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Abstract: Identification of the differentially-expressed genes is important for clarification of the
complex molecular mechanisms under drought conditions. In this experiment, transcriptome pro-
files of sensitive and tolerant tomato genotypes under drought stress were analyzed. Three up-reg-
ulated genes were selected, included CAB3 (Chlorophyll a-b binding protein3), SAMDC (S-adeno-
sylmethionine decarboxylase proenzyme), and ACS9 (1-aminocyclopropane-1-carboxylate synthase
9). After bioinformatics analysis, tomato genotypes were subjected to drought stress and gene ex-
pression was determined using Real-Time-PCR. Physiological parameters of genotypes were also
measured by spectrophotometer-based methods. According to the results, these three genes play a
key role in stress tolerance. Expression of the CAB3 gene in both sensitive and tolerant genotypes
was not significantly different compared to the control, but the SAMDC gene decreased in both
genotypes and the ACS9 gene decreased in sensitive genotype and increased in tolerant genotype.
The physiological analysis also showed that under stress conditions, the photosynthetic system of
the plant was disrupted and the chlorophyll content was reduced, but, proline content and antioxi-
dant enzymes activity increased, in which their quantity in the tolerant genotype was significantly
higher than sensitive. Under drought stress, due to damage to the lipid membrane, Malondialde-
hyde content also increased, in which the sensitive genotype was more affected.

Keywords: Bioinformatics analysis; Drought stress; Gene expression; Physiological parameters; To-
mato; Transcriptome.

1. Introduction

Water deficit represents a major global abiotic stress that limits plant productivity by
inhibiting plant growth and development [1]. Plants, as sessile organisms, have developed
different systems to survive under undesirable and fluctuating stress conditions, such as
drought avoidance, escape and tolerance [2]. The germplasm of most of the cultivated
crops contains several unknown drought stress tolerant genes. Besides, many reports in-
dicated the wild species of most modern cultivars possess abiotic stress tolerance genes
[3]. Therefore, characterize the differentially expressed genes is important to the clarifica-
tion of the complex molecular mechanisms under drought conditions in wild and agro-
nomic plants [4]. In addition to genes, physiological parameters are also affected by
drought stress. Some physiological changes induced by drought include chlorophyll, pro-
line, antioxidant enzymes [5], and high production of reactive oxygen species (ROS) in
cells, which causes cell damage and plant death [6]. Tomato is an economically important
crop worldwide, which is sensitive to a series of abiotic stresses, especially drought [7],
and is a plant that requires a large amount of water for its development [8]. Adequate
genetic variation for abiotic stress tolerance exists within the cultivated tomato (S. lycoper-
sicum), as well as in its related wild species such as S. pimpinellifolium [9]. Despite their

© 2021 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202110.0062.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 October 2021 doi:10.20944/preprints202110.0062.v1

wide natural variation, rather limited efforts have been devoted to identifying these vari-
ations in tomato to produce drought-tolerant cultivars [10]. Therefore, in this study, we
identified candidate genes in tomato genotypes under drought stress through transcrip-
tome analysis. We then examined the expression of these genes under water stress using
real-time PCR. Finally, to further confirm, we also measured some important physiologi-
cal traits and compared them with gene expression.

2. Materials and Methods

2.1.  Identification of candidate genes

Transcriptome profiles of sensitive (Solanum lycopersicum) and tolerant (Solanum
pimpinellifolium) tomato genotypes under control and water deficit conditions were ob-
tained from GEO, accession number GSE39894. The data were analyzed using the GEO2R
program and the expression ratio of treated genes to control genes was calculated and
determined by log FC. Then, the probes with log FC above +2 and below -2 were selected.
Subsequently, the probe sequences were received from the PLEXdb site and BLAST was
performed on them. Then, the most similar sequence accession was obtained and using
the NCBI or UniProt database, its UniGene code was determined and recorded. At the
same time, this sequence was also BLAST at the TAIR site and Arabidopsis UniGene was
also received. This operation was conducted for all probes. Heat map analysis was used
to compare the expression of the genes, that this analysis was performed using R software
and the pheatmap package. The functional category was determined by ShinyGO v0.61
and comparing gene lists was performed by Venny 2.1.0 program. The program STRING
was used to determine the interaction of proteins, in which the UniGene codes of Ara-
bidopsis were introduced into the program, then the nodel and node2 data were saved
and used to plot the gene network by Cytoscape software. The gene network was plotted
using the CytoHubba plugin, based on three MNC, Degree, and Closeness algorithms.
Finally, the networks obtained from the three algorithms were compared and the genes
with the highest interaction were selected.

