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ARTICLE INFO ABSTRACT
Keywords: The environmental non-element cadmium (Cd) is toxic to all forms of life, and it also has a
Solanum lycopersicum negative impact on plant development and growth. In order to ascertain the effects of cadmium

Heavy metal

Plant biomass
Biochemical parameters
Absorption

on tomato growth and the function of oak leaf biomass in the reduction of toxicity and trans-
location of cadmium in different parts of tomato genotypes, two tolerant and two sensitive tomato
genotypes were exposed to cadmium stress through the availability or unavailability of oak leaf
biomass. The experiment involved two factors. The first factor was the various treatment levels,
including soil without Cd treatment and sodium hydroxide (NaOH) oak leaf biomass pretreatment
(COC-control), soil with Cd treatment and without NaOH oak leaf biomass pretreatment (CdC),
and soil with Cd treatment and NaOH oak leaf biomass pretreatment (CAOBC). The second
element consists of four tomato genotypes. Comparing to control conditions, all tomato genotypes
spotted significant reductions in all morphological traits under Cd stress in the presence or
absence of NaOH oak leaf pretreatment. Related to CdC conditions, root length, shoot length, root
fresh weight per plant, shoot fresh weight per plant, root dry weight per plant, shoot dry weight
per plant, and total fruit weight per plant were significantly improved by 4.25%, 9.75%, 23.24%,
10.10%, 28.10%, 9.08%, and 4.61%, respectively, under the availability of pretreatment of oak
leaf biomass. The tolerant genotypes (Karazi and Sirin) exhibited the greatest increase in all traits
evaluated, with the exception of root length, under the CdOBC condition compared to the CdC
statement. Significant increases in leaf biochemical parameters were seen with the availability or
absence of NaOH pretreatment of oak leaf biomass in the soil. The maximum values of proline
content, soluble sugar content, antioxidant activity, and guaiacol peroxidase were stated in the
presence of oak biomass under Cd conditions (CAOBC), with mean values of 1772.46 ug g 2,
687.18 ug g 1, 1025.74 pg g ~'-, and 0.43 units min ~* g ~, respectively. The in vitro-tolerant
genotypes exhibited the maximum values of all biochemical parameters. The concentration of
cadmium in the studied tomato genotypes revealed that cadmium accumulated more in the roots
than other parts. According to these outcomes, NaOH pretreatment of oak leaf biomass can be
employed to diminish the hazard of cadmium absorption by edible parts.

1. Introduction

The potential for heavy metals in soil to accumulate over time and harm living species has emerged as a major environmental
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concern. There are currently no regulations in place that effectively limit the negative human effects on the environment and agri-
cultural soils, where metals can be absorbed by crops during growth and concentrate to poisonous levels that are harmful to plants and
pose risks of entering the food chain [1]. Cadmium gets into agricultural soils through the use of phosphate fertilizers, which contain
cadmium and lead as active ingredients or as by-products [2,3]. Cadmium is classified as a highly hazardous metal since it does not
play a role in biological functions in organisms; its high solubility in water makes it readily available for absorption, leading to lethal
levels [4]. Even though plants can manage their metabolism processes under the availability of excess quantities of cadmium better
than animals, overdose concentrations of cadmium have negative effects on plants’ organs [5]. Apparent symptoms of cadmium
toxicity above a critical threshold are exhibited in plants by delay in growth, browning of roots, necrosis, reduced yield, chlorosis, and
finally death [6]. The abundance of cadmium in plant tissues can have a deleterious impact on a variety of physiological activities,
including the uptake and translocation of minerals from roots to shoots, tissue water status, and disrupted glucose metabolism [7-9].

