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ABSTRACT

Salinity is a major global problem that threatens the agricultural sector, especially in areas that suffer
from a shortage of water. It motivates ionic toxicity, osmotic and oxidative stresses, which greatly inhi-
bits plant performances and crop productivites. However, micronutrients (MNs) or plant extracts, like
germinated maize grain extract (gMGE), have been reported to minimize the effects of salt stress on plant
growth and returns. Therefore, this study aimed at evaluating the influences of MNs or gMGE applied as
foliar sprays on growth, physio-biochemical indices, and antioxidative system components in three geno-
types of tomato plants stressed by 9 dS m~! NaCl. This salinity level markedly increased Na* content, lipid
peroxidation, ion leakage, and markers related to oxidative stress (superoxide; O3 and hydrogen perox-
ide; H,0,). Besides, marked increases in activities of enzymatic (especially different forms of superoxide
dismutase; SODs) and non-enzymatic antioxidants and osmoprotectant compounds were also observed.
In contrast, growth, photosynthetic capacity including hill reaction activity (HRA), K*/Na" ratio, tissue cell
integrity (e.g., cell water content and membrane stability), and K* and MNs contents decreased signifi-
cantly under stress. However, compared to MNs, gMGE significantly improved the activities of the antiox-
idative system components (particularly SODs) and osmoprotectants, which were reflected in reduced
Na* accumulation, lipid peroxidation, ion leakage, and oxidative stress. These results were coupled with
remarkable elevations in photosynthetic capacity including HRA, K*/Na* ratio, tissue cell integrity, K*
content, and MNs contents, all of which were reflected in the enhancement of plant growth. Compared
to local tomato cultivars (e.g., Castle Rock and C10), the wild line “0043-1" had better results. The inter-
action of three factors; salt stress, promoters, and tomato genotypes was significant. The wild tomato line
“0043-1" as the best salt-tolerant is a good candidate for implication in breeding programs for tolerance
to salinity to produce salt-tolerant cultivars for use to maximize tomato growth and productivity in saline
environments.
© 2021 The Author. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

many antioxidant compounds, including vitamins and minerals
(Naika et al., 2005). However, tomato growth and yield have been

Among the vegetable crops, tomato (Solanum lycopersicum L.) is
a master one that grows globally in both open field and controlled
greenhouses. In most countries, the master healthy components
for daily meals include tomato fruits, which are a rich source of
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reported to decrease considerably due to high salinity (Rady,
2011a, 2012; Zhang et al.,, 2016; Al-Daej, 2018; Singh et al,,
2020). Although their response to salt stress is variable according
to cultivar or line (Shannon et al. 1987), tomatoes are sensitive
or moderately-tolerant to salt stress (Frary et al., 2010) through
regulating ionic and water balance (Martinez-Rodriguez et al.,
2008).

Salinity is a widespread abiotic stress and assassinates large
areas of the agricultural land nowadays, especially in dry regions,
including Saudi Arabia and Egypt. It is a major global problem that
threatens the agricultural sector, as it inhibits plant growth and
development, and deactivates plant physio-biochemistry through
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osmotic stress and ionic cytotoxicity and thus impairs crop returns
(Abd El-Mageed et al., 2018, 2020; Munns et al., 2006; Rady et al.,
2019a). Worldwide, approximately 20% and 33% of non-irrigated
and irrigated cultivated land, respectively, have been severely
affected by increased salinity. By 2050, it is expected that arable
land that will be affected by salt will reach more than 50% (Jamil
et al,, 2011; Shrivastava and Kumar, 2015). The harmful effects of
saline stress have been proven in most crop plants, including toma-
toes, where Na" and Cl~ ions have been notified to create hyperos-
motic, hyperionic, and oxidative stress, affecting plant growth,
physiological and biochemical indicators, and reproductive devel-
opment, and plant death may be inevitable (Al-Daej, 2018; Yang
and Guo, 2018; Rady et al., 2019b; Frukh et al., 2020). The produc-
tion of excess reactive oxygen species (ROS; O3 and H,0,) and
their outcomes such as excess lipid and protein oxidation have
been used as biomarkers of oxidative stress in stress-suffered
plants (Anjum et al., 2015; Rady et al., 2019c, 2020). To metabolize,
combat, and control the accumulated ROS under stress, plants pos-
sess an efficient antioxidant defense system, which includes low
molecular mass and enzymatic antioxidant compounds (e.g., pro-
line, glutathione, ascorbate, superoxide dismutase, catalase, glu-
tathione reductase, ascorbate peroxidase, etc.) (Frukh et al., 2020;
Rady et al., 2019b, 2020). Besides, the elevated osmoregulation
process through increased levels of glycine betaine, soluble sugars,
ionic K*, and proline gives plants additional mechanisms to with-
stand stress (Rady et al., 2019a, 2019b, 2019c). Although reports
have reported regulation of cellular oxidative damage by compo-
nents of the antioxidative system in stress-suffered plants
(Anjum et al., 2015; Rady et al., 2019a; Frukh et al., 2020), the abil-
ity of the endogenous antioxidative system is not sufficient for
plants to defend under acute conditions of environmental stres-
sors. Thus, reports have recommended using exogenous helpful
applications such as micronutrients (Abou El-Nour, 2002; El-
Fouly et al., 2011; Noreen et al., 2018) and plant extracts, including
the extract created from germinated maize grains (gMGE) to
increase the plant’s ability to withstand different stresses
(Semida and Rady, 2014; Rehman et al., 2018; Alzahrani and
Rady, 2019), including salt stress (Semida and Rady, 2014; Rady
et al., 2019b).

Micronutrients (MNs) play key roles in plants for normal
growth, health, and production sustainability under normal and
abnormal environmental conditions. (El-Fouly et al., 2011;
Noreen et al., 2018). Key MNs like Mn, Fe, Cu, and Zn are of equal
importance in plant growth and development functions. They
stimulate tolerance to environmental stressors throughout the life
of the plant (Noreen et al., 2018). Additionally, they take part in
enormous functions in plants, for example, they enter as functional
components of many enzymes (Fe, Zn, and Cu) or activate many
enzymatic reactions (Mn). They also play key roles in redox reac-
tions of respiration (Fe) and photosynthesis (Fe and Mn), plant
metabolism (Cu and Zn), and regulation of plant growth (Zn)
(Kabata-Pendias and Pendias, 1999; Noreen et al., 2018).

Not so long ago, natural extracts as germinated maize grain-
derived biostimulants (gMGE) have been applied to seeds or plants
and reported to minimize the adverse stress effects on plant per-
formances such as salinity (Semida and Rady, 2014; Fahad et al,,
2014a; Fahad et al., 2014b ; Rady et al., 2019b), nutritional defi-
ciency (Rehman et al, 2018), and the heavy metal cadmium
(Alzahrani and Rady, 2019). The gMGE is rich in plant hormones
(e.g., gibberellins, auxins, cytokinins, including zeatin-type cytoki-
nin, etc.), osmoprotectant compounds (e.g., soluble sugars, free
proline, glycine betaine, etc.), antioxidants (e.g., free proline, glu-
tathione, ascorbate, etc.), and essential micronutrients (e.g., Fe,
Mn, Zn, Cu, etc.). All gMGE-containing biostimulants are able to
modify plant morphology, biochemistry, physiology, and antioxi-
dant defense system to stimulate tolerance in plants to stress con-
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ditions, including salinity. Based on this information, little work
has been implemented applying the effective gMGE-containing
biostimulants as an innovative strategy to plants to withstand
stress, including salinity (Semida and Rady, 2014; Rady et al,,
2019b).

Therefore, plants from three genotypes of tomato (e.g., Castle
Rock and C10 as local tomato cultivars Solanum lycopersicum L.,
along with line 0043-1 as an accession of the wild species Solanum
peruvianum L.) were foliar-sprayed with gMGE (as a source of
organic biostimulants) in comparison to foliar spray with a mixture
of MNs (Fe, Mn, Zn, and Cu as a source of chemical growth stimu-
lants). Compared to gMGE, MNs were utilized in this investigation
due to their importance as key components of different superoxide
dismutase forms and are important components in gMGE (Table 1).
Possible positive modifications of biochemical and physiological
systems of tomatoes were evaluated under the effects of foliar
applications with MNs or gMGE to salt-stressed plants to identify
the relationship between alterations in antioxidative defense sys-
tem components and the range of plant tolerance, with respect
to plant growth improvements.