2.2, Bioinformatics analysis of genes

KEGG database was used to study the photosynthetic pathway and metabolism of
selected genes. The location of protein activity and placement was determined using the
online software WOLF PSORT and Target p, respectively. Gene expression changes in
different plant tissues and developmental stages of tomato were investigated using Gen-
evestigator software. The stability and instability, hydrophobicity, and isoelectric point of
the proteins encoded by these genes were distinguished using the Protparam server soft-
ware. The enzymatic reactions and enzyme products and reaction pathways were deter-
mined using the BRENDA database.

2.3. Molecular experiments

2.3.1. Plant material and stress treatment

The seeds of two tomatoes (sensitive and tolerant) genotypes were prepared from the
company of Pakanbazr, Isfahan, Iran. Seeds were surface sterilized with an aqueous solu-
tion of 70% ethanol for 30sec and 30% Sodium hypochlorite for 5min and finally washed
with sterile distilled water 2-3 times. For in vitro germination, seeds were cultured in the
MS (Murashige and Skoog) medium with vitamins, sucrose (3% w/v), and solidified with
0.6% Agar (Merck, Germany). Before autoclaving at 121 °C for 20 min, the pH of the me-
dium was set to 5.8. All of the cultures were maintained at 25°C with a photoperiod of 16h
using a photosynthetic photon flux density (PPFD) of 40 pimol m-2 s-1 provided by cool
white fluorescent lamps for 30 days. After germination and reaching the four-leaf stage,
the plantlets transferred to pots containing perlite and covered with polyethylene bags
and were irrigated every day for 8-10 days and were kept in the culture room with the
above condition. The covers were gradually removed and plants were transferred to large
pots comprising garden soil for 20 days.

Then 6-8 leaf seedlings were transferred to field conditions. The field site is located
in Shahid Beheshti University, Tehran, Iran (51.23°N, 35.48°E, and 1769 m above mean sea
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level). Air temperature and relative humidity were recorded from the meteorological site
(Tablel). The soil composition consisted of 1/3 clay, 1/3 sand, and 1/3 leaf composts. The
field area was 70 m2. Furrows were created to implement this study. The space of plants
on rows was 1 m and between rows was 1 m. In general, 7 furrows were created and
cultivation was performed as follows: Treated plants of tolerant genotype, empty furrow,
control plants of tolerant genotype, empty furrow, treated plants of sensitive genotype,
empty furrow, and control plants of sensitive genotype. 10 plants were cultured on each
furrow, so the total number of plants cultivated on the field was 40. After 20 days (before
the flowering stage), drought stress was applied to the plants, in which the plants were
subjected to drought stress (without irrigation) for 5 days, but control treatments were
irrigated by the previous method [11]. Then, at 9 a.m., the medium-sized intact leaves
were separated from the middle part of the plant stem and placed in sterile foil and trans-
ferred to a -80 freezer. The number of replicates for each treatment was 3 replicates. The
collected samples were used for molecular and physiological measurements.

Tablel. Different growth stages of tomatoes along with the exact date and average temperature and humidity of the growing envi-

ronment
Stages Start date Average temperature Average humidity
Seedling 2018.06.22 25°C 50%
Vegetative 2018.07.23 25°C 50%
Budding 2018.08.23 26.1°C 25%
Initiation of drought stress 2018.09.06 26.1°C 25%
Sample collection 2018.09.11 26.1°C 25%
2.3.2. Primer Design
After selecting the genes, their nucleotide sequences were obtained from the NCBI
site and then BLAST was performed. Next, high-similarity sequences were selected and
aligned using T-Coffee software. From the conserved areas, near the end of poly adenine,
primer design was performed. The Polymerase Chain Reaction (PCR) product length was
considered to be between 150 to 250bp. Homodimer, heterodimer, stem-loop, GC percent,
and TM temperature were measured using Vector NTI and Oligo7 software. The primers
were then synthesized at Bioneer Company of South Korea. Primer sequences of the can-
didate genes, as well as the housekeeping gene, are demonstrated in Table 2.
Table 2. Primer sequence of candidate and housekeeping genes.
Primer Primer Sequence PCR Product TM PCR Amplifica-
Name Length(bp) tion Efficiency
ACS9 F:ATGCGACATCTACTAAGTTCC 152 57 1.83
R:GATTCTGGTGATTAGTTGCGTTG 61
SAMD F-TGAACCTGCCGATGCCAATAATGTG 140 66 1.99
R:GCTCTGAAATCGTAACCCACTGCT 65
CAB3 F:GTAATGGTGTCAAGTTCGGTGAG 157 63 2.05
R:GGTCTTCAGCAAGGCCTAATG 61
18SrRNA F:ATGATAACTCGACGGATCGC 200 56.7 1.97
R:CTTGGATGTGGTAGCCGTTT 57.2