Plants have developed natural defense systems such as chelating agent synthesis, non-enzymatic and enzymatic antioxidants, and
osmolyte generation to defend their metabolic processes against metal stress. Plant species respond differently to heavy metal stress
depending on plant variety and heavy metal type [4]. Organic acids, amino acids, polypeptides, and peptides are all examples of
naturally occurring ligands that play an important role in the detoxification of heavy metals in plant metabolism [10]. Supporting plant
defense mechanisms, phytochelatins (PCs) are peptides derived from glutathione that serve to shield plant tissues from heavy metal
damage and reduce free metal concentrations in plant tissues. PCs help plant cells detoxify and recover from heavy metal stress by
forming stable complexes with the ions [11]. As both chelate their own carboxyl groups in their structures, the metallothioneins (MTs)
and PCS processes are thought to work similarly in storing heavy metals in the vacuole and cell wall [12]. MTs form stable complexes
by attaching to the ions of heavy metals. Inactivation of enzymes, blocking functional groups of metabolically important compounds,
replacement or substitution of critical components, and disruption of the integrity of cell membranes may all contribute to the
phytotoxicity of heavy metals [13]. Heavy metal poisoning causes an increase in reactive oxygen species (ROS) production by
interfering with electron transport activities. Because of this rise in ROS, plant cells are put under oxidative stress, which can lead to
damage to membranes, biomolecular degradation, the leakage of ions, and DNA breakage [14]. In return, the biochemical activity for
reducing ROS generation will be increased by plants, including proline content, soluble sugar content, total phenolic content, guaiacol
peroxidase activity, catalase, antioxidants, and many others [15]. Antioxidants, enzymatic and non-enzymatic, are crucial because
they prevent the harmful effects of free radicals by reducing hydrogen peroxide (H202) to harmless water and oxygen [16].

Several methods have been developed to immobilize cadmium in the soil via the addition of organic amendments. Organic biomass
contains various functional groups that impact the physicochemical parameters of the soil and aid in the immobilization of cadmium
by plant parts [17]. The cellulose component of plant materials is effective for heavy metal ion biosorption [18]. Common biosorbents
utilized in biosorption studies for the removal of heavy metals include roots, leaves, and seeds [19]. Because agriculturally based plant
adsorbents are cost-effective, made from renewable resources, easily accessible, and mostly made up of cellulose and lignin, they
provide a potential choice for the treatment of contaminated soil with heavy metals [20]. Compounds with lyophilic and lyophobic
groups called surfactants can stick to surfaces. Anionic, non-ionic, cationic, and amphoteric are the four different categories of sur-
factants. Surfactants reduce surface tension and increase wetting power, facilitating the adsorption of heavy metals from liquids onto
biomass [21].

The tomato, scientifically known as Solanum lycopersicum L., is a significant annual crop that is a member of the Solanaceae family.
In terms of planting area and yield, it is the second most widely grown crop after potatoes [22,23]. Subtropical, tropical, and warm
temperate zones are ideal for tomato cultivation. For a long time, this vegetable crop has been highly valued by people all over the
world. Tomatoes, on the other hand, are more sensitive to environmental stressors such as cadmium, salt, drought, and flooding [24].

Ninety percent of Iraq’s total forest cover consists of oak forests, which are confined to the Kurdistan Region in the northeast of the
country and a few riverine forests along the Euphrates and Tigris rivers. Ecologically, it’s important because mammals and birds rely
on it for shelter and sustenance, but economically and culturally, it serves a variety of purposes as well [25]. The oak tree is useful from
root to leaf. The leaf organ, in particular, contains a comparatively large quantity of bioactive compounds related to improving the
plant’s antioxidant system. Different oak species’ leaves have been studied chemically in a number of studies, and the existence of
phenolic, flavonoid, and terpenoid compounds has been established. Significant radical scavenging, antimicrobial, and anti-
topoisomerase abilities were also shown [26-30]. To our knowledge, however, there is no information on the effects of NaOH oak leaf
biomass pretreatment on the mechanisms involved in the control of Cd stress. This study tested the hypothesis that oak leaf biomass
pretreatment with NaOH could reduce the toxicity and bioavailability of Cd in tomato plants subjected to Cd stress. Therefore, the goal
of this research was to explore the effects of NaOH oak leaf biomass pretreatment on the reduction of toxicity and translocation of
cadmium in various tomato plant organs.