2. Materials and methods
2.1. Preparation plant material for study

Seeds of Castle Rock and C10 (two local tomato cultivars Sola-
num lycopersicum L.) and of line 0043-1 (an accession of the wild
species Solanum peruvianum L.) were used for the current study.
Salt responses of these three genotypes were evaluated to specify
their salinity threshold and selecting the appropriate salt concen-
tration for use in this study. The salinity concentration of 9 dS
m~! was specified to be used in this study because the following
concentration (12 dS m™!) was lethal for plants of Castle Rock
genotype (Table 2). Seeds of the two local tomato cultivars were
supplied from the Center of the Agricultural Research, Egypt and
seeds of the wild species were obtained from the Tomato NBRP
(National Bioresource Project), Japan. The seed surface was steril-
ized by rinsing in 2% solution of NaClO for 10 min, well washed
with distilled water, and air-dried for two hours.

Table 1
Germinated maize grain extract (gMGE) content of osmoprotectants, antioxidants,
phytohormones, and micronutrients (on a dry or fresh weight basis).

Component Unit Value Reference

Osmoprotectants and antioxidants:

Soluble sugars mg g ! 186.5 + 8.3 Irigoyen et al.

DW (1992)

Proline 434 +£0.7 Bates et al. (1973)

Glycinebetaine 8.64 +0.15 Grieve and Grattan
(1983)

Ascorbate umol g=! 526 +0.11  Huang et al. (2005)

Glutathione DW 2.05 £ 0.05 Paradiso et al.
(2008)

DPPH radical-scavenging % 84614 Lee et al. (2003)

activity

Phytohormones:

Auxins ngeg 'FW 213 +0.04 Lavrich and Hays

Gibberellins (GAs) 2.24 £ 0.05 (2007)

Cytokinins (CKs) 2.56 + 0.05

Zeatin-type-CK 1.21 £ 0.02

Micronutrients:

Fe mg g~! 16.42 £ 0.51 Chapman and Pratt

Mn DW 8.10+0.28  (1961)

Zn 6.14 + 0.19

Cu 4.08 £ 0.15




H. Faisal Alharby
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Salt tolerance evaluation in two tomato cultivars (CR and C10) and a wild tomato species (line 0043-1) using NaCl salt.

Cultivars or species NaCl salt treatments

Dw 3dSm™' 6dSm™! 9dSm™' 12dSm™!
CR 4 4 2 1 0
C10 4 4 4 3 2
Line 0043-1 4 4 4 4 4

0 means seedlings dead, 1 means weak growth, 2 means moderate growth, 3 means good growth, and 4 means very good growth.

CR means Castle Rock, and Dw means distilled water.

2.2. Tomato transplant husbandry

Using a net greenhouse at King Abdulaziz University, the seeds
of the three genotypes were sown in flats of 209-cell Styrofoam
[25 cm® (2.6 cm x 2.6 cm x 7.0 cm) for inverted pyramidal cell)
at a rate of one healthy sterilized seed per pyramidal cell, which
was filled with the medium suggested by Rady and Rehman
(2016). The medium consisted of crushed corn grains, vermiculite,
and peat moss at a rate of 0.5, 1.0, and 1.5, respectively and
enriched with humic acid at a rate of 250 mg L!. Sowing began
on August 2019 for a period of five weeks to obtain transplants.
During this period, the mean temperatures and relative humidity
were 32/27 + 3/2 °C (day/night, respectively) and 61-65%, respec-
tively with approximately 12.5 h of solar radiation as a natural
day-length. The Styrofoam flats were arranged on rails and rotated
daily to avoid any positional bias. Using overhead irrigation sys-
tem, the transplants were irrigated daily with water and a nutritive
solution alternating. The nutritive solution was consisted of Mo, B,
P, Mn, Cu, Zn, N, K, and Fe, at a concentration of 0.35, 0.88, 0.88,
0.88, 0.88, 0.88, 1.75, 1.75, and 1.75 mg L™, respectively (Rady
and Rehman, 2016). After five growing weeks, the healthiest and
standardized transplants were collected from the flats of each
genotype for further use in the current study.

2.3. Growing conditions and experimental setup

A pot experiment, repeated three times, was conducted from
September 10 to December 20 using a greenhouse. Using the
selected transplants of the three genotypes, transplanting was con-
ducted into black colored plastic pots (42 cm deep and 40 cm inner
diameter). The weight of 18 kg of clean, ion-free sand was filled
into each pot, which was transplanted with a one tomato trans-
plant. All transplants were kept normally under no stress for two
weeks until the root system was repaired and well-fixed in the
medium. Then, to apply 18 treatments for another 7 weeks, the
transplants were allocated to 3 replications per treatment and 6
pots were specified per each replication. The 18 treatments were
represented by three factors. Salt stress (9 dS m~! using NaCl salt)
and no stress were the first factor, three tomato genotypes; castle
Rock, C10, and line 0043-1 were the second factor, while the third
factor represented the foliar-sprayed promoters; micronutrients
(MNs) and the extract obtained from germinated grains of maize
crop (gMGE; municipal genotype, Egypt).

All pots were category (e.g., genotype)-organized in the open
greenhouse and the transplants/plants were preserved in natural
climatic conditions [e.g., the mean temperatures and relative
humidity were 32 + 3 °C/27 £ 3 °C for day/night (approximately
12 h for each) and 62-66%, respectively, and the availability of sun-
light inside the greenhouse was kept homogeneous, with an aver-
age radiation of 12 h]. Salt stress treatment was applied by adding
NaCl salt to the nutritious solution (Hoagland and Arnon, 1950)
until reaching the concentration of 9 dS m~'. This salty nutritious
solution was applied day after day, and to maintain this level of salt
stress, the EC was monitored continuously throughout the trial
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period. A nutritious solution free of NaCl salt was used to irrigate
stress-free plants day after day. The Hoagland’s nutritious solution
(pH 5.9), containing 1250 pM Ca(NOs), x 4 H,0, 250 M KH;POy,,
1250 uM KNOs, 500 pM MgSO4 x 7 H,0, 2.4 uM MnCl, x 4 H,0,
11.6 uM H3BOs, 0.08 uM CuSO4 x 5 H,0, 0.24 uM ZnSO4 x 7
H,0, 0.13 pM Na,MoO4 x 2 H,0, and 22.5 uM Fe**-EDTA* was
used. Using diluted H,SO,4, soil pH was modified to be 6.0-6.2.

Foliar sprays were applied with MNs (consisting of Fe, Mn, Zn,
and Cu at concentrations of 1.6, 0.8, 0.6, and 0.4 g L', respectively)
and gMGE (10 mL of stock solution L™!) three times for stressful and
non-stressful genotypes; at 2, 4, and 6 weeks after transplanting.
Using a hand atomizer, MNs, gMGE and distilled water (for control
plants) were foliar sprayed to run off (1 I of spray solution per 5
plants), and an appropriate surfactant (e.g., few drops of Tween-
20) was applied for the spraying solutions. Since they generated
the best responses, the MNs and gMGE concentrations, which
applied three times, were chosen according to our initial study
(data not shown). The pots were regulated in a Split-Split plot
design. The systematic errors that may result from climatic fluctu-
ations in the local environment were averted through rotating the
pots day after day before watering throughout the experimental
period.

2.4. Preparation of micronutrient solution (MNs) and germinated
maize grain extract (gMGE)

EDTA*-Mn, EDTA"-Fe, EDTA"-Cu, and EDTA"-Zn were dissolved
in concentrations of 1.6, 0.8, 0.6, and 0.4 g L' of distilled water,
respectively. This MNs solution was prepared at the same time
as spray applications were implemented.

As detailed in Rehman et al. (2018) and Alzahrani and Rady
(2019) procedures, gMGE was prepared including a minor modifi-
cation. Using Zea mays grains (municipal genotype, Egypt), the
extraction was implemented using germinated embryos, which
were separated from the grains after germination with wet cotton
and clean clothes. The germinated embryos were ground using dis-
tilled water. Under vacuum, the aqueous solution was filtered and
the filtrate was kept in a black bottle in a refrigerator (at 4 °C).
Another extraction was performed using the residues and ethyl
alcohol (95%) with an electric shaker for 24 h, and the alcoholic fil-
trate was obtained through filtration under vacuum. Using rotary
evaporator, the alcoholic filtrate was evaporated to entirely
remove alcohol. The mixture of aqueous + alcoholic extracts was
concentrated to obtain the stock solution of gMGE (a total of
240 mL was extracted from 6 kg of maize grains). The gMGE stock
solution was kept at ~ 20 °C or used immediately.