2.3.3. Total RNA isolation and cDNA synthesis
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Total RNA of each sample was isolated from approximately 0.2 g of fresh leaves us-
ing a total RNA kit (RB1001, RNA, Iran). After RNA extraction, gel electrophoresis (1%
Agarose) was used to visually assess the quality of extracted RNA. Before cDNA synthe-
sis, RNA treated with DNase I (RB125A, RNA, Iran) to remove any genomic DNA con-
tamination. Subsequently, the first-strand cDNA was synthesized in a 20-pL reaction mix-
ture (RB125A, RNA, Iran) following the manufacturer’s instructions. After cONA synthe-
sis, PCR was performed using the primers, and products were visualized by agarose gel
electrophoresis.

2.3.4. Gene expression analysis

Quantitative Real-Time PCR amplification was performed in 48-well plates with an
Applied Biosystems™ StepOne™ Real-Time PCR System (Applied Biosystems, CA, USA)
using SYBR® Green Real-Time PCR Master Mix (RB120, RNA, Iran). PCR reactions were
prepared in 20 uL volumes containing: 1 pL of synthesized cDNA, 10 pL 2 xSYBR, 1 pL
of 1:20 diluted each primer, and 7 pL deionized water. The reactions consisted of an initial
step of 95 °C for 5min, followed by 40 denaturation cycles at 95 °C for 1 min and primer
annealing at 62 °C for 1 min (for all genes). Next, the melting curves ranging from 60 °C
to 95 °C were evaluated in each reaction to investigate the specificity of the amplicons.
Biological triplicates of all samples were used for the qRT-PCR analysis, and three tech-
nical replicates were applied for each biological sample. The threshold cycle (Ct) was cal-
culated using the 2-AACt method [12]. Efficiency and cycle threshold values were com-
puted using the LinRegPCR quantitative PCR data analysis program [13], and relative
expression levels were computed using the REST method [14].

2.4.  Physiological experiments

2.4.1. Chlorophylla,band a+b

Chlorophyll a and b content were determined according to Arnon [15] and Mackin-
ney [16] methods, respectively. A total of 0.2 g of a plant sample was added to 2 mL of
80% acetone and grounded to a homogenate. Then, the solution volume with acetone 8%
reached 25 ml and centrifuged at 4,000 rpm for 10 min. The absorbance of the solutions
was recorded at 646 and 663 nm and their amount was calculated using the following
equations.

chla(mg/(g FW)=(12.25(A663)-2.55(A646))xV/W)x100

chlb(mg/(g FW)=(22.31(A646)-4.91(A663))xV/W)x100

%v/w=(weight of solute (in g))/(volume of solution (in mL))x100

2.4.2. Proline content

Proline content was extracted from a sample of 0.5 g fresh leaf material samples in
3% (w/v) aqueous sulphosalicylic acid and estimated using the ninhydrin reagent accord-
ing to the method of Bates et al. [17]. The absorbance of the soluble was measured at 520
nm using a spectrophotometer. A calibration curve was created with the proline as a
standard. Finally, the proline content was measured by the following equation: Proline
((umole)(gr of fresh weight)=(proline(ug/ml) xtoluene (ml))/(115.5 pg /umole)/(g sam-
ple)/5)

2.4.3. Malondialdehyde (MDA)

Lipid peroxidation was specified by the Stewart and Bewley [18] method. 0.5 g of leaf
sample was homogenized in 4 ml of 1% (w/v) trichloroacetic acid (TCA), and then centri-
fuged at 15,000 g for 10 min. Then, 4 ml of 0.5% (w/v) TBA in 20% (w/v) TCA was added
to 2 ml of the supernatant. The mixtures were heated at 95 °C for 30 min and then quickly
cooled in an ice bath. Finally, the mixture centrifuged at 10,000 g for 10 min, then the ab-
sorption of samples was read at 532 nm and the quantity of nonspecific absorption was
read at 600 nm and subtracted from ABS 532. The MDA content was measured by the
extinction coefficient of 155 cm-1mmol-1.

