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Abstract

Salinity is one of the destructive abiotic stresses that limit the production of agricultural products. The medium acidity can
impact ion uptake, the oxidation-reduction balance, and the solubility of the elements. The alleviative effects of the medium
pH adjustment (unadjusted as control [pH ~ 8.5-9], pH 5.5, and pH 4.5) on adverse effects of salinity in tomato plants (cv.
Mobil) were examined in soilless culture. Plant growth, biochemical traits, and fruit attributes were evaluated. Leaf chloro-
phyll content (chla+b) was increased at pH 5.5, decreased at pH 4.5, and remained constant in the control plants. The highest
leaf chla+b was recorded at pH 5.5, 42 days after stress onset (DAS). Lowering the medium pH reduced leaf DPPH and
leaf phenol content by ~ 55 and 45%, respectively, compared with the control. The highest root K* content and the lowest
root Na*/K* ratio were observed in plants grown at pH 5.5. The greatest leaf area, shoot and root dry weight (DW), and root
length were observed at pH 5.5, increasing by 100, 23, 8, and 32%, respectively, compared with the control. Plants grown
under pH 5.5 showed the highest number of fruits and fruit dry weight; lowering the medium pH increased the number
of fruits and fruit DW by 77 and 32%, respectively, compared with the control. Generally, the medium pH adjustment at
5.5 enhanced the salinity tolerance of tomato plants. The results showed that lowering the medium pH could be a feasible
approach to ameliorate the adverse effects of salinity on the growth and yield of tomato plants.

Keywords DPPH - Na*/K™ ratio - Phenol - Medium pH - Shoot/root ratio - Soilless culture

1 Introduction

Soilless culture is a method of growing plants without soil in
which minerals are provided to the roots through irrigation
water. The soilless cultures provide a more efficient water
and minerals consumption and make it easier to adjust the
medium (Sajjadinia et al. 2010). In hydroponic systems, it
is possible to achieve the maximum yield and quality with
proper and sufficient use of water and nutrients; however,
the quality of the supplied water is of great importance.
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The hydroponic culture systems provide the possibility of
a proper medium solution adjustment. The medium acidity
is critical mainly due to its impacts on cell membrane ion
transporters, the oxidation-reduction balance, and the solu-
bility of the elements (Epstein and Bloom 2005).

Plant growth is inhibited by high salinity in the rhizos-
phere, which reduces the soil water potential and makes it
hard for roots to absorb water. Salinity stress interrupts the
plant water status and hinders the physiological and bio-
chemical processes (Raza et al. 2022). Salt stress affects
major processes such as germination, root and shoot dry
weight, and Na*/K* ratio. Salinity affects the concentration
of nutrients and their transport in roots, shoots, and fruits
(Fang et al. 2021; Raza et al. 2022). The concentration of
various acids and vitamins in tomato fruits can be influenced
by salinity. Salinity, through stimulating the biosynthesis
of growth regulators such as ethylene and abscisic acid,
accelerates leaf aging and reduces the length of the fruit-
ing period in tomato plants (Ghanem et al. 2008). Salinity
disturbs the balance of the absorption of nutrients such as
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nitrogen, potassium, and phosphorus. It causes a decrease
in the initial growth of tomato plants and fruit production
(Signore et al. 2016).

Reduction of water flow to growing fruits, fruit respira-
tion, and fruit dry matter and the accumulation of sodium
and proline in leaves are among the other effects of salt
stress in tomatoes (Plaut et al. 2004; Putra and Yuliando
2015). Salt stress in the root zone of tomato (Solanum
lycopersicum L.) plants decreased fruit yield, which was
related to a decrease in fruit weight, while the number of
fruits was not changed (Li et al. 2001). Kiferle et al. (2022)
also observed that plant height, shoot fresh and dry weight,
and fruit production were considerably decreased in 150
mM NaCl-treated plants. However, the positive effects of
mild salt stress on the quality of tomato fruit have also been
reported. The results of a study on tomato (Lycopersicon
esculentum Mill. cv. Falkatoin) plants under soilless cul-
tivation showed that with increasing the nutrient solution
salinity, leaf area index, fruit weight, and yield were signifi-
cantly decreased, whereas the fruit dry matter percentage
was increased (Layegh et al. 2009).