The gMGE was evaluated for its main components and the esti-
mated results are shown in Table 1.

2.5. Sampling date and sample preparation for different
determinations

Nine weeks after transplanting, tomato plants of the three
genotypes were harvested from different treatments. Data are dis-
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played as an average of three independent experiments. After
cleaning plant shoots using water-filled bucket to remove any
adhering dusts, morphological, physiological, and biochemical
attributes, as well as antioxidant enzyme activities, including dif-
ferent forms of superoxide dismutase were assessed in five repli-
cates using the topmost fully enlarged young leaves.

2.6. Assessment of growth traits

Five plants were randomly chosen and extracted from sand by
using a bucket filled with water. After separating plants, roots
and shoots were subjected for taking fresh weights (FW). Dry
weights (DW) were assessed after drying at 70 °C. The DW was
taken after two or three constant weights.

2.7. Assessment of leaf pigments, chlorophyll fluorescence, and
parameters of gas exchange

Fresh tissue of a fully-extended upper leaf devoid of the midribs
was extracted using 80% (v/v) acetone with clean mortar and pestle
to determine chlorophylls and carotenoids (Arnon, 1949). Optical
densities of supernatants were monitored using spectrophotome-
ter apparatus at wavelengths of 663, 645, and 480 nm. Using the
fully enlarged upper leaves, the fluorimeter apparatus (PAM-
chlorophyll, Germany) was utilized to evaluate chlorophyll fluores-
cence components (Li et al., 2007). Using the same leafy material,
the infrared gas analyzer apparatus (LCA-4 model, England) was
utilized to evaluate each of net photosynthesis rate; Pn, CO, assim-
ilation rate; A, conductance of leafy stomata; gs, and transpiration
rate; E. The activity of the hill reaction (Giebel, 2006) was evalu-
ated and the activity rate was expressed in mM 2, 6-
dichlorophenolindophenol (DCPIP) reduced h™! mg~' chlorophyll.

2.8. Assessment of relative water content (RWC) and osmoprotectants
contents

Using a fully-extended upper leaf devoid of the midribs, a con-
stant number of 2 cm-diameter discs was specified to determine
the relative water content (Osman and Rady, 2014). Immediately,
the discs were weighed to record the fresh mass. Then, in the dark,
the discs were watery-saturated for 24 h. After gentle removing the
adhering water, the turgid mass was recorded. Then, the dry mass
of the discs was taken after drying (at 70 °C for 48 h). The RWC per-
centage was calculated using the following equation:

(fresh mass —dry mass)

RWE(x) = (turgid mass —dry mass)

100

Leaf proline content (pug g~! FW) was determined, after extrac-
tion using toluene, taking the absorbance readings at 520 nm
(Bates et al. 1973). The Grieve and Grattan (1983) method was
applied to assess the content of glycine betaine (ug g~' FW) by col-
orimetrically monitoring the periodide crystals (formed by the
reaction of cold KI'l, as a reagent with the reaction mixture) at
365 nm. The method of Irigoyen et al. (1992) was utilized for
extracting (with C;HsOH, 96%) and determining sugar content
(mg g~! FW) by taking the absorbance readings at 625 nm after
cooling the mixture reaction obtained from mixing the anthrone
reagent with the ethanolic leafy extract.

2.9. Assessment of markers of oxidative stress (superoxide and
hydrogen peroxide), peroxidation of lipids, ionic leakage (EL), and
membrane stability index (MSI)

The methods described in Velikova et al. (2000), Kubis (2008),
Madhava Rao and Sresty (2000), Dionisio-Sese and Tobita (1998),
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and Rady (2011b) were utilized to determine each of hydrogen
peroxide; H,0,, superoxide; O3, lipid peroxidation (evaluated as
malondialdehyde; MDA) contents, ionic leakage (EL), and mem-
brane stability index (MSI), respectively using a fully-extended
upper leaf devoid of the midribs.

Using a fully-extended upper leaf devoid of the midribs, a con-
stant number of 20 discs was specified to assess the total inorganic
ions escaping from the leaves. The EC1 (electrical conductivity)
was recorded in the solution of the discs before heating. The EC2
was recorded after heating on 45 °C - 55 °C for %2 h. Then, the
EC3 was recorded after boiling for 10 min. The EL percentage
was obtained using the following equation:

o |(EC2 —ECT)

Using a fully-extended upper leaf devoid of the midribs, a con-
stant weight of 0.2 g pieces to determine the MSI. The EC1 was
recorded after heating the solution of 0.2 g sample on 40 °C for
% h. The EC2 was recorded after boiling the solution of another
0.2 g sample for 10 min. The MSI percentage was obtained using
the following equation:

EC])} %100

2.10. Assaying of ascorbate (AsA) and glutathione (GSH) levels and
enzymatic activity

Using a fully-extended upper leaf devoid of the midribs, a pre-
pared homogenate was subjected to a centrifugation (4,000 x g,
20 min) to produce a supernatant that was utilized to assass the
AsA content (Huang et al., 2005). The same leafy material was
applied to determine the GSH content (Paradiso et al., 2008).

Using a fully-extended upper leaf devoid of the midribs (0.5 g),
enzymatic extract was prepared and used as the supernatant
obtained from the centrifugation (12,000 x g, 4 °C, 0.25 h) of the
leafy homogenate to assay enzyme activities (Unit mg~! protein).
The Aebi (1984), Nakano and Asada (1981), and Foster and Hess
(1980) methods were practiced to assay catalase, ascorbate perox-
idase, and glutathione reductase activities, respectively.

2.11. Assessment of ion contents and superoxide dismutases assays

To analyze micronutrient (Fe, Mn, Zn, and Cu) contents, fully-
extended upper leaf samples were dried at 70 °C until constant
weights were reached. After grinding, a mixture of perchloric and
nitric acids (at 1: 3, v/v, respectively) was applied to digest the
dried samples. Micronutrient contents were measured using
atomic absorption spectroscopy apparatus (Johnson and Ulrich,
1959). The same digested solution was applied to determine the
contents of K" and Na* using atomic absorption spectrophotometry
(Emilio et al., 1998).

A frozen sample (500 mg) was homogenized in a mortar and
pestle fixed on ice. The solution of homogenization was 10 mL
HEPES buffer (50 mM) and 0.1 mM Na,EDTA (pH 7.6). Centrifuga-
tion (15,000 x g for 15 min at 4 °C) of homogenates was practiced
to obtain an extract that app'ied to assay protein and superoxide
dismutase (SOD). Overnight, the extract was dialyzed against
dilute homogenizing solution to separate the the low-molecular-
mass substances that interfere in SOD assay. The protein-dye bind-
ing method of Bradford (1976) was used to measure soluble pro-
tein concentration.

The procedure of Yu and Rengel (1999) was practiced to assay
the activity of SOD (EC 1.15.1.1). This procedure is based on obser-
vation of photochemical reduction inhibition of NBT (nitro blue
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tetrazolium). To assay total SOD, 5 mL reaction mixture [50 mM
HEPES (pH 7.6) + 01 mM EDTA + 50 mM Na,CO; (pH
10.4) + 13 mM methionine + 0.025% (w/v) Triton X-I00 + 75 uM
NBT + 2 uM riboflavin + 0.2 mL enzyme extract] was prepared.
Using an intensity of light (350 M m~2 s!), the mixture was illu-
minated for 15 min. One unit of activity of SOD was specified as the
enzyme quantity causing a 50% inhibition of NBT reduction as
observed spectrophotometrically (560 nm). Based on the proce-
dures of Giannopolitis and Ries (1977) and Yu and Rengel (1999),
3 mM KCN or 5 mM H,0, was applied in the reaction mixture to
assay the activity of different SOD forms. KCN has no inhibitory
effects on Mn-SOD and Fe-SOD, while it has an inhibitory effect
on Cu/Zn-SOD. On the other hand, H,0, has inhibitory effects on
Cu/Zn-SOD and Fe-SOD without affecting Mn-SOD. Additionally,
peroxidases could be interfered with SOD assay in the existence
of external H,O; (Yu et al., 1998). Thus, before adding H,0,, KCN
was added at a final concentration of 3 mM to inhibit peroxidases
(Chen and Asada, 1989). The activity of Mn-SOD was assayed in the
existence of 3 mM KCN and 5 mM H,0,. The activity of Fe-SOD was
secured by subtracting the activity of Mn-SOD from the activity
yielded in the existence of 3 mM KCN, and the activity of Cu/Zn-
SOD was computed by obtaining the difference between total
SOD activity and the activities of both Mn-SOD and Fe-SOD. To cor-
rect for background absorbance, identical not illuminated reaction
mixtures were used (Yu and Rengel, 1999).

