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Abstract

Drought alters plant metabolic processes resulting in some changes at the anatomical and
morphological levels. Experiments were conducted to determine the morphologic and anatomic
response of two cultivars of tomato (Solanum lycopersicum L.- CaljN3 and Superstrain B) under
different irrigation regimes (100%, 75%, 50%, and 25% of field capacity). Catalase 1 (CAT1) gene
expression was investigated by real-time RT-gPCR and protein interaction studies in tomatoes
were utilized. Drought stress caused an increase in number of vessels in roots and stems of both
cultivars. The diameter of vascular cylinders in roots of control plants (both cultivars) was more
extended. Expression of the CAT1 gene did not show any significant difference in the CaljN3
cultivar under drought conditions. Whereas, expression of the CAT1 gene indicated a significant
increase in Superstrain B cultivar at the 50% and 25% FC levels of treated conditions. The gene
network showed that this protein interacts with superoxide dismutase, acyl-CoA oxidase, and
glutathione peroxidase. CaljN3 cultivars showed more tolerance than Superstrain B at all levels of
drought treatment. Therefore, Superstrain B is considered a susceptible cultivar under drought
conditions. It suggested that the defense against oxidative stress may initiate one step before the
activity of antioxidant enzymes. Thus, the tomato plant tries to fight the stress factor by activating
proteins, especially channels, pumps, and some cellular messengers.
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Introduction

Water deficit stress is considered one of the main barriers to the production of crops around the
world, especially in arid and semi-arid areas such as the Middle East. Aridity is one of the most
critical environmental stresses which affect morphological, physiological, and molecular
processes, causing a lack of growth in plants (Mesgaran et al., 2017). Tomato (Solanum
lycopersicum L.) is the chief agricultural product in many countries and is an essential contributor
to human health. The fruits are rich in vitamins A, C, and fiber and is cholesterol-free. It also has
a considerable amount of lycopene, which is an essential carotenoid antioxidant protecting the cell
from deleterious free radicals and preventing cancer (Sangeetha et al., 2023).

Plants responded to water deficit by making morphological, physiological, and metabolic changes
(Faghani et al., 2022). Some studies have shown that stress due to water deficit leads to a lack of
growth in various parts of the plant, including roots, shoots, leaf area, height, and dry weight. A
decrease in stomata closure during photosynthesis, and a decline in the levels of chlorophyll have
been observed in drought-stress (Hung et al., 2005). Drought changes the metabolic process and
function of some enzymes in plants and makes some changes on the anatomical and morphological
levels (Zhang et al., 2020). One of the biochemical changes which occur due to the placement of
plants in drought conditions is an increase in the production of free radicals of oxygen (ROS)
(Mostajeran and Rahimi-Eichi, 2008). Their toxic effects are neutralized by the plant’s antioxidant
system (enzymatic and non-enzymatic). The degree of sensitivity to oxidative stress relies on the
proportion of agents producing ROS and the production of antioxidants in the plants (Nadarajah,
2020). ROS s reactive and would destroy the natural metabolism of plants in the absence of any
defensive mechanism by oxidative damage to lipids, proteins, and other macromolecules (Rout and
Shaw 2001).

The structure of catalase (CAT) includes a tetrameric protein, porphyrin iron, and is considered
one of the most important antioxidant enzymes. CAT is found in all living organisms, including
plant cells, animal cells, and aerobic microorganisms (Sarker and Oba, 2018). CAT performs a
vital function in neutralizing H202, which is produced as a result of various processes such as
electron flow in the mitochondrial electron transport chain, beta-oxidation of fatty acids, and
oxidation during photorespiration (Mura et al., 2007). CAT in animals is only coded by one

particular gene, whereas in plants, a small gene family codes the catalase enzyme. In Arabidopsis,
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a small family of proteins including CAT1, CAT2, and CAT3 is coded by the CAT gene (Du et al.,
2008).

Selection of drought-tolerant plants and finding mechanisms that increase plant tolerance to
drought stress are essential. The purpose of the current study is to measure changes in the
morphological and anatomical characteristics of two cultivars of tomato (drought-susceptible and
drought-tolerant). Morphological and anatomical changes due to stress and how the genes were
expressed in different cultivars were evaluated. This research seeks to study the effects of drought

stress on the expression of catalase through real-time PCR.