2.4.4. Antioxidant enzymes

a. Preparation of leaf enzyme extract
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Fresh leaves (0.2 g) were homogenized in 1200 ul of 0.2 M Na-phosphate buffer (pH
7.8) containing 0.1 mM EDTA. Then, the homogenate was centrifuged at 15000 g for
20 min at 4 °C. The supernatant was used for APX and CAT activity assay. To avoid en-
zyme inactivation all procedures for enzyme extraction and activity determination were
carried out on ice bath.

b. Ascorbate peroxidase (APX)

The activity of the APX enzyme was measured by Nakano and Asada [19] method.
The reaction mixture contained 100ul potassium phosphate buffer 1M (pH 7.8), 50ul hy-
drogen peroxide 10mM and 50ul ascorbate 10mM, and 10ul enzyme extract, in a total
volume of ImL. The reaction was started by adding H202 and performed at 25°C. The
oxidation rate of ascorbate was determined by the decrease in absorbance at 290nm for 3
min. Reaction mixture without enzymatic extracts was used as a spectrophotometer blank.
Finally, the activity of the enzyme was calculated using the following equation: Enzyme
activity (Units/L) = ((AAbs x Total assay volume))/((At x € x I x Enzyme sample volume))

Where At is the time of incubation (min), AAbs is the change in absorbance, ¢ is the
extinction coefficient of substrates (2.8 M-1 cm-1), and 1 is the cuvette diameter (1cm). En-
zyme activity (Unit) was defined as the amount of enzyme that oxidized 1umol of sub-
strate/min.

c. Catalase enzyme (CAT)

The activity of CAT was determined by Bergmeyer [20] method. The reaction mixture
contained, 0.01 M H202 and 0.05 M potassium phosphate buffer pH 7.0 in a
total volume of 1 mL. The reaction was initiated by the addition of 20 uL. enzyme and
the rate of utilization of H202 was measured for an initial 3 min by measuring a decrease
in absorbance at 240 nm. Reaction mixture without enzyme extract was used as a control:

A=([AA]_240xdfx1000x2)/et

A= Specific activity of enzyme according to uM decomposed H202 in one minute
and one ml of protein extract

[AA)_240=A_Start-A_End

df = Dilution factor (df=50)

1000= convert mM to uM

2=volume of Cuvette (2 mL)

t= Reaction time

e= Extinction coefficient of hydrogen peroxide (40[Mm}"(-1) [cm]"(-1))

2.5.  Statistical analysis

Statistical analysis for all molecular and physiological data was performed using R
version 3.5.3 [21] and RStudio version 1.1.463 [22]. Data were analyzed by ANOVA for a
completely randomized design with treatments as fixed effects and replicate as random
effect. Mean values were compared using Duncan test function provided in the agricolae
package [23] at 5% significance level of probability.

3. Results
3.1. Identification of candidate genes

To compare the expression of identical genes (common genes) in the two genotypes,
heat map analysis was used, in which red color indicated up-regulate and blue color
indicated down-regulated genes (Figl). According to Fig 1, heatmap clustering refers to
the task of grouping together a set of samples based on the similarity of their gene ex-
pression patterns, and as much as gene expression is different, they fall into more distant
clusters (Figl).
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Figure 1. Heat map for identical genes in two genotypes of sensitive and tolerant with expression
values as LogFC+7 (To have positive values, seven were added to all values). Red color represents
up-regulate genes and the blue color represents down-regulate genes.

Stress-responsive genes were identified using functional analysis. In sensitive genotype,
up- and down-regulated genes had 13.88% and 25% of stress response genes, respec-
tively, whereas in tolerant genotype, up- and down-regulated genes were 18.91% and
19.60%, respectively. It is clear that in the tolerant genotype, stress-related genes are
more active. As shown in Figure2, 27.7% of the down-regulated genes were common
between sensitive and tolerant genotypes, whereas only 6.4% of the up-regulated genes
were common between the two genotypes. Interestingly, one gene showed increased
expression in the tolerant genotype and decreased expression in the sensitive genotype,
whose unigene code was at.2572 (Fig2).
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Figure 2. Comparing list of up- and down regulate genes in sensitive and tolerant
tomato genotypes.