Tomato (Solanum lycopersicum L.) belongs to the Sola-
naceae family and is the second most important vegetable
in the world. Tomato is rich in minerals, vitamins, antioxi-
dant compounds, and lycopene, and it is considered one of
the most important crops in the world concerning human
health and nutrition (Jones Jr 2007). The global production
of tomato products is ~ 186 million tons of fruits harvested
from 5 million hectares (FAO 2022). In Asia, with a produc-
tion quantity of 15.7 m ton, Iran is ranked 4th after China,
India, and Turkey. The ability to regulate leaf water potential
and ionic homeostasis has made tomatoes relatively resist-
ant to salinity (Martinez-Rodriguez et al. 2008). Neverthe-
less, the high salinity of soil and water in arid and semi-arid
regions of the world adversely affects tomato yield (Feleafel
and Mirdad 2014).

The increase in population, the need for more agricultural
and food production, and the limitation of water resources
due to climatic changes have led humankind to use low-
quality water resources (unconventional water). Salinity is
a worldwide agricultural concern, and many regions of the
world, including Iran, are subjected/prone to saline water
and soil, which limits the growth and development of plants.
Usually, the irrigation water salinity in such areas is high and
causes plant damage. Many farmers are reluctant to expand
the greenhouse cultivations due to the high salinity of the
irrigation water and the costs of lessening the salinity level.
Under those situations; therefore, crop production might be
unprofitable, and greenhouse cultivation sometimes might
be under question. With reliable knowledge, however, the
economic justification of greenhouse cultivations with saline
water can be evaluated, and more accurate recommenda-
tions for farmers and plant breeders can be provided. Thus,
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investigating the approaches to reduce the effects of salinity
in tomato cultivation systems is desired.

Salinity increases the medium pH and reduces the avail-
ability of some nutrients. Lowering the medium pH by
increasing the nutrient solubility would enhance the plant
nutrient absorption under saline conditions (Nabati et al.
2021). Furthermore, a lower pH by the acidification of the
thylakoid lumen reduces the inhibitory effect of salinity on
leaf physiology and biochemistry due to the accumulation
of protons in the thylakoid lumen that form a ApH (Ruban
et al. 2012). Hence, it was evaluated whether the medium pH
adjustment might mitigate the adverse effects of salinity on
the morphophysiological, biochemical, growth parameters,
and fruit yield of tomato plants.

2 Materials and Methods
2.1 Experimental Procedure and Treatments

The study was conducted at the research greenhouse of
the Department of Agriculture, the Ferdowsi University of
Mashhad, in 2018. The medium pH (unadjusted as control
[~ 8.5-9], 5.5, and 4.5) and sampling times (just before the
onset of salinity stress; zero, 14, 28, 42, and 56 days after
the onset of salinity stress; DAS) were considered as the
experimental factors. The plants were grown under day/night
temperatures of 25/18 + 2 °C, respectively, with a relative
humidity of 50 + 5% and natural photoperiod (spring).

Tomato seeds (cv. Mobil) were grown in the seedling
trays in a mist room and were transferred to a soilless cul-
ture system after 2 weeks. Plants were grown in pots (30 cm
in diameter, each per pot and 1 m apart) filled with perlite
as the culture medium under a closed hydroponic system.
The Hoagland nutrient solution was used as the fertilizer,
and the solution was circulated continuously (Hoagland and
Arnon 1950). The salinity (NaCl) of the irrigation water
was gradually increased (starting from one month after plant
establishment) at the rate of 4 dS m~! per week to reach 20
dS m~! and continued to the end of the growing season. The
solution for each pH treatment was circulated with a separate
pump (three pumps). The acidity of the nutrient solution was
adjusted daily using sulfuric acid (H,SO,) and was changed
weekly (Nabati et al. 2021).

2.2 Measurements

The salinity levels were zero, 8, 16, 20, and 20 dS m~!at day
0, 14, 28, 42, and 56 DAS, respectively. The measurements
during the plant growth period were performed once before
the onset of salinity stress and 14, 28, 42, and 56 DAS, and
the rest were measured after harvesting (Nabati et al. 2021).
Two plants per replication were analyzed (n = 6).
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2.3 Biochemical Analysis
2.3.1 Leaf Pigments Content

One hundred milligram of leaf fresh weight was homog-
enized in 98% ethanol using a mortar and pestle. The data
were recorded at 648, 664, and 470 nm using a spectropho-
tometer (Unico 2100, USA) (Lichtenthaler and Wellburn
1983).