2. Materials and methods
2.1. Plant materials and preparation of plant biomass

According to in-vitro tests (germination percentage, growth, and biomass of seedlings) of 64 tomato genotypes under Cd stress
(unpublished data), two tolerant genotypes, Karazi and Sirin, and two susceptible genotypes, Super and Sewi Qaladze, were used in
this study. The tomato genotypes were gathered from the Ministry of Agriculture and Water Resources’ Agricultural Research Center in
Kurdistan, Iraq. Mature and healthy oak leaves (Quercus aegilops Oliv.) were collected on May 5, 2021, when they were in the
vegetative stage. The leaves were then dried at room temperature. The plant leaf biomass was prepared according to the procedure
provided by Ref. [31], with a few modifications. Initially, the dried plant samples (leaves) were ground into fractions measuring
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0.25-0.60 mm. Oak leaf biomass (200 g) was dissolved in 1 L of distilled water containing 20 g of sodium hydroxide. The suspensions
were shaken for 24 h and then filtered through fine mesh to remove the water and obtain the plant biomass. The plant biomass was
repeatedly washed until the pH decreased to a near-neutral condition (7.0). Then, the biomass dried at room temperature [32].

2.2. Layout of the experiment and stressing of tomato genotypes by cadmium

A factorial design with a completely randomized design (CRD) was conducted. The experiment involved two factors. The first factor
was the various treatment levels, including soil (10 kg) without cadmium (CdCl;) and NaOH oak leaf biomass pretreatment (COC), soil
(10 kg) containing 35 mg of cadmium per kilogram of soil and without NaOH oak leaf biomass pretreatment (CdC), and soil (10 kg)
containing 35 mg of cadmium per kilogram of soil and 80 g of NaOH oak leaf biomass pretreatment (CdOBC). The second factor
consists of four tomato genotypes. The experimental soil had a silty clay texture, an EC of 0.65 dS m™!, a pH of 7.4, a total nitrogen
content of 16.08 g kg™*, a phosphorus content of 3.97 mg kg~ *, an accessible potassium content of 0.19 meq L™}, an exchangeable
phosphorus content of 0.29 mg kg~*, and a cadmium concentration of 0.10 ppm. Tomato seeds from four different genotypes were
planted in plastic trays and kept in a greenhouse. Each genotype underwent three treatments. Each tomato genotype consisted of eight
pots (replications) for each treatment. All treatments were arranged in a complete randomized design. The pots were placed in a
greenhouse and irrigated by the drip method. The plants grew during the 2021 spring and summer seasons. During the experiment, the
average daytime and overnight relative humidity in the greenhouse was 16.64/40.155, and the average temperature was 39.89/
20.32 °C. The photoperiod for the plants was 14 h of natural light. During the plant’s growing stage, weeds were physically removed.

2.3. Measurement of morphological characters

At the end of maturation, all morphological measurements were documented. The plant morphological parameters were inves-
tigated, including root length (RL in cm), shoot length (SL in cm), root fresh weight per plant (RFW in g), root dry weight per plant
(RDW in g), shoot fresh weight per plant (SFW in g), shoot dry weight per plant (SDW in g), and total fruit weight per plant (TFW in g).
The plants were uprooted and rinsed with distilled water, and the lengths of their roots and shoots were measured using a ruler. The
fresh weight was determined directly after collection, while the dry weight was measured after achieving a consistent weight after 52 h
in a 78 °C oven [30].