2.12. Experimental layout and data analyses

The experiments were regulated as a split-split in a completely
randomized design with two salinity levels (no stress and salt
stress using NaCl up to 9 dS m™!), three tomato genotypes, and
three foliar applications (distilled water, micronutrients, and maize
grains extract) in 3 replications each with 6 pots. Data are dis-
played as mean values + SE. The data were statistically analyzed
using Statistica (version 9, Tulsa, OK, USA). Comparing the data
was applied using two-way ANOVA, followed by Tukey’s Multiple
Comparison Test.

3. Results
3.1. Effects on indices of growth and photosynthetic efficiency

For salt stress, saline watering of tomato plants significantly
decreased fresh and dry weights (FW and DW) of plant shoots
and roots chlorophylls content, carotenoids content, PSII efficiency
(Fv/Fm) and its quantum yield (FPSII), photochemical quenching
(gP), and hill reaction activity by 31.3, 29.4, 32.9, 30.4, 31.2, 14.7,

Table 3
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49, 12.0, 13.3, and 27.3%, respectively, while significantly
increased non-photochemical quenching (NPQ) by 24.4% compared
to non-salty irrigation (Tables 3 and 4). For tomato genotypes, C10
and 0043-1 genotypes had significant increases in shoot and root
FW and DW, chlorophylls content, carotenoids content, Fv/Fm,
FPSII, qP, and hill reaction activity, while had significant reduction
in NPQ compared to Castle Rock (CR) genotype, with wild genotype
(0043-1) outperforming other local genotypes (CR and C10) for all
of the growth traits mentioned above, except for shoot FW. The
0043-1 genotype significantly outperformed the CR genotype by
27.0, 48.3, 39.6, 50.0, 7.9, 21.9, 18.2, and 85.7% for shoot DW, root
DW, chlorophylls content, carotenoids content, Fv/Fm, FPSII, qP,
and hill reaction activity, respectively. Regarding the promoters’
application, foliar application with micronutrients (MNs) and ger-
minated maize grain extract (gMGE) resulted in significant
increases in all growth indices comparing with the control (dis-
tilled water), with gMGE outperforming MNs for all the above
mentioned growth traits. Foliar application with gMGE increased
shoot FW by 19.5%, root FW by 20.0%, shoot DW by 27.7%, root
DW by 26.5%, chlorophylls content by 30.1%, carotenoids content
by 13.3%, FPSII by 8.8%, qP by 6.1%, and hill reaction activity by
37.5%, while decreased NPQ by 13.0% comparing with the control.
For the interaction of the three factors; salt stress, tomato geno-
types, and promoters’ application, significant differences (except
for Fv/Fm) were observed among the combined treatments for all
of the above-mentioned indices of growth, leaf photosynthetic pig-
ments, and chlorophyll fluorescence (Tables 3 and 4).

3.2. Effects on indices of gas exchange, and contents of leaf relative
water and osmoprotectant compounds

Regarding salt stress, saline irrigation of tomato plants signifi-
cantly reduced gas exchange traits [e.g., rate of net photosynthesis
(Pn), transpiration rate (E) and CO, assimilation (A), and stomatal
conductance (gs)] and relative water content (RWC) by 29.6, 30.0,
35.7, 34.7, and 24.6%, respectively, while significantly increased
the contents of osmoprotectants like proline, soluble sugars, and
glycine betaine (GB) by 39.4, 30.1, and 13.8%, respectively com-
pared to non-salty irrigation (Tables 5 and 6). Concerning tomato
genotypes, 0043-1 genotype had significant increases in all param-
eters of gas exchange and the contents of relative water and osmo-
protectant compounds compared to C10 genotype, which in turn
displayed significant increases in all of these parameters compared
to CR genotype. The wild genotype (0043-1) had increases in Pn, A,
gs, E, RWC, proline content, soluble sugars content, and GB content
by 42.0, 54.5, 62.4, 69.6, 17.8, 25.7, 32.6, and 20.6%, respectively
compared to CR genotype. Regarding the promoters’ application,

Impact of foliar application with micronutrients (MNs) or germinated maize grains extract (gMGE) on growth and biomass yield of a wild tomato species (line 0043-1) and two
tomato cultivars [Castle Rock (CR) and C10] that differed in their tolerance to salinity and growing under adverse conditions of 9 dS m~! NaCl.

Source of variation Fresh mass of shoot (g)

Fresh mass of root (g)

Dry mass of shoot (g) Dry mass of root (g)

Salinity (S) * *
- NaCl 39.3* +3.8 18.0°+ 1.6
+NaCl (9dSm™1) 27.0°+26 12.7° + 1.1
Cultivars/species (CS) * *
CR 284+ 2.7 123+ 1.1
C10 37.0° +3.5 16.1°+ 15
0043-1 339 +33 17615
Promoters (Pr) * *
Control (without) 30.2°+ 29 140+ 1.2
MNs 331732 152°+ 1.2
gMGE 36.1*+ 3.5 16.8% £ 1.6
S x CS x Pr * *

* *

417 +0.36 2.14% £ 0.19
2.80° + 0.30 1.49° + 0.12
3.00° £ 0.27 1.45°+0.12
3.65% £ 0.30 1.84° £ 0.15
3.81% + 0.32 215+ 0.20
3.07° £ 0.30 1.62°+0.12
3.48" £ 0.32 1.77° £ 0.16
3.92% + 0.33 2.05 +0.19

* *

* indicates differences at P < 0.05 probability level. In each column, means with different letters are considered significantly different.

6137



H. Faisal Alharby Saudi Journal of Biological Sciences 28 (2021) 6133-6144

Table 4
Impact of foliar application with micronutrients (MNs) or germinated maize grains extract (gMGE) on leaf pigments and fluorescence of chlorophyll of a wild tomato species (line
0043-1) and two tomato cultivars [Castle Rock (CR) and C10] that differed in their tolerance to salinity and growing under adverse conditions of 9 dS m~! NaCl.

Source of variation Chlorophylls (mg~! FW)  Carotenoids (mg~' FW)  Fv/Fm FPSII qP NPQ Hill reaction activity
(mM DCPIP reduced
h™! mg~' chlorophyll)

Salinity (S) * * * * * * *
- Nacl 1.54% + 0.04 0.34* + 0.02 0.81°+0.03 0.75*+0.03 0.90°+0.03 045°+0.01 0.11%+0.00
+NaCl (9dSm™1) 1.06° + 0.02 0.29" + 0.01 0.77°+0.02 066°+0.02 0.78°+0.03 0.56*+0.01 0.08" + 0.00
Cultivars/species (CS) * * * * * * *
CR 1.06° + 0.02 0.26° + 0.01 076" +0.02  0.64°+0.02 0.77°+0.03  057°+0.01 0.07°+0.00
C10 1.35" + 0.04 0.31° £ 0.02 079 +0.03 0.70°+0.02 0.84°+003 0.51°£0.01 0.09" £ 0.00
0043-1 1.48% + 0.04 0.39% + 0.02 0.82+0.03 078 +£0.02 091*+0.03 0.44°+0.01 0.13* +0.01
Promoters (Pr) * * ns * * * *
Control (without) 1.13£0.03 0.30° £ 0.01 078 £0.02  0.68°+0.02 0.82°+0.02 0.54*+0.01 0.08° % 0.00
MNs 1.30° + 0.04 0.31° £ 0.02 079 £0.02  0.70°+0.02 0.84% 003 0.51°+0.01 0.09" + 0.00
gMGE 1.47% + 0.03 0.34% £ 0.02 0.80*+0.03  0.74*+0.02 0.87*+0.03 047°+0.01 0.11*+0.01
S x CS x Pr * * ns * * * *

* indicates differences at P < 0.05 probability level and “ns” means not significant difference. In each column, means with different letters are considered significantly
different. Fv/Fm means efficiency of PSII, FPSII means quantum yield of PSII, P means photochemical quenching, and NPQ means non-photochemical quenching.

Table 5
Impact of foliar application with micronutrients (MNs) or germinated maize grains extract (gMGE) on gas exchange traits of a wild tomato species (line 0043-1) and two tomato
cultivars [Castle Rock (CR) and C10] that differed in their tolerance to salinity and growing under adverse conditions of 9 dS m~"! NaCl.