2.3.2 Leaf Soluble Carbohydrates Content (SC)

The method of Dubois et al. (1956) was used to measure
the leaf SC. Leaf fresh weight (100 mg) was homogenized
in 70% ethanol using a mortar and pestle. The soluble car-
bohydrate content was quantified using a glucose standard
curve.

2.3.3 Leaf DPPH Assay

2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay is the most
commonly used antioxidant assay for plant extract. To
measure DPPH (1,1-diphenyl-2-picrylhydrazyl) activity,
the absorption was read at a wavelength of 517 nm spec-
trophotometrically. The rate of inhibition of radical activ-
ity was calculated using the standard curve of ascorbic
acid solution (Abe et al. 1998).

2.3.4 Leaf Phenol Content

The method of Singleton and Rossi (1965) was used to
measure leaf phenol content. The total phenol content was
determined based on absorbance in A765 nm and gallic
acid standard and reported as mg g~! dry weight.

2.3.5 lon Assay

The Nat and K* contents were determined by the standard
Na™* and K* solutions using a flame photometer (Jenway,
UK). The ratio of sodium to potassium (Nat/K*) was also
measured (Kapur et al. 2012; Tandon and Tandon 1993).

2.3.6 FruitVitamin C and Lycopene Content

Five grams of fruit samples were homogenized with 25 mL
of metaphosphoric acid-acetic acid solution to determine
fruit vitamin C content. A colored solution absorbance
was taken at 521 nm (Kapur et al. 2012). The method of
Munhuewyi (2012) was used to assay the lycopene quan-
tification. The absorbance at (502 nm) was determined

spectrophotometrically (Unico 2100, USA). The total lyco-
pene was calculated using the following equation:

0D502 x 3.12
mass of the sample (g)

Total lycopene = x 1000 (1)

2.4 Harvesting and Fruit yield

At physiological ripening (86 days after planting), plants
were harvested, and plant height, shoot and root dry weight
(DW), root length and volume, shoot-to-root ratio (Sh/R),
and leaf area (Li-3100 area meter; LICOR, Lincoln, NE)
were measured. The number of fruits per plant, fresh and dry
weight, and moisture content were also measured.

2.5 Statistical Analysis

The experiment was conducted in a factorial arrangement
(three pH levels and five measurement times) based on a
completely randomized design (CRD) with three replica-
tions. Statistical analysis was performed using SAS v.
9.4. The means were compared using the LSD test at 5%
probability.

3 Results
3.1 Leaf Pigments Content

Leaf pigments content was assayed at 14-day intervals just
before the onset of salinity and after 14, 28, 42, and 56 DAS
at different pH levels (Fig. 1). Generally, the highest content
of leaf chlorophyll a (chla) was recorded at pH 4.5 at day 0
but significantly decreased to 56 DAS (Fig. 1A). Leaf chla
was the lowest in pH 4.5 at 56 DAS, which was less than
the half value for pH 5.5 and ~ 85% lower than the control.
However, at 56 DAS, the highest leaf chla was observed at
pH 5.5 (Figs. 1A and 5). Although the salinity stress reduced
leaf chib to 56 DAS, the pH 5.5-treated plants showed the
highest leaf chlb compared with pH 4.5 and the control
(Fig. 1B).

Leaf chlorophyll a/b (chla/b) was the highest in pH 4.5
at zero and 14 DAS; however, it decreased to be the low-
est at 56 DAS and was ~ 30% lower than pH 4.5 and 5.5.
The pH 5.5-treated plants showed a constant leaf a/b at
all times and had the highest value at 56 DAS (Fig. 1D).
The interaction of pH X Time significantly affected leaf
chlorophyll a and b (chl a and b) (Fig. 1E). Leaf chl a
and b was decreased to 28 DAS, while it showed dif-
ferent behavior to 56 DAS; leaf chl a and b remained
constant in the control plants, decreased in pH 4.5, and
increased in the pH 5.5-treated plants to 56 DAS. The
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highest leaf chl a and b was recorded in plants treated
with pH 5.5 at 42 DAS by a 56% increase compared with
28 DAS (Figs. 1E and 5).