2.4. Meaurement of biochemical parameters

The fresh leaves of four tomato genotypes were harvested one month prior to full maturity for analysis. To analyze the responses of
tomato genotypes, similar protocols as displayed in our previous work [33] were used to measure: proline content (PC in pg g~ ! leaf
fresh weight), total phenolic content (TPC in pg gallic acid g~* leaf fresh weight), antioxidant activity (AC in pg Trolox g ! leaf fresh
weight), soluble sugar content (SSC in pg glucose g~ ! leaf fresh weight), catalase (CAT in units min~! g~! leaf fresh weight), and
guaiacol peroxidase (GPA in units min~! g~! leaf fresh weight).

2.5. Cadmium determination in different organs

The collected tomato root, stem, leaf, and fruit samples were digested with a 5:1 concentrated HNO3:HClO4 solution, as stated by
Ref. [34]. To find out if the digested samples were contaminated with cadmium, the concentrations of cadmium were measured four
times with flame atomic absorption spectrometry (PinAAcle 900H, Perkin Elmer, USA). Cadmium concentrations were expressed in
parts per million (ppm) for root, stem, leaf, and fruit.

2.6. Calculation of trait index

The following equation was used to determine the trait index [30,35]:

(mean of the trait under treatment conditions — mean of the trait under control conditions)

Trait index(%) = x 100

mean of the trait under control conditions

2.7. Calculation of cadmium concentration

After determining the cadmium concentration in roots and shoots and the percentage reduction of cadmium in roots and shoots due
to the presence of the plant biomass for respective genotypes, the following formula was used [36]:
XCdC — XCdOBC

Percentage decline in cadimum accumulation = ——————— — x 100
Xcdc

where XCdC represents the main performance of the tomato genotype under cadmium stress conditions, while XCdOBC represents the
main performance of the same genotype treated with the NaOH oak leaf biomass pretreatment under cadmium stress conditions.
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2.8. Statistical data analysis

Statistical tests were conducted in XLSTAT 2019, version 2.2 [37]. The treatments’ and genotypes’ major effects were performed
using a two-way analysis of variance at p < 0.01. Duncan’s new multiple range test (DNMRT) was applied to evaluate the difference
between the mean values. All data were presented as mean values and standard errors. All figures were plotted using XLSTAT version
2019.2.2 software.

3. Results
3.1. Evaluation of morphological characters

In comparison to control conditions, all morphological traits significantly (p < 0.01) declined in the availability of cadmium under
all treatment conditions (Tables 1 and S1). The values of decreasing percentages were between —15.01 and —16.33% for root length
(RL), —18.00 and —12.05% for shoot length (SL), —25.32 and —9.65% for root fresh weight (RFW), —9.47 and —5.12% for shoot fresh
weight (SFW), —25.12 and 5.27% for root dry weight (RDW), —8.88 and —4.48% for shoot dry weight (SDW), and —13.85 and
—10.43% for total fruit weight per plant (TFW). The highest decreasing percentage was observed in the absence of oak leaf biomass
pretreated with NaOH (CdC condition). Comparing the treated tomato plants with oak leaf biomass pretreated with NaOH (CdBOC
condition) to the CdC condition, an increase in all morphological traits was noticed. The values of increasing percentage were 4.25,
9.75, 23.24, 10.10, 28.10, 9.08, and 4.61% for RL, SL, RFW, SFW, RDW, SDW, and TFW, respectively (Fig. 1).

Except for the fresh weight of the roots, the responses to morphological characteristics were statistically different between tomato
genotypes, as indicated in Tables 2 and S1. Under Cd stress conditions, all phenotypical characters of the tomato genotypes were found
to decrease significantly when exposed to the various treatments. Sewi Qaladze genotype reported the highest decreased values for RL
(22.24%), SFW (16.09%), SDW (9.34%), and TFW (16.00%), while Super genotype provided the highest decreased values for SL
(29.88%), RFW (9.34%), and RDW (24.17%). Significant variations were seen in RFW and TFW parameters with regard to the
interaction between the two categories (treatments and genotypes). The Sirin genotype had the lowest decreasing values for SL, RFW,
SFW, RDW, SDW, and TFW under Cd stress in the presence of oak leaf biomass pretreated with NaOH (Tables S1 and S2).