Materials and Method

Plants material

Seeds of tolerant and susceptible tomato cultivars (Selanum Iycopersicum cv. CaljN3 and cv:
SUPBISHAIR B) were sown in pots containing sterilized sand. The sand was hydrated with distilled
water every few days to prevent dehydration. After the emergence of early leaflets (20 days),
seedlings were transferred to pots containing coco peat and perlite mix (70%-30%) which were
washed with distilled water and wholly dried at ambient temperature before plant transfer. Leaflets
were illuminated with a light (8 h, 21 "C)/darkness (8 h, 18 “C) cycle (humidity 65%).

Irrigation treatments

The experiment was conducted as a randomized complete block design with five replications. The
four irrigation levels were calculated based on field capacity (FC):100% FC as a control, 75%,
50%, and 25% FC. Irrigation of the samples was done three times a week (for four weeks). The
amount of water was determined based on field capacity by weighing the pots. The plants were
harvested after four weeks of drought stress applied and utilized for various studies.

Morphological and anatomical studies

Morphological parameters such as plant height, root length, root and shoot fresh and dry weight
and leaf area were measured. The seedlings was embedded in an alcohol-formalin-acetic acid
solution (18:1:1, v/v/v) and dehydrated in a series of alcohols, and after paraffin penetration in
samples, sectioning (8 wm) was done for microscopy analysis. Different parts of the plant such as
the internodes, roots, and leaves (sixth internode, middle or apical leaflet in the seventh leaf, for
roots two centimeters from the root cap) after sectioning were stained with safranin-fast green.
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RNA expression analysis by real-time RT-qPCR

Total RNA was extracted utilizing YTzol (Pure RNA isolation reagent) (Yekta Tajhiz Azuma Co.,
Iran). Sequences of sense and antisense primers (Bioneer, Seoul, South Korea) for CAT1 and
ACTIN (ACT) were designed utilizing Primer Express 3 software (ABI, USA). The sequence of the
primers was as follows: CAT1l: 5- GCGACCAAGGATCTTTACGA -3°, reverse: 5°-
CAACACCAATCGACCAACTG -3, ACT: 5-ATGCCTATGTTGGTGACGAG-3’ and 5’-
CTCTGGAGCCACACGAAGT -3’. gRT-PCR results were analyzed based on the AACt method,
utilizing the Step One software 2.1. Relative quantification was performed according to the

comparative 2AACt method.

Co-expression study

GPL4741 was obtained from the geodatabase containing 47 series and 744 samples. This particular
GPL belongs to the [Tomato] Affymetrix Tomato Genome Array. Within the 47 series, four were
associated with salinity, drought, and heat stressors on the tomato plant. Samples were further
subdivided based on plant sensitivity, tolerance, or applied stressor, which resulted in the creation
of 10 datasets. Weighted gene co-expression network analysis (WGCNA) was utilized in deriving

co-expression networks, followed by implementation in the R WGCNA package. [THEHIKIN

parameter is derived from the amount of hub gene and descriptions of the gene. The genes are
arranged according to the amount of sub, meaning the difference between the kin Cl and kin MS.
Kin Cl and kin MS are related to resistant and sensitive varieties respectively. The power of beta

= 12 was chosen based on the scale-free topology criterion.

Statistical analysis
One-way ANOVA (SPSS 20.0 software) was used to test differences between various means,
followed by the post hoc Tukey test (P < 0.05).

Results

Effects of drought stress on morphometric characteristics of tomato cultivars

Morphological results from the application of drought stress to different cultivars of tomatoes
showed significant changes in plant height and fresh and dry weight of shoots. In both cultivars,
plant height decreased considerably due to the drought conditions. The most decrease was observed

at the highest level of drought treatment (25% FC). Furthermore, drought levels resulted in a
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decrease in leaf surface area for both cultivars. The results indicated that drought stress reduced
the fresh and dry weight of roots in CalJN3. Whereas, the fresh and dry weight of roots in
Superstrain B decreased to 1.0 and 0.07 g, respectively. Moreover, drought stress decreased stem
weight in both cultivars (Table 1). CaljN3 cultivar showed more tolerance than Superstrain B at all
levels of drought treatment. Therefore, Superstrain B is considered a susceptible cultivar during
drought conditions.