3.2 Leaf Soluble Carbohydrates Content (SC)

Leaf SC was affected by the time (Fig. 2A). Generally,
leaf SC was decreased by increasing the intensity of
salinity stress; for instance, leaf SC was decreased by
~ 100% from day O to 56 DAS. However, after a drastic
decrease from day O to 14 DAS, leaf SC was increased by
~ 2-fold in pH 4.5 and the control to 28 DAS (Figs. 2A
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14

Day

and 5). At 28 DAS, plants treated with pH 4.5 showed
the highest leaf SC (Fig. 2A).

3.3 Leaf DPPH Activity

Leaf DPPH activity was significantly increased to 56 DAS
(Fig. 2B). The control plants showed the highest leaf DPPH
by ~ 55% greater activity at 28 DAS than at pH 5.5 and
4.5 (Fig. 5). Acidic pH-grown plants showed the lowest
leaf DPPH activities at 28, 42, and 56 DAS, indicating the
effects of lowering medium pH to ameliorate the salinity
effects. The highest leaf DPPH activity at all pH levels was
obtained from 42 DAS; however, it decreased to 56 DAS.
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3.5 Fruit Vitamin C and Lycopene Content

Although fruit vitamin C was not affected by the medium
pH, it showed a descending trend by lowering the pH
(Fig. 3). Fruit lycopene content was affected by the medium
pH. Fruit lycopene content, in comparison, increased by

Fig. 3 Fruit vitamin C and lycopene content of tomato plants grown
at different medium pH under salinity stress. Vertical bars represent
significant differences between the pH levels at p < 0.05. + SE. Data
are means of six measurements. ***, and ns: significant at p < 0.001,
and non-significant
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lowering the medium pH. The highest fruit lycopene content
was obtained from pH 4.5, which was ~ 110 and 37% higher
than the control and pH 5.5, respectively (Fig. 5).

3.6 lon Assay

The results indicated that shoot and root K* content and root
Na*/K* ratio were affected by the medium pH (Table 1).
Lowering the medium pH increased the shoot and root K*
content; however, Nat content was not affected by the pH
treatments. It indicated that the alteration in the Na*/K* ratio
was mainly due to the changes in K* content. The highest
shoot K* content was recorded in pH 4.5 by a 26% increase
compared with the control. However, plants grown under pH
5.5 showed the highest root K* content and the lowest root
Na*/K* ratio by 72 and 33%, respectively, compared with
the control (Fig. 5).

3.7 Growth Parameters

Leaf area, shoot and root dry weight, and root length were
affected by the medium pH (Table 2). The highest leaf area,
shoot and root DW, and root length were observed in pH 5.5,
which were 100, 23, 8, and 32%, respectively, greater than

the control (Fig. 5). Lowering the medium pH to 4.5 reduced
the growth parameters to values less than the control.

3.8 FruitYield

The medium pH affected the number of fruits and fruit DW.
Nevertheless, the fresh weight and moisture percentage of
fruits were not influenced by the medium pH (Fig. 4). Plants
grown under pH 5.5 showed the greatest number of fruits
and fruit DW. Lowering the medium pH to 5.5 increased the
number of fruits and fruits DW by 77 and 32%, respectively,
compared with the control (Figs. 4 and 5). However, the
number of fruit was significantly reduced at pH 4.5.

4 Discussion

Salinization profoundly affects nutrient behavior and the
electrochemical properties of soils. Salinity increases ionic
strength, which consequently suppresses the activity coef-
ficients of ions in solution, leading to increasing the pH
values. Higher pH directly reduces root activity, leaf water
content, and nutrient absorption (Kaiwen et al. 2020). In a

Table 1 Leaf and root

: n . Shoot Na* Shoot K* Shoot Nat/ Kt  Root Na*t Root K* Root Na*/ K+
sodium (Na™) and potassium
(K*) content and sodium to pH (mg.gDW‘]) (mg. gDW—l) (mg. ng—l) (mg. ng—l)
potassium ratio (Na*/K*) of
. Control 136 +130 166+086 0.84+0.11 171 £1.80 7.49+0.57 232+0.24
tomato plants grown at different
medium pH levels under salinity 5.5 148+0.73 19.7+0.62 0.75+0.04 192+1.65 129+131 154+0.12
stress 4.5 164 +279 209+1.07 0.83+0.17 16.1 +1.76 827 +0.65 2.09+0.33
LSDy s 53 2.57 0.35 5.1 2.67 0.72
ANOVA
pH ns *E ns ns ok *
CV (%) 16.3 6.4 12.8 13.6 12.4 13.4