According to the Fig3, in drought stress conditions, FBA2, CEL2, HS5P21, CAB3, ASN3,
GADS5, HS5A32, SSP5, etc. genes in sensitive genotype and HSP21, HSA32, PSY, ACS9,
SAMDC, GADS5, SGB1, ABCF1, IAA19, FBA2, SMC2, etc. genes in tolerant genotype
showed increased expression, while DOX1, EXLB1, XTR6, OSM34, LAC7, LRX1, PPC3,
ICL, RHS19, LAC7, APR1, XTH26, SKUS5, ETR2, RTE1, ERF1, EFE, VND?7, etc. genes in
sensitive cultivar and HRGP1, RHS19, FLS5, LAC7, DOX1, FRU, ICL, PPC3, CHI, EFE,
XTH?7, PUP4, ARP4, CBSX3, XTH25, PME3, XPL1, SMO2, etc. genes decreased in toler-
ant cultivar. STRING only retains associations between direct pathway members or
within protein complexes with a high, uniform score (0.900), and to find the hub genes
with a high degree of connectivity, we have to draw a gene network for these proteins.
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Figure 3. Protein interaction of two sensitive and tolerant tomato genotypes with increased and
decreased expression. (a) Up-regulate genes in Solanum lycopersicum. (b) Down-regulate genes in
Solanum lycopersicum. (c) Up-regulate genes in Solanum pimpinellifolium. (d) Down-regulate
genes in Solanum pimpinellifolium. In these interactions, each node indicates a protein and the
connecting lines of the nodes demonstrate the interaction between those proteins. The color of the
connecting lines (strings) in figure 2 represents: Known interactions from curated databases and
experimentally determined interactions are denoted by blue and purple strings, interactions based
on gene neighborhood, gene fusions and gene co-occurrence are indicated by green, red and dark
blue strings while interactions on the text mining, co-expression and protein homology shown by
yellow, black and dark purple strings, respectively.
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We plotted a gene network based on a CytoHubba plugin (Fig4). CytoHubba was em-
ployed to explore PPI network hub genes; it provides a user-friendly interface to explore
important nodes in biological networks and calculates using eleven methods, which we
used here three algorithms of Closeness, Degree, and MNC [24].
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Figure 4. Gene networks of two tomato genotypes based on three algorithms of CytoHubba
plugins. (a) Solanum lycopersicum & Up-regulate genes (b) Solanum lycopersicum & Down-regulate
genes (c) Solanum pimpinellifolium & Up-regulate genes. (d) Solanum pimpinellifolium & Down-regu-
late genes.

The genes that were most common in the three algorithms were selected and listed
in Table 3. In this study, three genes that were overexpressed in two tomato species were
selected and analyzed. Selected genes in Solanum lycopersicum include CAB3, and in Sola-
num pimpinellifolium include SAMDC and ACS9.

Table3. Most common genes in three algorithms of CytoHubba plugin

Uniprot Gene Name Gene Function

accession

P36076 CAB3 Coenzyme A biosynthesis protein 3
D6VXKO CAB3 Chlorophyll a-b binding protein 2, chloroplastic
34045 CAB3 Chlorophyll a-b binding protein 2, chloroplastic
P0CJ48 LHCB1.1, CAB3 Chlorophyll a-b binding protein 2, chloroplastic

33675 ARP4 Nuclear actin-related protein involved in chromatin remodeling; com-
ponent of chromatin-remodeling enzyme complexes
32890 MEDS8 Subunit of the RNA polymerase II mediator complex; associates with
core polymerase subunits to form the RNA polymerase Il holoenzyme;

essential for transcriptional regulation

35835 CSE2 Mediator of RNA polymerase II transcription subunit 9
106759 AMDI1 adenosylmethionine decarboxylase 1
Q96286 SAMDC1 S-adenosylmethionine decarboxylase proenzyme 1
Q9M2Y8 ACS9 1-aminocyclopropane-1-carboxylate synthase 9

33675 ARP4 Nuclear actin-related protein involved in chromatin remodeling; com-

ponent of chromatin-remodeling enzyme complexes

QIUEG1 UBC Ubiquitin C

Q96JP1 SLX4 Structure-specific endonuclease subunit SLX4

B2R8T6 RADS51A DNA repair protein RAD51 homolog 1

277998 arp42 SWI/SNF and RSC complexes subunit arp42 (Actin-related protein 42)

(Chromatin structure-remodeling complex subunit arp42)

11778 GRF1 general regulatory factor 1

3.2. Bioinformatics analysis of selected genes
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CAB3 protein acts on the photosynthetic pathway in chloroplasts and plays a role in re-
ceiving light and transmitting energy to the plant. SAMDC protein is involved in two
metabolic pathways including, cysteine-methionine and arginine-proline. In both path-
ways, this enzyme (S-adenosylmethionine decarboxylase) catalyzes S-adenosyl-L-methi-
onine to the S-adenosylmethionine amine. ACS9 protein is also involved in the cysteine-
methionine metabolism pathway. This enzyme catalyzes the conversion of S-adenosyl-L-
methionine to 1-aminocyclopropane-1-carboxylate (ACC). The location of protein activ-
ity and placement in CAB3, SAMDC, and ACS9 were predicted in chlorophyll, cyto-
plasm, and nucleus, respectively. According to the Genevestigator analysis (Fig5), ex-
pression levels of genes CAB3 and SAMDC were varied at different stages of develop-
ment, but at ACS9, it is almost constant. Gene expression of SAMDC increased at vege-
tative and flowering stages but decreased at the fruiting stage, while, CAB3 was highest
at the vegetative stage and decreased at the flowering stage, and it increased again at the
fruiting stage and decreased at the fruit ripening stage (Figba).
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Figure 5. Expression level of candidate genes in different tissues and developmental stages using
Genevestigator software.