Table 1. Effect of different irrigation levels on tomato root and shoot growth.

Parameters cultivars 100% FC 75% FC 50% FC 25% FC
Shoot length Calj N3 33.5+0.8a 30.7£1.9a 23.9+2.5b 16.8+0.9cd
(cm)
Super strain B PAI2%218H 18.4+0.4c 17.2+1.6¢ 13.6+1.5d
Root length Calj N3 32.0+1.6a 27.9+1.5a 22.7+2.6b 18.5+2.2¢c
(cm)
Super strain B 23.0+2.1a 19.9+1.7b 14.9+2.1c 10.9+0.4c
Shoot fresh Calj N3 13.5+1.3a 13.1+1.2a 9.6+£0.9b 6.5+0.8cd
weight (g)
Super strain B 10.0+1.6b 8.1+1.0bc 7.3+0.6¢ 4.8+1.21d
Root fresh Calj N3 5.5+1.3a 4.2+1.0ab 3.7£0.8bc 2.3£0.55cd
weight (g)
Super strain B 4.1+0.9ab 3.240.5bc 2.3+1.0cd 1.06+0.17d
Shoot dry Calj N3 1.2+0.17a 1.1+0.1a 0.8+0.0bc 0.5+0115de
weight (g)
Super strain B 0.9+0.1b 0.7+0.1bcd 0.6+0.05cd 0.4+0.1e
Root dry Calj N3 0.5+0.1a 0.4+0.01a 0.3+0.1ab 0.1 £0.07b
weight (g)
Super strain B 0.3+0.8a 0.2+0.07ab 0.2+0.1bc 0.07+0.02c
Leaf area Calj N3 4018+194.6a 3993.6+273.8a 2873+313.7b 1875+232.2¢c
(mm?)
Super strain B 3602+276.0a 2541.3+232.5b 2426+297.5b 1767.3+246.3c
Seedlings Calj N3 11.3+0.04a 11.2+0.07a 12.8+0.05b 14.2+0.05¢c
fresh / dry
weight Superstrain B~ 10.4+0.02b 10.3+0.06b 11.7+0.02b 13.3+0.06¢c

Values with different letters are statistically significantly different at P< 0.05.

Effect of drought stress on anatomical characteristics of roots, stems and leaves in cultivars
of tomato

Only control (100% FC) and 25% FC (high level) treatment samples were compared in both
cultivars. Anatomical studies of roots showed that the diameter of the root does not change
considerably in both control and treated plants (CaljN3 and Superstrain B) (Figure 1 A-D). In
drought-stressed plants (Superstrain B), cells within the cortex appeared disordered (Figure 1 D).
In general, the diameter of the vascular cylinders in the roots of control plants (both cultivars) was
more extended than what was observed in drought-stressed plants (Figure 1 E-H). The diameter of
metaxylem elements within the control plants of both cultivars was greater than that observed in
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stressed plants (Figure 1 E-H). The cell volume of the cortex layer in drought-stressed plants for
both cultivars showed an increase in comparison to control plants. Comparative data showed that
the epidermis in transversal sections of the internodes of CaljN3 and Superstrain B cultivars was
made of one cell layer in both the control and drought-stressed plants (Figure 1 I-L). The number
of trichomes was higher in the treatment plants rather than control (both cultivars). The number of
vessels and vascular bundles in the treated plants increased significantly (Figure 1 M-P). The
diameter of vascular pores was wider in control plants of both cultivars relative to the treated plants.
On the other hand, the thickness of the transversal wall of vessels in the treated plants was higher
than that of the control due to high levels of lignin deposition (Figure 1 M-P). The pith area of the
treated and control plants was the same in both cultivars.