Source of variation Net photosynthesis rate (Pn; mmol m=2 s~') CO, assimilation Stomatal conductance Transpiration rate
(A; mmol CO, m2s71) (gs; mmol CO, m2s1) (E; mmol H,O0 m2s71)

Salinity (S) * * * *

- NacCl 12,59+ 0.2 15.0°+ 0.3 356+ 7 1.96° £ 0.05
+NaCl (9 dS m™1) 8.8+ 0.2 10.5° + 0.2 229+ 5 1.28 + 0.03
Cultivars/species (CS) * * o *

CR 8.8+ 0.2 10.1°+ 0.2 229+ 4 1.25°+0.03

C10 10.6° 0.2 12.6° £ 0.3 276+ 5 1.50° + 0.04
0043-1 12,5+ 0.3 15.6% + 0.4 372°+8 2.12% £ 0.06
Promoters (Pr) * * * *

Control (without) 9.8°+0.2 12.1°£ 0.2 276+ 5 153 + 0.04

MNs 10.6° 0.2 12.7° £ 0.2 290° + 6 1.59° + 0.04
gMGE 1157+ 03 13.6°+ 0.3 311°+6 1.75% £ 0.05

S x CS x Pr

* indicates differences at P < 0.05 and ** indicates differences at P < 0.01 probability level. In each column, means with different letters are considered significantly different.

Table 6

Impact of foliar application with micronutrients (MNs) or germinated maize grains extract (gMGE) on relative content of water (RWC) and osmoprotectants contents of a wild
tomato species (line 0043-1) and two tomato cultivars [Castle Rock (CR) and C10] that differed in their tolerance to salinity and growing under adverse conditions of 9 dS m~!
NacCl.

Source of variation RWC (%) Proline(ng g~ ! FW) Soluble sugars (mg g~' FW) Glycine betaine (ug g~! FW)
Salinity (S) * o * *

- Nacl 80.6% £ 6.2 31.7° £ 0.6 7.18" £ 0.16 5.15° £ 0.12
+NaCl (9 dSm™1) 60.8° + 4.7 442°+0.8 9.34% + 0.21 5.86% + 0.15
Cultivars/species (CS) * * * *

CR 65.2€+ 4.8 33.9°+ 0.6 7.06° + 0.15 4.99°+ 0.10
C10 70.1° £ 5.7 37.3°+ 0.7 8.37° £ 0.20 5.51°£0.13
0043-1 76.8% +59 426%+0.8 9.36% + 0.21 6.02% + 0.17
Promoters (Pr) * * * *

Control (without) 68.7° £ 5.1 35.9° + 0.6 7.86° £ 0.17 5.33°+0.13
MNs 703 + 5.4 37.3°+0.7 8.20° £ 0.18 5.50%° + 0.13
¢MGE 731+ 58 40.6* £ 0.8 8.73% £ 0.20 5.69% + 0.15

S x CS x Pr

* indicates differences at P < 0.05 and ** indicates differences at P < 0.01 probability level. In each column, means with different letters are considered significantly different.

foliar application with gMGE significantly increased all of the 3.3. Effects on markers of oxidative stress (superoxide; O3 and
parameters mentioned above compared to foliar application with hydrogen peroxide; H,0,), tissue cell integrity, and some of

MNs, which in turn significantly increased all of these parameters antioxidant system components
compared to the control. Foliar-applied gMGE increased Pn, A, gs, E,
RW(C, proline content, soluble sugars content, and GB content by For saline stress, saline irrigation of tomato plants noticeably

17.3,12.4,12.7,14.4,6.4,13.1,11.1, and 6.8%, respectively compar- elevated O3, H,0,, lipid peroxidation (assessed as malondialde-
ing with the control. For the interaction of the three factors; salt hyde; MDA), EL, ascorbate (AsA), and glutathione (GSH) levels,
stress, tomato genotypes, and promoters’ application, significant and catalase (CAT), ascorbate peroxidase (APX), and glutathione
differences were noticed among the combined treatments for all reductase (GR) activities by 62.9, 67.3, 61.0, 162.3, 70.6, 79.2,
of the above-mentioned indices (Tables 5 and 6). 36.1, 38.2, and 41.7%, respectively, while stability index of mem-
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branes (MSI) was significantly decreased by 51.5%, respectively
compared to non-salty irrigation (Tables 7 and 8). Regarding the
genotypes of tomatoes, 0043-1 genotype had significant decreases
in the levels of O3, H,0,, MDA, and EL, while had increases in MSI,
AsA and GSH levels, and CAT, APX, and GR activities compared to
C10 genotype, which in turn outperformed CR genotype with
respect to these parameters. The wild genotype (0043-1) had
decreases in the levels of O3, H,0,, MDA, and EL by 30.4, 34.3,
30.1, and 59.1%, respectively, while had increases in MSI, AsA
and GSH levels, and CAT, APX, and GR activities by 39.2, 63.2,
37.1, 20.8, 29.9, and 33.0% compared to CR genotype. Regarding
the promoters’ application, outperforming MNs significantly, foliar
application with gMGE significantly decreased the levels of O3,
H,0,, MDA, and EL by 14.8, 21.1, 27.0, and 32.2%, respectively,
while increased MSI, AsA and GSH levels, and CAT, APX, and GR
activities by 10.8, 19.1, 19.7, 9.9, 12.2, and 18.1% comparing with
the control. For the interaction of the three factors; salt stress,
tomato genotypes, and promoters’ application, significant differ-
ences were detected among the combined treatments for all of
the above-mentioned parameters (Tables 7 and 8).

3.4. Effects on activities of superoxide dismutases (SODs) and related
MNs contents

Regarding saline stress, saline watering of tomato plants signif-
icantly increased the activities of superoxide dismutases (Fe-SOD,
Mn-SOD, Zn/Cu-SOD, and total SOD) by 41.2, 16.9, 40.9, and
27.2%, respectively, while related MNs (Fe, Mn, and Zn + Cu) con-
tents were decreased by 16.2, 18.2, and 23.2%, respectively com-
pared to non-salty irrigation (Table 9). Regarding tomato
genotypes, 0043-1 genotype had significant increases in Fe-SOD,
Mn-SOD, Zn/Cu-SOD, and total SOD activities and related Fe, Mn,
and Zn + Cu contents compared to C10 genotype, which in turn sig-
nificantly outperformed CR genotype with respect to these param-
eters. The wild genotype (0043-1) had increases in Fe-SOD, Mn-
SOD, Zn/Cu-SOD, and total SOD activities and related Fe, Mn, and
Zn + Cu contents by 27.8, 15.4, 34.8, 21.9, 18.3, 22.9, and 29.5%
compared to CR genotype. Regarding the promoters’ application,
outperforming MNs, foliar application with gMGE significantly
increased the parameters mentioned above by 27.8, 9.0, 20.8,
14.7,9.5, 12.2 and 12.8% comparing with the control. For the inter-
action of the three factors; salt stress, tomato genotypes, and pro-
moters’ application, significant differences were observed among
the combined treatments for all of the above-mentioned parame-
ters (Table 9).

Table 7
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3.5. Effects on contents and ratio of potassium (K*) and sodium (Na*)

For saline stress, saline irrigation of tomato plants significantly
increased Na* content by 631.8%, while content of K* and ration of
K*/Na* were noticeably decreased by 19.3 and 88.0%, respectively
compared to non-salty irrigation (Table 10). Regarding the geno-
types of tomatoes, 0043-1 genotype had increases in K" and Na*
contents by 18.9 and 45.9%, while had decrease in K*/Na* ratio
by 23.7%, on the other hand, C10 genotype had reduction in Na*
content by 24.9%, while had increase in K*/Na* ratio by 17.8% com-
pared to CR genotype. Regarding the promoters’ application, out-
performing MNs significantly, foliar application with gMGE
significantly decreased Na* content by 34.3%, while significantly
elevated content of K and ratio of K*/Na" by 16.0, and 34.6%,
respectively, comparing with the control. For the interaction of
the three factors; salt stress, tomato genotypes, and promoters’
application, significant differences were detected among the com-
bined treatments for the above-mentioned parameters (Table 10).

4. Discussion

As severe environmental abiotic stress that extends all over the
world, salinity prevents plants from achieving their full physiolog-
ical, biochemical, and genetic potential, resulting in disturbances
to their growth, development, and productivity based on the sever-
ity and duration of exposure to stress conditions of salinity (Torche
et al., 2018; Desoky et al., 2019). As a response to salt stress, in our
study, the genotypes of tomatoes demonstrated less or more rela-
tive tolerance based on local varieties or wild lines. This is due to a
complex mixture of phenological, physiological and biochemical
responses, which were expressed by a relative reduction in growth
and growth-related indices and relative increased production of
low-molecular-mass and enymatic antioxidant defense system,
causing economic losses (Torche et al., 2018).