The highest expression levels of CAB3, SAMDC, and ACS9 genes were observed in
shoots, roots, and callus, respectively (Figbb). The instability index, hydrophobicity per-
centage, and isoelectric point of each gene are given in Table 4. S-adenosylmethionine
decarboxylase (SAMDC) plays a role in the polyamines (PAs) pathway and the biosyn-
thesis of spermidine I, II, III, while, 1-aminocyclopropane-1-carboxylate synthase 9
(ACS9) involved in ethylene biosynthesis and L-methionine salvages cycle.
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Table4. Physicochemical properties of candidate proteins using Protparam server.

Protein  Instability index Grand average of hydropathicity Theoretical % G+C
(I) (GRAVY) pl
CAB3 43.67 (unstable) 0.654 5.06 47.17
SAMD1  43.45 (unstable) 0.691 4.96 41.76
ACS9 45.21 (unstable) 0.820 5.01 40.84

3.3. Gene expression analysis

Results of gene expression analysis showed that the CAB3 gene in both sensitive and
tolerant tomato genotypes did not a significant difference compared to the control, but
the SAMDC gene decreased in both genotypes and the ACS9 gene decreased in sensitive
genotype and increased in tolerant genotype. A comparison of gene expression in sensi-
tive and tolerant genotypes showed that expression levels of all three genes in tolerant
genotype were more than sensitive. The expression of CAB3 and SAMDC genes in toler-
ant genotypes was 2.26 and 2.42 times more than that of sensitive genotype, whereas
ACS9 gene expression in tolerant genotype was 413.23 times more than sensitive geno-
type. The amount of ACS9 gene expression is significant to the sensitive genotype since
this gene controls ethylene production, therefore appears to play a key role in drought
condition tolerance (Figb).
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Figure 6. Expression ratio of three genes in tolerant and sensitive genotypes of tomato (a) Relative
expression of Solanum lycopersicum. (b) Relative expression of Solanum pimpinellifolium.

3.4. Physiological experiments
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The ANOVA analysis of physiological parameters in tomato genotypes grew under
drought stress indicated that the single effects of Genotype and Treatment, also their
interactions were highly significant (P<0.01) in Chlorophyll a and b, Proline, MDA, CAT,
and APX (Table 5).

Table.5 ANOVA analysis of some physiological parameters in tomato genotypes under drought stress

Sources

of Variation

df Chla Chlb Pro- MDA CAT APX

line

Genotype (G)
Treatment (T)

1 0.001*  0.0008*  2.76**  1.32**  2084** 191 **
1 0.002** 0.0023**  6.69** 12.8"  6800* 1176 **
1 0.002** 0.0064** 0.13**  1.21"  1694** 963 **
6

GxT
Error 0.001 0.002 0.003  0.035 34 5
*significance at P<0.05, **significance at P<0.01, ns no significance

3.4.1. Chlorophyll a and b

Under drought conditions, chlorophyll a content in the tolerant genotype decreased by
5% compared to the control, while in the sensitive genotype it was 15%. Chlorophyll a in
the tolerant genotype was more than the sensitive genotype. The difference in chloro-
phyll a content in tolerant to sensitive plants was 0.007 in control samples and 0.015
mg/g-1 FW in treated samples, respectively (Fig7a). Similarly, chlorophyll b decreased
by 6% and 11% in tolerant and sensitive genotypes, respectively. Also, chlorophyll b
content in the tolerant genotype was 0.0014 (in control) and 0.0021 mg/g-1 FW (in treated
samples) higher than the sensitive genotype. According to the above results, the tolerant
genotype had a higher ability to retain chlorophyll a and b than the sensitive genotype
(Fig7b).

3.4.2. Proline

Under dehydration conditions, for osmotic regulation, the proline content of plants in-
creases to prevent cell plasmolysis. In our experiment, under drought stress, proline con-
tent increased in both tolerant and sensitive genotypes. Proline content in tolerant to
sensitive genotypes increased by 4% and 5% in control and treated samples, respectively
(Fig7c).

3.4.3. Malondialdehyde (MDA)

Water stress induces lipid peroxidation and MDA accumulation in plants. In both geno-
types, MDA increased significantly under stress conditions. Lipid peroxidation in sensi-
tive and tolerant genotypes was 5.35 and 3.42 times higher than control, respectively
(Fig8d).