*, %% %% and ns: significant at p < 0.05, p < 0.01, p < 0.001, and non-significant. CV, coefficient of vari-

ation

Table 2 Growth parameters and

e ) Plant height Leaf area Shoot DW  Root length Root volume Root DW  Shoot/root

fruit yield traits of tomato plants

grown at differe.nt' medium pH pH (cm) (m%plant™") (g.plant™) (cm) (cm®.plant™) (g.plant™)

levels under salinity stress Control  54.0+249 1074077 50.8+3.59 347+ 1.66 38.1 4340 4.6+044 112%0.72
5.5 593+240 219+622 62.7+3.68 375+1.64 443+175 6.1+034 103+047
4.5 505+349 1354053 426+345 31.1+141 368+400 44+049 99+0.50
LSDyo; 8.1 10.6 10.5 4.6 9.3 1.2 1.6
ANOVA
pH ns * *E * ns * ns
CV (%) 1.5 23.7 9.8 6.3 11.3 11.3 7.3

* k¥ k%% and ns: significant at p < 0.05, p < 0.01, p < 0.001, and non-significant. CV, coefficient of vari-

ation
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Fig.4 Fruit yield parameters of tomato plants grown at different
medium pH under salinity stress. Vertical bars represent significant
differences between the pH levels at p < 0.05. + SE. Data are means

hydroponic environment, the acidity of nutrient solutions
and growth medium is important in two respects; first, it
affects the oxidation-reduction balance, solubility, and ionic
form of the elements. Second, it affects ion uptake by affect-
ing H* and OH" ions in plant roots, especially cell mem-
branes ion transporter (Epstein and Bloom 2005).

The degradation rate of chlorophyll a has been reported
under low acidity conditions, which is 2.5 times higher
than that of chlorophyll » (Gunawan and Barringer 2000).
Accordingly, in the present study, it was also observed that
leaf chla was significantly decreased to day 56th under pH
4.5. Therefore, leaf chla/b was decreased by decreasing pH
to 4.5. Leaf chlorophyll content was improved by lowering
the medium pH under salinity stress. Plants treated with pH
5.5 showed the highest leaf chl a and b. Positive correlations
were observed between leaf chl a and b, fruit number, and
root and shoot DW (Fig. 6). Iron, zinc, and manganese short-
age significantly decreased the contents of photosynthetic
pigments in lettuce plants (Roosta et al. 2018). Fe, Zn, and
Mn are directly implicated in the photosynthetic procedure.
For instance, cytochrome and ferredoxin contain Fe, which
participates in the electron transport chain, oxidation, and
reduction reactions (Barker and Pilbeam 2015). Zn and Mn
are also a part of enzymatic redox reactions and enable water
splitting in PSII (Aravind and Prasad 2004; Roosta et al.
2018). Fe, Zn, and Mn deficiencies lead to the D, protein
decomposition in the PSII reaction center (Bertamini et al.
2001). However, those elements are less available in alka-
line pH and may adversely affect the chloroplast proteins,
concentration of Chl, and photochemical efficiency. Leaf
chlorophyll content is an important indicator of the rate of
photosynthesis (Koca et al. 2007). Keshmiri et al. (2018)
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of six measurements. *, *** and ns: significant at p < 0.05, p <

0.001, and non-significant. CV, coefficient of variation. No: number;
DW: dry weight; FW: fresh weight; moist: moisture