Genetic variations found in wild genotypes have been used to
boost salt tolerance in different cultivars (Zaki and Yokoi, 2016).
The wild line “0043-1" has a high salt tolerance (Zaki and Yokoi,
2016), while the CR cultivar is more sensitive to salt stress than
C10 cultivar (Al-Daej, 2018), so they were chosen to implement
the current study.

As is known, MNs boost tolerance to salinity stress in plants by
reducing oxidative stress through some mechanisms, including
minimizing the toxicity of ions and keeping water balance,
improving the uptake and assimilation of essential mineral nutri-
ents, modifying the attributes of gas exchange, bio-synthesizing
the compatible solutes and plant hormones, and modifying genetic

Impact of foliar application with micronutrients (MNs) or germinated maize grains extract (gMGE) on oxidative stress markers and their consequences for lipid peroxidation
(MDA), leakage of ions/electrolytes (EL) and stability index of cell membranes (MSI) of a wild tomato species (line 0043-1) and two tomato cultivars [Castle Rock (CR) and C10]
that differed in their tolerance to salinity and growing under adverse conditions of 9 dS m~! NaCl.

Source of variation 05 (umol g~! FW) H,0, (umol g~ ! FW) MDA (pumol g~! FW) EL (%) MSI (%)
Salinity (S) P . . o .

- Nacl 1.05° + 0.02 2.94" + 0.04 10.0° + 0.1 5.3%+ 0.3 72.8% +4.9
+NaCl (9dSm™) 1.71% + 0.03 4.92% +0.08 16.12+ 0.2 13.9°+ 0.8 353%+ 4.1
Cultivars/species (CS) * * * * *

CR 1.58% + 0.03 4.69% £ 0.07 15.37 £ 0.2 12.73 £ 0.7 57.4°+ 3.6
C10 1.46° + 0.03 4.02° + 0.06 13.3°+ 0.2 11.0° + 0.6 63.7° + 4.0
0043-1 1.10° £ 0.02 3.08° + 0.05 10.7° £ 0.1 52°+0.3 79.9° +59
Promoters (Pr) * * * * *

Control (without) 1.49% + 0.02 4.40% £ 0.07 1522+ 0.2 11.52 + 0.6 63.7°+ 4.2
MNs 1.39° £ 0.02 3.92" + 0.06 12.9° £ 0.2 9.7°+ 0.6 66.7° + 4.5
¢MGE 1.27°+ 0.02 3.47° + 0.05 11.1°£ 0.1 7.8+ 04 70.6° + 4.8
S x CS x Pr * * * * *

* indicates differences at P < 0.05 and ** indicates differences at P < 0.01 probability level. In each column, means with different letters are considered significantly different.

6139



H. Faisal Alharby

Table 8
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Impact of foliar application with micronutrients (MNs) or germinated maize grains extract (MGE) on some of antioxidant defense system components of a wild tomato species
(line 0043-1) and two tomato cultivars [Castle Rock (CR) and C10] that differed in their tolerance to salinity and growing under adverse conditions of 9 dS m~! NaCl.

Source of variation  Ascorbic acid (nmol g~! GSH (nmol g! CAT activity (Unit mg~! APX activity (Unit mg~! GR activity (Unit mg™!
FW) FW) protein) protein) protein)

Salinity (S) o o * * *
- NaCl 5.61° £ 0.10 2.36° £ 0.04 29.6° 0.5 123+ 0.2 8.4° £ 0.2
+ NaCl (9 dS m’l) 9.57*+0.17 4.23* + 0.07 403 + 0.6 17.0°+ 0.3 1197+ 03
Cultivars/species * * * * *

(CS)
CR 5.95°+0.10 2.78° £ 0.05 31.8+ 0.5 12.7°+ 0.3 8.8+ 0.2
C10 7.12° £0.13 3.30" £ 0.06 347"+ 0.5 14.7° £ 0.3 10.0° £ 0.3
0043-1 9.71* £ 0.17 3.81* £ 0.06 38.4*+ 0.6 16.5* £ 0.3 11.72£0.2
Promoters (Pr) * * * * *
Control (without)  6.97°+0.12 2.99° £ 0.05 334>+ 05 13.9°+0.3 9.4°+ 0.2
MNs 7.51°+0.13 3.32° £ 0.06 34.8°+05 14.5° £ 0.3 10.0° £ 0.3
gMGE 8.30% £ 0.15 3.58% + 0.06 36.7* £ 0.6 15.6° £ 0.3 11.1°£ 03
S x CS x Pr * * * * *

* indicates differences at P < 0.05 and ** indicates differences at P < 0.01 probability level. In each column, means with different letters are considered significantly different.

Table 9

Impact of foliar application with micronutrients (MNs) or germinated maize grains extract (gMGE) on activity of superoxide dismutases (SODs) and related MNs contents of a wild

tomato species (line 0043-1) and two tomato cultivars [Castle Rock (CR) and C10] that differed in their tolerance to salinity and growing under adverse conditions of 9 dS m

1

NaCl.
Source of variation Fe content Mn content Zn + Cu content Fe-SOD activity Mn-SOD activity Zn/Cu-SOD activity Total SOD activity
mg g~ DW Unit mg~! protein

Salinity (S) * * * * * - *

- Nacl 5232 + 10 428°+7 323+ 6 1.7° £ 0.1 6.5° + 0.2 2.2°+0.01 10.3° £ 0.4
+NaCl (9dSm™) 438"+ 8 350+ 6 248"+ 4 24%+02 7.6°+£03 319202 13172 0.5
Cvs./sp. (CS) * * * * * * *

CR 442°+8 353+ 6 254 £ 4 1.8+ 0.1 6.5+ 0.2 2.3°£02 10.5°+ 0.4
C10 478"+ 9 381+ 6 275+ 5 2.0°+0.2 7.1°+03 2.7°+0.2 11.8° £ 04
0043-1 5237 £ 11 434+ 7 329+ 6 23402 7.5+ 0.3 312402 12.8°+ 0.6
Promoters (Pr) * * * * * * *

Control (without) 454" + 9 362°+6 265 +5 1.8+ 0.1 6.7° £ 0.2 24+ 0.1 10.9°+ 0.4
MNs 49179 400% + 7 2047+ 5 2.0°+0.1 7.0 £ 0.3 2.7°+0.2 11.8° + 0.4
¢MGE 497* £ 10 406* + 7 299 + 6 23402 7.3*+03 29%+0.2 1252+ 0.5
S % CS % Pr « * - N « - *

* indicates differences at P < 0.05 probability level. In each column, means with different letters are considered significantly different.

Table 10

Impact of foliar application with micronutrients (MNs) or germinated maize grains extract (MGE) on contents and ratio of K* and Na* of a wild tomato species (line 0043-1) and
two tomato cultivars [Castle Rock (CR) and C10] that differed in their tolerance to salinity and growing under adverse conditions of 9 dS m~! NaCl.

Source of variation K* content Na* content Ratio of K*/Na*
mg g ' DW

Salinity (S) * o -

- Nacl 223416 0.88" + 0.07 26.6% +2.3

+NaCl (9 dS m™1) 18.0° + 1.3 6.44% + 0.52 318"+ 03

Cultivars/species (CS) * * *

CR 185+ 1.4 3.42" + 026 15.2° 1.3

C10 200"+ 1.3 2.57°+0.21 17.9% £ 1.6

0043-1 22.0°+1.6 4.99% + 0.41 1165+ 0.9

Promoters (Pr) * * *

Control (without) 18.7°+ 1.3 434+ 0.31 13.0°+ 1.1

MNs 20.0° + 1.4 3.79" £ 0.33 14.1°£1.2

gMGE 2172+ 15 2.85° £ 0.24 17.5% £ 1.6

S x CS x Pr * * *

* indicates differences at P < 0.05 and ** indicates differences at P < 0.01 probability level. In each column, means with different letters are considered significantly different.

expressions (Hussain et al., 2018; Noreen et al.,, 2018). Despite
these advantages of MNs, gMGE surpassed MNs in enhancing the
tolerance of salinity in the three tomato genotypes, especially the
wild line “0043-1". The gMGE containing biostimulants (Table 1)
contributed to some potential mechanisms for stressful tomato
plants to boost their tolerance to be able to defend themselves
against saline stress. One of them, osmoprotectant compounds
(e.g., soluble sugars, free proline, and glycine betaine; GB), which
are known to prevent water loss from plant tissues to maintain cel-
lular turgidity, membrane stability, and efficient metabolic pro-

6140

cesses against oxidative stress (Rady et al., 2016; Rady et al,,
2018). Antioxidants (e.g., AsA and GSH) and antioxidant powerful
activity (84.6%; Table 1) detected in gMGE represent another
potential mechanism against oxidative stress effects in plants
(Aliniaeifard et al., 2016; Rady and Hemida, 2016). A third possible
mechanism is plant hormones detected in gMGE that possibly
maintain hormonal balance and enhance the antioxidant defense
system in stressful plants against oxidative stress (Kaya et al.,
2009). All of these mechanisms along with MNs (e.g., Fe, Mn, Zn,
and Cu) that are detected at massive concentrations in gMGE
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(Table 1) in association with other mechanisms not mentioned
here make the gMGE an effective potent strategy for protecting
stressful plants against salt stress-stimulated oxidative stress
(Semida and Rady, 2014; Rady et al., 2019b).