3.4.4. Catalase enzyme (CAT)

CAT is essential for catalyzes of H202 into water and oxygen, so, increasing this enzyme
under stress conditions protects the plants. In our experiment, CAT activity had a sig-
nificant increase in tolerant genotype under stress conditions. As shown in Figure 7e, the
activity ratio of this enzyme in tolerant genotype was 2.41 times higher than sensitive
genotype (Fig7e).
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3.4.5. Ascorbate peroxidase (APX)

APX activity was increased by water deficit. According to the results, the highest APX
activity was recorded in tolerant genotype under drought condition (215.84 U/ml), and
the lowest was obtained in the control treatment in sensitive genotype (127.95 U/ml)

(Fig7f).
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Figure 7. Interaction of genotypes and drought stress levels on some traits of tomato.

4. Discussion

Water shortage represents a major global abiotic stress that limits plant production
by inhibition of plant growth and development [25]. Drought induces ROS overproduc-
tion and leads to the disruption of membrane integrity and osmotic balance in plant cells.
The result of these changes is a decrease in crop quality and quantity, which causes crop
yield losses [26]. Therefore, it is important to identify the differentially expressed genes
(DEGs) under drought stress condition and their expression evaluation, as well as to ex-
amine the physiological parameters affected by stress, including the photosynthetic sys-
tem, osmolytes (proline), MDA, and antioxidant enzymes (CAT and APX). In this study,
three genes CAB3 (LHCB), SAMDC, and ACS9 that up-regulated under drought stress
conditions were selected and examined.

Regulation of LHCB expression is raised as one of the important plant mechanisms
to modulate chloroplast functions [27]. Previous reports showed that the members of the
LHCB family play an important role in plant adaptation to environmental stresses [28], as
well as their expression is regulated by ABA [29]. The plants most affected by drought
stress (sensitive plants) produce higher ABA levels, thereby increasing the expression of
the LHCB gene. LHCB genes involved in Saccharum narenga leaves in response to water
deficit [30]. In cotton leaves, chlorophyll a/b-binding genes, which involved in the light-
harvesting complex of photosystem II (PSII) was significantly down-regulated by water-
logging stress [31]. Xu et al. [32] reported that down-regulation or disruption of any mem-
ber of the LHCB family reduces the responsiveness of stomatal movement to ABA, and
therefore results in a decrease in plant tolerance to drought stress in Arabidopsis thaliana.
In contrast, our results showed that the expression of LHCB in both sensitive and tolerant
cultivars of tomato was not significantly different from control, which could be due to
different conditions such as stress duration, plant type, environment temperature, culture
medium, and so on.

Another up-regulate gene, SAMDC, is the key enzyme for the biosynthesis of poly-
amines (PAs). Prior studies reported that PAs were involved in plant reactions to abiotic
stresses such as cold, drought, and salinity [33]. SAMDC protein is involved in two meta-
bolic pathways: In the cysteine-methionine metabolism pathway, in the absence of this
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enzyme, S-adenosyl-L-methionine is converted to ethylene and homocysteine [34]. This
enzyme inhibits ethylene production and aging in the plant [35], therefore, the plants are
less affected by adverse environmental conditions. In the arginine-proline metabolism
pathway, this enzyme results in the production of both spermine and spermidine. These
compounds in plants embrace a wide range of biological processes, such as cell division,
growth, differentiation, aging, somatic embryogenesis, root and shoot formation, pollen
development, flowering, fruit maturation, and response to environmental stress [36].
Mareco et al. [37] indicated that overexpression of the SAMDC1 gene in Arabidopsis pro-
duces Spm accumulation and leads to plants with improved tolerance to salt stress. Re-
sults of Pal et al. [38] showed that there is a positive feedback loop between ABA and PAs.
Overexpression of the genes of PA synthesis enzymes, such as SAMDC, resulted in in-
creased ABA biosynthesis and ABA plays a central role in the improvement of plant
drought resistance [39]. In our experiment, the expression of this gene was decreased in
both sensitive and tolerant cultivars, perhaps one of the reasons that tomato is sensitive
to drought conditions is to decrease the expression of this gene.

Finally, the last gene to be studied is ACS9. This enzyme eventually results in the
production of ethylene and 2-exobutanate [40]. Developmental steps, stress conditions,
and the presence of phytohormones (such as auxin and ethylene itself) are the principal
inducers of transcriptional variations in ACS genes [41]. RT-PCR analysis revealed that
abiotic stressors induce the expression of the wild-type ACS gene which is involved in
ACC production. Under stressful conditions, plants can produce high levels of ACC that
subsequently increase ethylene concentrations and leading to an inhibition of plant
growth and development [42, 43]. Ethylene regulates a defense response, mostly in full-
grown leaves, and growth response in young leaves [44]. Nascimento et al. [40] report that
ACC itself, independently of ethylene, may play a role as a signaling molecule that con-
trols plant growth and development. It is interesting that ACC conjugates with other phy-
tohormones such as jasmonic acid, which is closely linked to plant defense [45], so sug-
gests a role for ACC in phytohormone crosstalk and a possible effect in mediating some
plant defense responses. Similar to the results of Eun et al. [43], in our results, the expres-
sion of ACS was increased in wild cultivar (tolerant) but decreased in the sensitive culti-
var.