Principal component analysis (PCA) is a multivariate analytic approach used to determine the similarity of distinct genotypes. In
addition, it is employed to establish the association between different characteristics. For both the CdC and CdOBC environments,
seven variables related to morphological traits were analyzed using principal component analysis. The eigenvalues of the first two
components were both greater than one, indicating a cumulative distribution of 91.97% (52.18% for the first component and 39.79%
for the second). On the PCA plot, different distributions of the analyzed characteristics and genotypes were detected. Three major
traits, SL, RFW, and RDW, were found to account for the majority of the observed variance along F1. It was SFW, SDW, and TFW,
however, that contributed the most to the overall variance along F2 (Fig. 2). Regarding the dispersion of genotypes, significant patterns
were identified. Sirin and Karazi genotypes placed in the upper right-quarter (blue outline) exhibited the lowest decline in SL, RFW,
RDW, SFW, SDW, and TFW, while Sewi Qaladze genotypes located in the lower right-quarter revealed the most decline in these traits.
Consequently, the tolerance and susceptibility grading of genotypes based on their morphological characteristics was as follows: Cd-
tolerant > sensitive; Sirin > Karazi > Super > Sewi Qaladze.

3.2. Analysis of cadmium levels in different tomato genotypes’ roots, stems, leaves, and fruit

As shown in Table S3, the Cd concentrations were significantly different (p < 0.01) between the CdC and CdOBC treatments in all
tomato organs except for the leaf of the Karazi and Sirin genotypes. The collected roots and shoots are exposed to atomic absorption to
determine cadmium accumulation in these organs in the presence and absence of oak leaf biomass pretreated with NaOH. In the
presence of oak leaf biomass pretreated with NaOH, cadmium accumulation varied from 67.80 to 81.70 ppm in the root (Fig. 3A),
2.80-4.50 ppm in the stem (Fig. 3B), 5.20-12.00 ppm in the leaf (Fig. 3C), and 0.00-0.44 ppm in the fruit (Table 3). Karazi and Sirin

Table 1
Changes in the percentages of tomato genotypes’ morphological traits in response to cadmium stress with and without
oak leaf biomass pretreated with sodium hydroxide compared to control conditions.

Trait Cdc CdOBC

Root length (%) —15.01 £2.21a —-16.33 £ 1.61 a
Shoot length (%) —18.00 + 3.03 a —12.05+ 3.46 b
Root fresh weight (%) —25.32+1.57a -9.65+1.67b
Shoot fresh weight (%) —9.47 +1.87 a -5.12+1.52b
Root dry weight (%) —25.12+ 294 a —5.27 + 3.01 b
Shoot dry weight (%) —8.88+0.79a —4.48 £ 0.62 b
Total fruit weight per plant (%) —13.85+1.72a —10.43 £ 1.38 b

The negative values represented decreasing percentages of the investigated parameters in comparison to the control
conditions. According to Duncan’s new multiple range test, different letters denote statistically significant differences
(p < 0.01). The values are presented by the trait index (%) + standard error. The values represent the average of eight
separate evaluations.
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Fig. 1. A sunburst chart represents the increasing percentages of different morphological characters in the tomato plants treated with oak leaf
biomass pretreated with sodium hydroxide compared to the untreated plants under Cd stress conditions. RL: root length, SL: shoot length, RFW: root
fresh weight, SFW: shoot fresh weight, RDW: root dry weight, SDW: shoot dry weight, TFW: total fruit weight per plant.

Table 2
Morphological responses of different tomato genotypes in the presence and absence of oak leaf biomass pretreated with sodium hydroxide under
cadmium stress conditions compared to control conditions.