The cellular pathways and plant metabolism are seriously dam-
aged by oxidative stress-stimulated osmotic and ionic stresses,
which are catalyzed by saline stress, thereby inhibiting the growth
and development of plants (Liang et al., 2018; Frukh et al., 2020).
Among the stages of the plant’s life cycle, early seedling growth
is one of the most sensitive stages to salt stress (Munns and
Tester, 2008). In this investigation, saline stress decreased the
growth of the three tomatoe genotypes, where the local cultivar;
CR was the most affected genotype, while the wild line “0043-1"
was the least affected genotype.

This detrimental effect of saline stress on tomato growth may
be ascribed to the improvement in overproduction of different spe-
cies of reactive oxygen (ROS), especially H,O, and O3 (Table 7).
However, tomato plants foliar-treated with MNs or gMGE showed
a higher growth level (fresh and dry weights of plant shoots and
roots), with gMGE outperforming MNs, than untreated ones
(Table 3). This positive result can be attributed to the active ingre-
dients with low molecular mass and high molecular mass (en-
zymes) of the plant’s antioxidant defense system that are
enhanced by the application of these promoters, especially gMGE
(Tables 6, 8 and 9), which have considerably reduced the biomark-
ers of oxidative stress (O3 and H,0,; Table 7) side by side with
enhanced photosynthetic capacity, including hill reaction activity
(Table 4) and gas exchange traits (Table 5). Beyond the MNs, pro-
moting the growth of salty stressful tomatoes using gMGE can be
ascribed to the biologically active ingredients present in the gMGE
(Table 1). These active ingredients likely represent some of the
mechanisms that stimulates plant growth and may participate in
mitigating the detrimental effects of salinity. Among these
growth-promoting substances that can penetrate into the plant
as a result of the application of gMGE, cytokinins (CKs) play pivotal
roles in promoting division and elongation of plant cells, activating
chloroplast protein synthesis, enhancing gene expression of
enymes related to chlorophyll biosynthesis, accelerating chloro-
plast differentiation, stimulating carbohydrate metabolism, and
creating new source-sink relationships, all of which lead to
increased accumulation of dry matter in tomato plants. In addition,
auxins and gibberellins (GAs) promote plant cell performance (de-
velopment and growth) and lateral roots (Taiz and Zeiger, 2010).

In the present study, salinity-induced inhibition in plant growth
was associated with decreased photosynthetic capacity/efficiency
[e.g., total chlorophylls and carotenoids, chlorophyll fluorescence,
activity of hill reaction (Table 4), and gas exchange traits such as
rates of net photosynthesis, CO, assimilation and transpiration,
and stomatal conductance (Table 5)]. Sui et al. (2010) obtained
consistent results. Mechanisms that are donated to plants by
applying gMGE, especially plant hormones and MNs, increase stay
greenness by keeping chlorophyll contents and delaying senes-
cence of leaves by enhancing the capacity/efficiency of photosyn-
thesis to donate vigorous growth to a stressful plant. The content
of chlorophylls is one of the most master physiological indicators
performing the capacity/efficiency of photosynthesis in plants
(Desoky et al., 2019; Rady et al., 2019d) and an increase in chloro-
phyll level under saline stress can be a biochemical index of salin-
ity tolerance (Stefanov et al., 2016). In the present study, gMGE
application significantly elevated the capacity/efficiency of photo-
synthesis in salt-stressed plants (Tables 4 and 5), including levels
of chlorophylls that most likely attributed to the favorable impact
of gMGE on ionic homeostasis (Tables 9 and 10). It suppressed the
uptake and content of Na* (Table 10), suppressing its harmful
impact on chlorophyll biosynthesis (Rady et al., 2019b). Addition-
ally, It is likely that the simultaneous increase in the content of car-
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otenoids in promoters (especially gMGE)-treated tomato plants
subjected to the stress conditions of salinity (Table 4) is closely
connected to improved the tolerance to salinity stress in plants.
As reported in Rady et al., 2019b, carotenoids are antioxidants that
are able to protect photosynthetic machinery from damage of
photo-inhibitory induced by '0, (single oxygen as one of ROS)
and suppress the excited state of chlorophyll.

There is some evidence to support applying gMGE to promote
salt tolerance in saline-affected plants by stimulating a number
of compatible osmolytes such as free amino acids (including pro-
line), soluble sugars, and potassium (K*) (Semida and Rady, 2014;
Rady et al., 2019b). These results confirm the results (e.g., free pro-
line, soluble sugars, glycine betaine; GB, and K*) of the current
study, where salt stress increased the contents of osmoprotectants
(except K*, which was declined), however, the application of gMGE
or MNs (with outperforming of gMGE) further increased osmopro-
tectant contents in saline-affected tomato plants (Tables 6 and 10).
Under the saline conditions of this study, tomato plants (with the
superiority of the wild line “0043-1") attempted to maintain the
osmotic homeostasis of their cells by increasing their contents of
osmoprotectant compounds to reduce osmotic stress and increase
their relative water content (RWC). However, the application of
tested promoters, especially gMGE, increased the contents of these
osmoprotectants by increasing their biosynthesis and accumula-
tion for plant survival in such harmful conditions. This result indi-
cates that the contents of osmoprotectants in growing tissues is a
pivotal indicator for assessing the tolerance to salt injuries in
plants (Semida and Rady, 2014; Rady et al., 2019b). As an effective
mechanism, these promoters (especially gMGE)-increased osmo-
protectant compounds (as integral part of salt tolerance) retained
high RWC and maintained high cellular membranes stabilities
(MSI) under salt stress, and thus healthy metabolic processes
(Semida and Rady, 2014). Outperforming MNs, gMGE elevated
the accumulation of osmoregulation compounds (Tables 6 and
10) to adjust cellular osmotic pressure to maintain cellular turgor
pressure and protect cell membranes from damage of harmful salts
(Rady et al., 2019b). In this regard, Kavi Kishor et al. (2005) and
Szabados and Savouré (2009) cconcluded that proline probably
increases water influx or reduces its efflux to provide cellular tur-
gor necessary for cell expansion, as well as proline is able to scav-
enge ROS, and thus has a role in stabilizing cell membranes and
protecting cell functions. Besides, as it is known that soluble sugars
are a potent osmotic substance, GB is also an effective osmoprotec-
tant compound as it improves osmotic pressure and water use effi-
ciency in plant tissues, increases water availability for stressful
plant growth and balanced nutrient uptake including K*, and
improves nutrients’ solubility in plant cells to maximizing meta-
bolic mechanisms and synthesizing more antioxidants in stressful
plants (Rady et al., 2018). These increases in osmoprotectant com-
pounds in promoters (especially gMGE)-treated tomato plants act
as synergists with the active ingredients with low-molecular-
mass and high-molecular-mass (enzymes) of the stressed plant’s
antioxidant defense system (Tables 8 and 9), suggesting high
potential for ROS scavenging to provide a structural protection of
thylakoid membranes from ROS’ attack, resulting in more potency
for gMGE-applied plants against excessive salt injuries on chloro-
phylls content.