Our three proteins have a positive index, so they are stable at high temperatures. The
instability index could be used as an indirect degree of the in vivo half-life of a protein
[46]. Proteins with a stability index of more than 40, have an in vivo half-life of fewer than
5 hours, whilst, the proteins with a stability index of less than 40, have an in vivo half-life
of more than 16 hours [47]. According to Table 4, the stability index of our proteins is
greater than 40, and therefore, they are unstable and their half-life is less than 5 hours.
GRAVY index displays the solubility of the proteins, in which positive GRAVY is hydro-
phobic and negative GRAVY is hydrophilic proteins. The GRAVY index of our three pro-
teins is positive, so they are among the hydrophobic proteins that are a current property
in the membranous proteins [48]. The hydrophobic character of these genes is correlated
with genes related to different stresses, such as the LEA [49], heat shock protein chaper-
ones, which do binds with non-native proteins and thus inhibit their aggregation during
abiotic stress conditions [50].

Dehydration leads to the induction of signal transduction cascade and ultimately ac-
tivation of transcription factors, which each activates a set of target genes, including those
necessary for the synthesis of protective molecules and amplification of the plant defense
system [51]. Photosynthetic pigments allow plants to attract energy from light, therefore
foliar Chlorophyll content is a key factor affecting the performance of plant photosynthe-
sis [52]. In our experiment, dehydration led to a significant reduction in Chlorophyll levels
in tomatoes, especially in sensitive genotypes. Several types of research also have ex-
plained that water stress significantly reduces the Chlorophyll a and b of various crops
[53, 54]. The decrease in Chlorophyll content under drought stress might be due to reduc-
tion in the synthesis of the principal Chlorophyll pigment complexes encoded by the CAB
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gene family, or to the demolition of the pigment-protein complexes that protect the pho-
tosynthetic system, or to oxidative damage of chloroplast lipids and proteins [55].

Proline protects plants from stress by contributing to cellular osmotic adjustment,
ROS detoxification, protection of membrane integrity, and enzymes/protein stabilization
[56]. Therefore, the accumulation of proline increases the tolerance of plants under stress
conditions. Our results also indicated the accumulation of proline under stress conditions.
The tolerant genotype had a higher proline content than sensitive, indicating that it is
more tolerant. MDA is a product of peroxidation of unsaturated fatty acids in phospho-
lipids, and the lipid peroxidation level is used as an indicator of free radical damage to
cell membranes under stress [57]. Under stress conditions, MDA content increased in both
tomato genotypes, which is significant in sensitive genotype. Many antioxidants play a
pivotal role in hindering the oxidative damage caused by unfavorable conditions, two of
which are CAT and APX. CAT activity in response to drought stress suggests a prominent
role for this enzyme in the protection of leaf tissue against oxidative damage. APX also
acts as the key enzyme to catalyze the reaction of H202 into H2O [58]. The expression of
APX may be activated by various factors, including water deficit [59]. In our experiment,
both antioxidant enzymes were increased under stress conditions. The ratio of enzyme
activity in tolerant to sensitive genotypes was higher in CAT enzyme than APX.

5. Conclusions

Tomato is a sensitive plant to drought conditions and so far, many methods have been
developed to prevent crop reduction. Since genes in each organism play a decisive role
in any situation, so we were looking for a way to identify stress-tolerant genes. In this
study, after the transcriptome analysis, we found three key genes, which include CAB3,
SAMDC, and ACS9. The results of our analysis showed that these three genes play an
important role in stress tolerance. CAB3 genes lead to the synthesis of chlorophyll pig-
ment complexes and reduced expression leads to a decrease in chlorophyll content.
SAMDC gene is involved in the biosynthesis of polyamines. Polyamines have anti-senes-
cence and anti-stress effects, antioxidant properties as well as membrane and cell wall
stability. Therefore, the decrease in its expression led to a decrease in antioxidant en-
zymes and an increase in lipid peroxidation in sensitive to tolerant genotype. The ACS9
gene is involved in the ACC production and subsequently in the production of ethylene.
Under stress, ACS9 inhibits plant growth, and ACC itself, independent of ethylene, acts
as a signaling molecule and controls plant growth. ACS9 gene was significantly in-
creased in tolerant genotype compared to sensitive cultivar. According to this result, the
tolerant plant avoids drought and through ethylene production, it led to the closure of
stomatal pores, reduced water loss, and reduced membrane damage. This method is one
of the most basic defense systems in tolerant plants.
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