Trait Sirin Karazi Super Sewi Qaladze
Root length (%) —17.36 + 2.14 be —13.25 + 2.83 ab —982+1.15a —2224+147c
Shoot length (%) —6.20 + 4.06 a —11.71 £3.49a —29.88 + 2.07 b —12.31 £191a
Root fresh weight (%) —17.58 + 6.17 a —15.70 + 3.15a —20.15 + 2.84a —16.51 + 3.74 a
Shoot fresh weight (%) —2.81 £0.72a —6.02+1.50a —4.26 +1.33 a —-16.09 £1.77 b
Root dry weight (%) —11.73 £ 2.43 a —12.41 £237 a —24.17 £ 2.57 b —12.46 +£ 2.97 a
Shoot dry weight (%) —5.26 £1.23a —-5.29+0.89a —6.83+1.22a —-9.34 +1.52b
Total fruit weight per plant (%) —-5.29+1.10a —12.31 £1.42b —14.96 £ 1.88b —16.00 + 2.08 b

In comparison to the control conditions, the negative values represented decreasing percentages of the investigated parameters. Letters in the same
row with different meanings specify statistically significant differences (p < 0.01) using Duncan’s new multiple range test. The values are presented by
the trait index (%) + standard error. The values shown are the averages of eight separate measurements.

genotypes had the highest levels of Cd absorption in their roots, whereas Super and Sewi Qaladze genotypes had the lowest values.
Similar effects were reported in the absence of oak leaf biomass pretreated with NaOH for the roots. In contrast, Cd accumulations in
the stems and leaves of Karazi and Sirin were lower in the presence and absence of oak leaf biomass pretreated with NaOH than those of
Super and Sewi Qaladze in the presence and absence of oak leaf biomass pretreated with NaOH (Fig. 3). Regarding the cadmium
content of fruit, Super and Sewi Qaladze had the greatest concentrations (Table 3). The accumulation of cadmium followed the same
pattern: roots > leaves > stems > fruits.

When comparing the three organs (root, leaf, and stem) in terms of Cd accumulation decrease, substantial differences were found
between the root, stem, and leaf in the presence of oak leaf biomass pretreated with NaOH. The greatest reduction in Cd accumulation
was documented in the stem and root of tolerant tomato genotypes, whereas it was recorded in the leaf and root of sensitive genotypes
(Fig. 4). According to the reduction in organ Cd accumulation, there was a significant decrease in cadmium accumulations among
tomato genotypes in the presence of oak leaf biomass pretreated with NaOH. Compared to CdC conditions, oak leaf biomass pretreated
with NaOH induced 13.58, 12.90, 11.11, and 8.87% decreases in cadmium accumulations in the roots of Karazi, Sirin, Super, and Sewi
Qaladze, respectively. Similarly, oak leaf biomass pretreated with NaOH reduced cadmium accumulations in stems by 17.50, 22.22,
35.00, and 30.77%, relative to CdC conditions, for Karazi, Sirin, Super, and Sewi Qaladze, respectively. Compared to CdC conditions,
oak leaf biomass pretreated with NaOH provided 7.14, 4.35, 34.43, and 12.50% declines in cadmium accumulations in leaves for
Karazi, Sirin, Super, and Sewi Qaladze, respectively. The four tomato genotypes showed significant differences across all organs (root,
stem, leaf, and fruit). In contrast to the tolerant genotypes, which revealed Cd reduction values of 9.87% for Sirin and 9.53% for Karazi,
the sensitive genotypes showed the highest reduction in Cd accumulation, with values of 24.45% for Super and 19.53% for Sewi
Qaladze (Fig. 5).
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Fig. 2. A Plot from principal component analysis (PCA) showing the relationship between biomass yield and the four tomato genotypes tested.