Anatomical studies of the leaves indicated that mesophyll tissue contained one layer of palisade
parenchyma followed by spongy parenchyma tissue in both cultivars (Figure 1 Q-T). The lower
epidermis, which covers the lower surface of the leaf blade, contains trichomes. A comparison of
a transversal section of control leaves and treated leaves of both cultivars implied that the vascular
system in midrib and secondary veins were diminished (Figure 1 L-X). In both cultivars, the
diameter of vascular pores in treated plants was smaller (Figure 1 V, X).
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Figure 1. Drought stress effects on root, stem, and leaf anatomy of two tomato cultivars (CaljN3
and Superstrain B. (control plant of CaljN3 (A, E, I, M, Q, U); Stressed plants of
CaljN3(B,F,J,N,R,V) ; control plant of Superstrain B (C, G, K, O, S, W) ; Stressed plants of
SuperstrainB (D,H,L,P,T, X) ). A, B, C, D: root. E, F, G, H: xylem and Phloem of root. I, J, K, L:
stem. M,N, O, P: xylem and Phloem in stem. Q, R, S, T: leaf. U, V, W, X: xylem and Phloem in
leaf. (Scale bars, 500um in A-D, I-L, Q-T and Scale bars, 100um in E-H, M-P, U-X). co: cortex,
xI: xylem.

Effect of drought stress on CAT1 gene expression in tomato cultivars

A study of the relative expression of the CAT1 gene in two cultivars of tomatoes in drought
conditions was conducted (Figure 2). A comparison of the expression level of the CAT1 gene in
the two cultivars revealed that the expression of the CAT1 gene in CaljN3 and SuperstrainB is
similar in control conditions (100% FC). The relative expression of the CAT1 gene did not show
any considerable difference as the 75% FC level of stress in both cultivars. Likewise, expression
of the gene CAT1 indicated a significant increase in Superstrain B cultivars at the 50% and 25%
FC levels of treated samples (Figure 2). Whereas, the relative expression of the CAT1 gene did not

show any considerable difference in the 25% FC level of stress in the CaljN3 cultivar.
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Figure 2. Comparison of relative expression of CAT1 gene in CaljN3 and Superstrain B cultivars.
Values with different letters are statistically significantly different at p< 0.05.

Bioinformatics study of CAT1 gene utilizing microarray analysis

In the current study, probe Id (Les.3098.1.51_at) was selected as indicative of CAT1 in SOIGHUM
IBVEORRISICHR \vith Gene 1D 543990. In study groups that were divided based on cultivars and type
of stress, the probe did not show any significant log fold change (Table 2). Gene enrichment did
not show any pathway with a significant p-value for the cluster. Although the CAT1 gene was not
involved in specific biochemical pathways during drought stress, the gene network showed that
this protein interacts with superoxide dismutase, acyl-CoA oxidase, and glutathione peroxidase
(high score) (Figure 3). The results indicated that genes representing the hub gene changed between
the two tolerant and susceptible states in different clusters. The Kin parameter was derived from
the number of hub genes and gene descriptions. Kin CI (0.41) and kin MS (0.53) are related to the

tolerant and susceptible cultivars, respectively.
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Table 2. CAT gene expression in microarray studies of different tomato cultivars under different
stress conditions.

GSE ID Cultivar/Genotype Type of stress  Other characterization  Log fold change
GSE16401 Moneymaker salinity susceptible -0.339588916
GSE16401 P1365967 salinity tolerant -0.235236336
GSE22304 Is not mentioned drought susceptible 0.840218131
GSE22304 Is not mentioned drought tolerant 0.75971927
GSE39894 S. lycopersicum drought 0.399835513
GSE39894 S. pimpinellifolium drought 0.182271858
GSE97045 S. lycopersicum, cv. P73 drought 0.143336524
GSE97045 S. pennellii (Sp) (acc. PE47) drought 0.189479176
GSE22304 Is not mentioned heat susceptible -0.22713333
GSE22304 Is not mentioned heat tolerant 0.97014

Solyc089006720.2.1

SODCP2

GPXle-1

Figure 3. Interaction of CAT1 with different proteins. Empty nodes: Proteins of unknown 3D
structure. SODCP.2: Superoxide dismutase, Acx1A and Acx1B: acyl-CoA oxidase,
Solyc08g006720.2.1: glutathione peroxidase family, GPXle-1: phospholipid hydroperoxide
glutathione peroxidase, LOC544106: Glycolate oxidase. * Significant interaction.