observed a positive correlation between leaf chlorophyll
content and photosynthetic rate in potato plants. Lowering
the medium pH diminished the negative effect of salinity on
leaf chlorophyll fluorescence of tomato plants; it improved
the maximum quantum yield and photochemical quench-
ing, the fraction of photons used in photochemistry, and the
efficiency of electron transport (Nabati et al. 2021).
Salinity stress imposes ion imbalance in plant cells
(Munns and Tester 2008). In the present study, lowering the
medium pH increased K* concentration in tomato roots and
leaves under saline conditions. Although the high salinity in
the medium enhanced the Na*/K*, lowering the medium pH
to 5.5 reduced the Na*/K* compared with the control result-
ing from the increased K* concentration in plant tissues.
Salinity increases the medium pH, and some nutrients might
be less available at alkaline pH. At high salt concentrations,
alkaline pH damaged the leaf photosynthetic function and the
root system of alfalfa (Medicago sativa) plants, which was
mainly related to the greater damage of higher pH levels on
roots and limitation of water and nutrients absorption rather
than the increase of Na* absorption (Kaiwen et al. 2020).
Root K* showed a positive correlation with plant growth
and fruit yield. Potassium (K*) is an essential macronutri-
ent that plays a critical role in stomatal opening adjust-
ment, osmotic adjustment, enzyme activation, and cyto-
plasmatic pH homeostasis (Almeida et al. 2017; Barragan
et al. 2012). The Nat and K" ions are similar in ionic
radius and hydration energy. Na™ competes with K* for
binding the key metabolic processes in the cytoplasm, such
as enzymatic reactions, protein synthesis, and ribosome
functions, leading to the dysfunction of many enzymes
that need K* for proper functioning (Almeida et al. 2017;
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Fig.5 Percent changes of biochemical and growth parameters of
tomato plants affected by the medium pH compared to the control
using the formula [(pH “5.5 or 4.5” — control)/(control)] x 100).
Chla: chlorophyll a; Chlb: chlorophyll b; Car: carotenoids; a/b: chlo-

Marschner 2011). Chuamnakthong et al. (2019) found that
rice plants accumulated more Na* at pH 8.0 than at pH
7.0 under saline-alkaline conditions, suggesting that high
pH promotes Na* accumulation in rice. High pH under
saline conditions reduced the K* absorption ability of rice
(Oryza sativa) varieties, resulting from their effects on the
expression levels of the genes encoding K* channels and
transporters (OsAKT1, OsHAKS, OsHAK7, OsHAK10, and
OsHAK16) (Nampei et al. 2021). Placing sodium in the
vacuole and removing it from the cytosol by the Na*/H*
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antiporters can maintain the sodium concentrations low in
plant tissues (Zhu and Gong 2014). The lower vacuole pH
(pH 5.5) and higher Ca>* concentration led to a higher K*/
H™ exchange activity over Na*/H* (Yamaguchi et al. 2003).

Salinity, through instigating the membrane lipid peroxi-
dation and oxidative damage, may increase ROS produc-
tion (Kafi et al. 2021; Wang et al. 2013). Xing et al. (2015)
observed that SOD and CAT activity significantly increased
by increasing the salinity stress intensity. In the present
study, leaf phenol and DPPH were increased by increasing
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the salinity exposure and intensity; however, lowering the
medium pH decreased their content and activities. DPPH
assay is the most commonly used antioxidant assay for plant
extract. Increasing the activities of antioxidants can indicate
that the plants are under stress and require enhancing their
defense systems to combat stressful conditions. The acidic
medium pH could mitigate the adverse effects of salinity on
lipid peroxidation and ROS production.

Leaf phenol content was negatively correlated with the
shoot and root DW, leaf area, fruit number, and fruit DW
(Fig. 6). Hejazi Mehrizi et al. (2012) observed that total
phenolic content in rosemary (Rosmarinus officinalis L.,
Lamiaceae) leaves was greatly enhanced by salinity. They
concluded that enhanced phenolic biosynthesis induced
by salinity stress provided a further resource partitioning
pattern for carbon and led to a reduction in plant growth.
However, the DW and number of fruit were improved by
lowering the medium pH, probably due to the decreased

phenol content and increased C partitioning to vegetative
and reproductive tissues. Bistgani et al. (2019) also observed
that the total phenol content of Thymus vulgaris and Thymus
daenensis increased under salinity stress compared with con-
trol plants. Phenolic compound production is influenced by
environmental factors and plant genetics (Awika and Rooney
2004). The moderate salinity stress induces a saline toler-
ance pathway in plants by enhancing the total phenolic com-
pounds (Salem et al. 2014). Phenolic compounds contribute
to the antioxidant capacity of plants and play a critical role
in the defense against biotic and abiotic stresses, and they
can mitigate oxidative stress and scavenge the reactive oxy-
gen species (ROS) as antioxidants in different plants tissues
(Caprioli et al. 2018; Jabri Karoui et al. 2016; Kleinwichter
and Selmar 2014).

