultivars
subjected to combined stress. BMC Plant Biol. 17, 24. doi: 10.1186/s12870-017-
0974-x

Zouine, M., Fu, Y., Chateigner-Boutin, A. L., Mila, I, Frasse, P., Wang, H., et al.
(2014). Characterization of the tomato ARF gene family uncovers a multi-levels
post-transcriptional regulation including alternative splicing. PloS One 9 (1),
€84203. doi: 10.1371/journal.pone.0084203

frontiersin.org


https://doi.org/10.1016/j.celrep.2021.109676
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.3389/fpls.2021.645689
https://doi.org/10.1073/pnas.1108684108
https://doi.org/10.1016/j.jplph.2010.11.018
https://doi.org/10.1104/pp.104.047019
https://doi.org/10.15252/embj.201694816
https://doi.org/10.15252/embj.201694816
https://doi.org/10.2134/agronj2000.921159x
https://doi.org/10.2478/s11658-014-0223-3
https://doi.org/10.1073/pnas.1419161111
https://doi.org/10.3389/fpls.2020.00164
https://doi.org/10.1016/j.jplph.2020.153281
https://doi.org/10.1016/j.jplph.2020.153281
https://doi.org/10.1186/s12864-015-2128-6
https://doi.org/10.1016/j.tplants.2012.06.001
https://doi.org/10.1093/pcp/pcm069
https://doi.org/10.1007/s11103-009-9469-y
https://doi.org/10.1104/pp.15.01267
https://doi.org/10.1093/nar/gkx382
https://doi.org/10.1093/nar/gky350
https://doi.org/10.1111/gcb.13563
https://doi.org/10.1186/s12864-015-2128-6
https://doi.org/10.1093/jxb/err315
https://doi.org/10.1016/j.ygeno.2019.06.005
https://doi.org/10.1016/j.ygeno.2019.06.005
https://doi.org/10.1093/nar/gkx267
https://doi.org/10.3390/biom10020327
https://doi.org/10.1016/j.plaphy.2020.06.022
https://doi.org/10.1186/s12870-017-0974-x
https://doi.org/10.1186/s12870-017-0974-x
https://doi.org/10.1371/journal.pone.0084203
https://doi.org/10.3389/fpls.2022.974048
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Transcriptomic and splicing changes underlying tomato responses to combined water and nutrient stress
	Introduction
	Materials and methods
	Plant material and growth conditions
	Physiological parameter measurements
	Growth parameter measurements
	Statistical analysis
	Heatmap construction
	RNA sequencing
	Transcriptomic and differential splicing analysis

	Results
	Physiological response to single and combined stress
	Impact of combined stress on root and leaf gene expression
	Alternative splicing regulation

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