Discussion

The study revealed that under drought stress there was a considerable decrease in length, fresh
weight, and dry weight of the roots for both cultivars. Research has shown that with sufficient
moisture, root growth increased significantly. In low levels of irrigation, less moisture is around
the root, consequently, this results in mechanical resistance of the soil against root development
and a reduction in the length and density of the root in common irrigation treatments (Navarro et

al. 2008). With sufficient irrigation, water is more reserved in the root area and the plant by
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condensing its roots makes better use of water (Faghani et al., 2022). Factors limiting
photosynthesis like light and water, in addition to decreasing plant function also decrease root
growth. Plants in dry environments prefer to deposit their photosynthetic production in the root and
not in the stems and shoots as the plant can preserve its ability to absorb more amounts of soil water
(Halo et al., 2020). Tomato is susceptible to drought stress, and therefore, when applying water
stress, its vegetative growth and function decrease considerably. Miguel and Francisco (2007) also
reported a reduction in root growth, fresh weight, and dry weight in tomatoes. Plant growth under
stress usually depends on the root's ability to absorb water from the soil and transfer it to stems
(Navarro et al. 2008). Root length is an index for absorbing water from deep layers of soil.
Therefore, the intensity of root growth affects the shoot of a plant (Franco et al. 2011).

The results indicated that drought stress caused a reduction in leaf area in both CaljN3 and
Superstrain B cultivars. The production and expansion of leaves are very susceptible to water
deficit because of the essential need for cellular division and growth (Hernandez-Espinoza et al.,
2020). Drought has a profound impact on the growth, production, reduction of leaf expansion,
reduction in stomata pores and the quality of the plant. The crucial impact caused by stress is a loss
of turgor pressure, which affects the speed of cell expansion and final cell size (Kumar and Purohit,
2001). The reduction of leaf growth induced by drought stress could be considered an adaptation
response. Furthermore, drought stress restricts leaf area and ultimately transpiration (Sikuku et al.,
2010). The typical reaction of a plant to drought stress includes reducing stem growth and the size
of the whole plant (Mostajeran and Rahimi-Eichi, 2008). A decrease in leaf area causes a reduction
into receive of light and photosynthesis (Ourcut and Nilsen, 2000).

Results of the current study showed that under stress conditions, shoot weight in susceptible
cultivars was lower relative to tolerant cultivars, which can be used as an index for the selection of
susceptible and tolerant cultivars. The decrease in shoot growth and weight probably occurred due
to the decrease in photosynthesis, the production of inhibitory substances, and the decline in the
level of hormones during drought stress (Hayat and Ahmad, 2007). It is suggested that under water
deficit conditions, the absorption of nutritional substances decreases and consequently transpiration
might reduce. These processes cause a reduction in the growth and expansion of shoots in the plants
(Kirnak, 2001). The level of production of essential metabolites in plants has a strong co-relation

with leaf area and absorbed light. A reduction of each one of these indexes can reduce the fresh
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and dry weight of the plant. Consequently, the continuous loss of water in the soil causes a decrease
in leaf size and surface (Hernandez-Espinoza et al., 2020).