3.3. Biochemical responses of tomato genotypes of different treatments under cadmium stress conditions

The differences in cadmium tolerance between COC, CdC, and CdOBC treatments were further investigated on the leaf organs of
tomato plants by using six biochemical markers. Based on ANOVA and DNMRT tests at p < 0.01 for comparing the average values of
different treatments in the presence of cadmium and plant biomass pretreated with NaOH, significant responses can be perceived by
tomato genotypes for studied traits (Tables 4 and S4). The strongest activities of proline content (PC), soluble sugar content (SSC),
antioxidant activity (AC), and guaiacol peroxidase (GPA) were stated under the presence of oak leaf biomass pretreated with NaOH
under Cd conditions (CAOBC) with mean values of 1772.46 pg g ~', 687.18 pg g ~*, 1025.74 pg g ~*, and 0.43 units min ~1 g 1,
respectively, while the absence of oak leaf biomass pretreated with NaOH under Cd stress conditions documented the greatest contents
of total phenolic content (TPC) and catalase (CAT) with the values of 393.78 pg g ~* and 153.80 units min ' g ~%, respectively. For all
biochemical characteristics, however, the control conditions (COC) specified the minimum mean values.

As shown in Table 5, the Karazi and Sirin genotypes had the highest mean values of biochemical parameters, while the Super and
Sewi Qaladze genotypes had the lowest. The Karazi genotype showed the highest contents of SSC (822.18 pg g ~1), TPC (420.37 yg g
~1), and AC (1016.52 pg g 1), while the highest amounts of PC (1767.42 pg g 1), GPA (0.32 units min ~! g ~1), and CAT (150.37 units
min ~! g ~1) were stated by the Sirin genotype. The smaller quantities of biochemical features were spotted in the Super and Sewi
Qaladze genotypes. Consequently, the highest and lowest grading of genotypes based on their biochemical characteristics was as
follows: high amount > low amount, Sirin > Karazi > Super > Sewi Qaladze. As a result of the interaction between the two factors, all
biochemical parameters demonstrated significant modifications (Table S5). Under Cd stress, the Karazi genotype exhibited the greatest
increases in SSC (950.68 g g ’1) and antioxidant activity (1168.65 g g ’1) in the presence of oak biomass (CdOBC), whereas the Sirin
genotype displayed high increases in PC (2038.62 g g 1) and GPA (0.48 units min ~! g ~1) in the presence of oak biomass (CAOBGC). All
biochemical characters were found to be lowest in the Super genotype when grown in COC conditions.

The PCA has been tested to achieve the quantitative association between biochemical traits used in this part of the investigation,
which are responded by selected tomato genotypes under normal and Cd stress conditions in the presence and absence of oak leaf
biomass pretreated with NaOH. In respect to biochemical traits, the analysis of PCA showed that the first two components (F1 and F2)
were perfectly fitted in capturing the total differences, in which 100% of the total differences were seized. The first major component
(F1) describes 88.65% of the entire variance, whereas the second major component (F2) describes 11.35% (Fig. 6). In respect of the
association between different treatments and biochemical traits, CAOBC, COC, PC, SSC, and GPA were the most notable contributors to
the variability along F1. The CdOBC treatment (red outline) exhibited the largest accumulation values of PC, SSC, AC, and GPA,
whereas the CdC application (blue outline) revealed the greatest accumulation scores of CAT and TPC. Nevertheless, most of the
diversity along F2 was caused by CdC, CAT, TPC, and AC (Fig. 6A). Concerning the distribution of tomato genotypes and biochemical
traits, the first two components accounted for 97.13% of the total differences. The majority of the observed variance along F1 can be
attributed to the AC, SSC, PC, and GPA characteristics. Contrarily, most of the variation in F2 was caused by the CAT and TPC
characteristics (Fig. 6B). The tolerant genotypes (red and blue outlines) stated the maximum values of all biochemical traits.