Under saline stress conditions, plants are forced to overproduce
ROS (especially O3 and H,0, that are main species) within their
cells, resulting in increased lipid peroxidation (assessed as malon-
dialdehyde; MDA) and electrolyte leakage (EL) and decreased MSI
(Table 7). These results are found to cause necrosis or may apopto-
sis of plant leaves (Liu et al., 2020). In our study, the increased
levels of O3 and H,0, occurred due to salt stress-stimulated oxida-
tive stress caused significant decline in CO, fixation (Table 5) and
ultimately, biomass accumulation in terms of decreased plant
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growth (Table 3). It may lead to higher leakage of electrons to O, to
form O3 that is dismutated to form H,0,. Mostly, MDA is used as a
marker to indicate lipid peroxidation levels in cellular membranes
and plant response to stress conditions (Juknys et al., 2012). This
indicates that the wild line “0043-1”" is more salt-tolerant than
other local tomato cultivars because it has a lower level of MDA
under the stress conditions of salinity. Otherwise, application of
the tested promoters (especially gMGE) stimulated the three tested
tomato genotypes to be more salt-tolerant (with the superiority of
the wild line “0043-1") by reducing O3 and H,0, levels, and thus
reducing the levels of MDA and EL and increasing MSI (Table 7). To
control ROS as occurred in the prsesnt study by applied promoters
(especially gMGE), various intrinsic mechanisms in tomato plants
were strengthened to maintain healthy metabolic pathways under
salt stress. Among these mechanisms, the effective low-molecular-
mass and high-molecular-mass (enzymes) components of the
plant’s antioxidant defense system (Tables 8 and 9), which play
most roles in scavenging the overproduced ROS during saline
stress conditions to maintain cellular homeostasis in the plant.
Semida and Rady (2014), You and Chan (2015), and Rady et al.
(2019b) obtained consistent results. Among these antioxidative
components, ascorbate (AsA) and glutathione (GSH) as non-
enzymatic antioxidants and catalase (CAT), AsA peroxidase (APX),
GSH reductase (GR) and superoxide dismutases (SODs) as enzy-
matic antioxidants, whose activities have increased under salt
stress, but induced antioxidant activities were higher in the wild
line “0043-1” than in other local tomato cultivars that might be
due to better ROS (especially O3 and H,0,) scavenging ability in
this wild line. However, outweighing the MNs, gMGE application
further increased the activities of these antioxidative (enzymatic
and non-enzymatic) components, and suppressed ROS levels by
more scavenging of O3~ and H,0, in the presence of SODs to dismu-
tate O3 to H,0,, which in turn converted to H,O and O, in the
presence of CAT and APX, hence healthy cellular functions. Besides,
GR provides tolerance to saline-stressed plants by scavenging ROS
and their reaction products through the AsA-GSH pathways. AsA is
one of the most effective ROS scavengers because it is able to con-
tribute its electrons in favor of many reactions (e.g., enzymatic and
non-enzymatic), and to protect cellular membranes by eliminating
05 and OH™ radicals, directly, and by regeneration of a-tocopherol
from the tocopheroxyl radical, and the oxidized form of AsA; dehy-
droascorbate can be reduced chemically by GSH to AsA (Foyer and
Halliwell, 1976). To withstand salt stress effects, tomato plants had
a fruitful synergy among these antioxidantive (enzymatic; CAT,
APX, GR, and SODs, and non-enzymatic; AsA and GSH) components
to scavenge ROS effectively. In the present study, among the three
tomato genotypes, plants of the wild line “0043-1" were the most
salt-tolerant because they showed the most improved activities of
antioxidative defense system components (Tables 8 and 9).
Under conditions of saline stress, the activities of all SOD forms
(e.g., Fe-SOD, Mn-SOD, and Zn/Cu-SOD) and total SODs were
increased at the same time as the micronutrient (e.g., Fe, Mn, Zn,
and Cu) contents were reduced (Table 9). This result may be attrib-
uted to the incorporation of these micronutrients into SODs for
their activities to increase the O3 scavenging function. Compared
to normal conditions, Fe-SOD and Zn/Cu-SOD awarded higher
activities (41.2 and 40.9%, respectively) under salt stress than
Mn-SOD and total SODs activities (16.9 and 27.2%, respectively)
(Table 9). This result may be due to the use of Fe-SOD and
Zn/Cu-SOD in O3 scavenging more than Mn-SOD. Compared to
the local tomato cultivars (CR and C10), the wild line “0043-1"
showed relatively lower percentage of growth reduction (Table 3)
corresponded to higher activities of Fe-SOD, Mn-SOD, and Zn/Cu-
SOD in its leaf tissues (Table 9) and lower levels of oxidative stress
biomarkers, including O3, which indicate that this wild line is
more salt-tolerant. Increased SODs activities under salt stress
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may be an indication of excessive ROS production and/or a protec-
tive mechanism to prevent or at least reduce oxidative damage.
When salt-stressed tomato plants were applied with tested pro-
moters (especially gMGE), data showed excessive stimulation of
SODs activities while increasing micronutrient contents (especially
in the wild line “0043-1") (Table 9) that can give plants additional
tolerance to salt-induced oxidative stress. To date, it has been
demonstrated that excessive expression of SODs genes gives plants
a degree of tolerance to oxidative stress stimulated by various
environmental stresses (Yu and Rengel, 1999). However, the geno-
type used, the degree of environmental stress, the promoter used
and its application method are key factors determining the success
of agricultural sustainability.

Under conditions of saline stress, the content of K" and the ratio
of K*/Na* were noticeably decreased with elevated Na* accumula-
tion in tomato plants. However, treating plants with tested pro-
moters, especially gMGE reversed the previous trend
significantly; increasing K* content and K*/Na* ratio while reducing
Na" accumulation (Table 10), which is connected with tolerance to
salinity in plants, especially in the wild line “0043-1", which col-
lected higher content and ratio of K* and K*/Na*, respectively along
with lower Na* accumulation in its tissues, and thus more salt tol-
erance than the local tomato cultivars (CR and C10). Nutrients also
play important roles for plants in performing their routine and
basic cellular activities during their growth and development.
Improvements in nutrient gain in gMGE-treated plants may be
due to gMGE's richness in many nutrients. (Table 1). Besides, the
good positioning and good regulation of ion absorption can be
attributed to the significant improvement in cell MSI associated
with the significant suppression levels of EL and MDA (Table 7)
of gMGE-treated plants, which in turn stimulate the selectivity of
ion uptake and transport.

Finally, beyond the superiority of gMGE application compared
to MNs, a higher tolerance to salinity has been approved in the
present study for the wild tomato line “0043-1" compared to
the local cultivars (CR and C10). This results is consistent with
results obtained by Zaki and Yokoi (2016) and Al-Daej (2018).
The high tolerance to salinity in the wild line of Solanum peru-
vianum compared to local cultivars of S. lycopersicum was clearly
demonstrated by the higher levels of antioxidative defense sys-
tem components, photosynthetic machinery components and
K*/Na* ratio, and the lower levels of ROS biomarkers, resulting
in higher growth characteristics under the stress conditions of
salinity. However, the accumulation of Na* was higher in the wild
line than in local cultivars under the stress conditions of salinity,
indicating the accumulation of ions as one of the salt tolerance
mechanisms. This finding can be explained based on the fact that
the wild line was more tolerant to salinity, not because it was
more able to restrict Na* uptake at high salinity levels than local
cultivars, but because it had the advantage to withstand high
toxic ion levels, including Na* in its tissues to be a necessary
result of survival (Zaki and Yokoi, 2016). It has been reported in
Rush and Epstein (1981) and Zaki and Yokoi (2016) that Na*
accumulation and Na*/K* ratio in the tissues of wild species can
be used as master characteristics in the evaluation of germplasm
for salt-tolerance breeding programs of cultivated tomato. In the
current study, the wild line “0043-1" as the accession displaying
better tolerance to salinity is a good candidate for implication in
breeding programs for tolerance to salinity.

5. Conclusions
Based on the findings of this study, the use of gMGE as foliar

application has effectively improved the growth of salt-stresses
tomato plants through up-regulation of the metabolic pathways
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of enzymatic and non-enzymatic antioxidant components, espe-
cially forms of SODs, and osmoprotectant compounds. This helped
minimize the overproduced ROS and Na* accumulation, which syn-
chronized with minimized levels of lipid peroxidation and elec-
trolyte leakage and maximized photosynthetic efficiency,
membrane stability index and K*/Na* ratio in gMGE-treated plants,
maintaining higher cellular performance and photoprotection. The
improved growth of salt-stressed tomato plants due to the
improved detoxification of ROS indicates the appropriateness of
foliar application to tomato plants using gMGE containing biostim-
ulants. Additionally, since it is more tolerant to salinity compared
to local cultivars, the wild tomato line “0043-1" has key character-
istics as a good candidate for involvement in breeding programs for
tolerance to salinity.
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