Anatomical changes can occur in plants under water deficit. Some of these changes include
increased lignification or suberin deposition in the cortex, endoderm cells, and cell layers that are
near to cortex and medulla (Farooq et al., 2009). The reduction of vessel diameter, which is caused
by an increase in lignification, shows the adaptability of a plant to stress conditions (Halo et al.,
2020). Increased thickness of the transverse wall of vessels and a reduction in the diameter of the
vessels, allow water to run through the vessels with greater speed (Jogawat et al., 2021). A
secondary structure formation is a kind of defense response of plants against stressful conditions.
It has been observed that the tonality rate of lignified areas is much lower than that of the control
plants, which can be a result of increased polymerization of the lignin component (Jogawat et al.,
2021). The number of layers and root volume of cortex cells in drought-stress plants for both
cultivars increased as compared to the control plants (Granier et al. 2000). Tissues placed in water-
deficit conditions usually demonstrate a decrease in cell size and the number of vascular tissues.
Under these conditions, processes corresponding to cell elongation are more vulnerable compared
to processes related to cell division (Nevo et al. 2000). The space between spongy parenchyma
cells of leaves seems to be beneficial for the prevention of water loss. Reduction in blade thickness,
palisade, and spongy parenchyma in some species of Acacia auriculiformis under water deficit
stress was reported by Liu et al. (2004). A leaf is considered a responsive organ to environmental
conditions and among environmental factors that could potentially affect the structure of a leaf,
certainly drought stress is one of the most important ones (Nardini et al. 2005). Changes in leaf
anatomy in plants under stress could be related to reducing transportation via the stomata.
Moreover, a reduction of leaf expansion could be related to different mechanisms such as a
reduction in cell division and firmness of the cell wall (Bouchabke et al., 2002).

Based on the results of the present study, drought stress did not have a significant effect on the
expression of the CAT1 gene in the CaljN3 cultivar while the expression significantly changed in
the Superstrain B cultivar. Changes in antioxidant enzyme function are a mechanism utilized by
the plant to increase plant tolerance against stress (Daneshmand et al., 2014). Several reports have
determined that drought stress, high temperature, and salinity cause an increase in superoxide
dismutase and CAT activity in tolerant genotypes (Sairam et al., 2001). The level of antioxidant

enzyme activity during drought stress is variable between plant species and even cultivars (Bacelar
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et al., 2006 a). Moreover, changes in the expression of the catalase enzyme during stress are
dependent on the species (Ufuk Demirel et al., 2020). In rice seedlings, water deficit stress has
been found to increase the expression of all the antioxidant enzymes that remove ROS (Srivalli et
al., 2003). A study of the impact of salinity on oxidative stress in two Faba bean cultivars did not
show a significant effect on SOD activity in plant roots (Gaballah et al}, 2005)/

Bioinformatics study of the catalase gene by microarray datasets showed no significant difference
in catalase gene expression under salinity and drought stress. The results of the enrichment gene
showed that this gene does not guide any significant cell pathways. Studies show that in tomato
drought and salinity treatments, rather than activating the catalase pathway, the cell process
activates the SaITIOVErIsensitive (BOS) pathway of cells, pumps, carriers, and cellular messengers
until they have an enzymatic response (Sahni et al., 2016). Tomatoes seem to go one step further
in response to stress oxidation and increased oxygen free radicals, activating enzymes other than
catalase. [BFGSSINOSIENONd signaling activation adjusts the expression of genes involved in cell wall
biosynthesis and remodeling and cell wall homeostasis through cell expansion in response to
environmental stress (Sahni et al., 2016). Apparently, in this plant, the fight against oxidative stress
begins one step before the antioxidant enzymes and seeks to expel the stressor by activating
proteins, especially channels, pumps, and cellular messengers.

Conclusions

Anatomic observations showed that drought stress causes a reduction in the diameter of vessels
and increased thickness of transverse wall due to the deposition of lignin in leaves, internode, and
root cells of both CaLjN3 and Superstrain B cultivars. Based on the morphological results the
CaLjN3 cultivar is tolerant compared to Superstrain B as it had the lowest reduction in fresh and
dry weight of root and shoot. CaLjN3 cultivar showed more tolerance concerning a reduction of
height compared to other variables. Superstrain B is therefore considered the susceptible cultivar.
Results obtained by guantitative real-time PCR showed that the CaLjN3 cultivar is considered the

tolerant cultivar while the level of expression of the CAT1 gene increases in Superstrain B. Gene
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enrichment did not show any pathway with a significant p-value for the cluster. It seems that in

some cases tomatoes undergoing abiotic stress instead of activating the catalase pathway, the cell
process activates BifleHpatways. Apparently, in this plant, the fight against oxidative stress begins

one step before the enzymes and seeks to expel the stressor by activating proteins, especially

channels, pumps, and cellular messengers. The results reveal that the CaLjN3 cultivar is suitable

for cultivation under drought-stress conditions rather than the Superstrain B cultivar.
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