The results showed that the leaf area decreased with increas-
ing salinity intensity. Reducing leaf growth is the primary
response of plants to salinity, resulting from the reduction of

@ Springer



Journal of Soil Science and Plant Nutrition

water content in plant tissues (Nabati et al. 2021). In other
words, salinity increases the energy required to maintain
the normal state of the cell; as a result, less energy is left for
growth (Kafi et al. 2021). However, lowering the medium pH
to 5.5 significantly increased leaf LA. Velikova et al. (1998)
found that lowering the nutrient solution acidity from 5.6 to
1.8 reduced the transpiration rate of bean (Phaseolus vulgaris)
plants, which increased the leaf water content, leading to
higher cell pressure, expiation, and division. Leaf development
was also slower at pH 7 compared with pH 6-5 in Ambrosia
artemisiifolia L. (Gentili et al. 2018).

Shoot and root DW were also increased by lower-
ing the medium pH to 5.5. Working on Citrus spp., Long
et al. (2017) also found that the highest plant dry weight
was observed in sub-acidic pH (pH 5-6), which was due to
higher N, P, K, Ca, and Mg availability for plants. Although
the Sh/R was not affected by the medium pH, it showed a
descending trend by lowering the pH, indicating that acidic
pH reduced the shoot more than root growth. Salt accumu-
lation in plant tissues restricts the CO, supply and inhibits
the leaf photosynthetic rate (Mahmoud et al. 2019). Any
decrease in leaf photosynthesis may interrupt the produc-
tion of photoassimilates and adversely affect the biochemical
processes. In Arabidopsis thaliana, a slower growth rate was
correlated with reduced photosynthetic efficiency in different
populations (Tessmer et al. 2013). Soil pH influences the
availability and uptake of micronutrients; for instance, Mg
is implicated in the plant’s photosynthetic efficiency. At high
pH, however, Ca and Mg tend to form less or not available
compounds when reacting with P and many micronutrients
(Dighton and Krumins 2014; Gentili et al. 2018).

The absorption of nutrients, photosynthetic efficiency,
and plant growth could be optimized by the proper acidity
of the nutrient solution (Nabati et al. 2021). The medium
pH plays a significant role in the solubilization and avail-
ability of nutrients in the root zone. Microorganism activity
and the water solubility of some nutrients are increased by
lowering the nutrient solution pH (Gentili et al. 2018). The
availability of micronutrients is reduced in alkaline pH and
can adversely affect plant growth, including height, lateral
spread, biomass, flower size and number, and pollen produc-
tion (Jiang et al. 2016). Narrow-leaf lupine (Lupinus angus-
tifolius) plants grown at acidic pH (4.5) had a higher specific
root length compared with those grown at alkaline or neutral
pH (Robles-Aguilar et al. 2019). This might be a beneficial
trait to increase P uptake in acidic pH (Hill et al. 2006).

Saline conditions reduced the plant growth and fruit attrib-
utes. However, fruit number, DW, and lycopene content tended
to increase by lowering the medium pH. It was observed that
salinity decreased fruit yield, mean fruit weight, and leaf area
index in tomato (Solanum lycopersicum) plants; however, the
fruit dry matter percentage was increased (Layegh et al. 2009).
Tuber production in potato (Solanum tuberosum) plants was
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increased by lowering the nutrient solution pH to 5.5 (Wan
et al. 1994). Gentili et al. (2018) observed that the number
and size of inflorescences of A. artemisiifolia were increased
with plant dry weight at acidic pH. Decreasing the medium
acidity might stimulate the photoassimilates allocation to the
physiological sinks, and greater availability of nutrients can
enhance plant productivity.

5 Conclusions

Saline conditions adversely affected tomato plant biochem-
istry, growth, and fruit attributes. However, the medium pH
adjustment beneficially alleviated the effects of salinity on
tomato plants. Lowering the medium pH diminished the
adverse effects of salinity on such traits as leaf chlorophyll,
phenol, DPPH, lycopene, Na*/K*, and fruit yield. Briefly,
the ameliorating effects of the medium pH adjustment on
tomato plant performance can be due to (a) the improved
leaf chlorophyll content that affects the photosynthetic per-
formance; (b) the lower root and shoot Na*/K™ ratio; (c) the
lower detrimental effects of salinity on lipid peroxidation,
which can be elucidated from the reduced leaf DPPH and
phenol content under acidic pH; and (d) the increased fruit
dry weight and fruit number resulting from improved salin-
ity tolerance of the plants. Generally, lowering the medium
pH to 5.5 enhanced the salinity tolerance of tomato plants.
It can be considered to reduce the adverse effects of salinity
on the growth and yield of tomato plants.
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