4. Discussion
Cd toxicity has been shown to harm plants by interfering with vital physiological processes [38]. Lipid peroxidation, membrane

damage, and enzyme deactivation result from heavy metal exposure in plants because of the production of reactive oxygen species
(ROS), which react with lipids, proteins, and nucleic acids [15,39,40]. In this study, tomato plants’ growth and yield characteristics
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Fig. 3. Cadmium levels in the roots (A), stems (B), and leaves (C) of four tomato genotypes in the presence (CAOBC) and absence (CdC) of oak leaf
biomass pretreated with sodium hydroxide. Bars represent means + standard error. Using Duncan’s new multiple range test, the different letters
within each genotype reveal the statistically significant difference in mean values. The values shown are the averages of three independent

measurements.

Table 3

Cadmium concentration in the fruits of four tomato genotypes in the presence (CdOBC) and absence (CdC) of
oak biomass pretreated with sodium hydroxide.

Genotypes Treatments Cadmium Concentration (ppm)
Karazi CdOBC 0.00 + 0.00 ns
Cdc 0.00 + 0.00 ns
Sirin CdOBC 0.00 + 0.00 ns
Cdc 0.00 + 0.00 ns
Super CdOBC 0.44 +0.08 b
Cdc 0.53 £ 0.09a
Sewi Qaladze CdOBC 0.13+0.02b
Cdc 0.18 £ 0.02a

Letters in the same row with different meanings designate statistically significant differences (p < 0.01) using
Duncan’s new multiple range test. The values are presented by the trait index (%) + standard error. The
values shown are the averages of eight separate measurements.

were dramatically affected by cadmium toxicity. These declines are caused by a combination of factors, including an increase in the
production of reactive oxygen species (ROS), which damages the cell membrane and macromolecules; an inhibition of
glycolysis-mediated cell division and elongation [41], a decrease in mitotic division of meristematic cells [42], a decrease in nutrient
uptake and photosynthetic efficiency, which weakens their photosynthetic production capacity; and an increase in the production of
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Karazi Sirin Super Sewi Qaladze

Fig. 4. Percentage reduction in cadmium accumulation in four tomato genotypes in the presence of oak leaf biomass pretreated with sodium
hydroxide (CAOBC) compared to the absence of oak leaf biomass pretreated with sodium hydroxide (CdC). Bars represent means + standard error.
Different letters in each genotype indicate a statistically significant difference between the means, as ascertained by Duncan’s new multiple range
test. The values shown are the averages of three independent measurements.

Fig. 5. A sunburst graph illustrating the reduced percentage of cadmium accumulation across all organs of various tomato genotypes. The values in
the chart show the percentage reduction in cadmium accumulation and the standard error. Duncan’s new multiple range test shows that genotypes
with different letters have statistically significant differences in their means.

Table 4

Influence of different conditions on the accumulation of biochemical traits in cadmium-stressed tomato plants.
Parameters CcoC Ccdc CdOBC
Proline content (ug g 1) 1274.38 +£18.58 ¢ 1481.31 £ 81.25b 1772.46 £ 72.24 a
Soluble sugar content (ug g ~1) 542.58 + 34.48 ¢ 633.63 + 52.40 b 687.18 + 57.10 a
Total phenolic content (ug g ~*) 342.47 + 5.46 ¢ 400.43 +18.30 a 393.78 £ 7.61b
Antioxidant activity (ug g ~*) 894.29 + 6.84 ¢ 919.45 +£ 14.95 b 1025.74 + 36.15 a
Guaiacol peroxidase (units min ~! g ~1) 0.12+0.01 ¢ 0.29 +0.03 b 0.43 +0.01a
Catalase (units min ' g %) 79.65 + 4.70 ¢ 158.72 + 12.17 a 153.80 + 6.69 b

Duncan’s new multiple range test determines that different letters in the same row indicate statistically significant differences (p < 0.01). The trait
index (%) + standard error was used to present the value. The values are the average of three separate assessments.
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Table 5
Biochemical responses of different tomato genotypes under Cd stress conditions in the presence and absence of oak biomass pretreated with sodium
hydroxide.

Traits Karazi Sirin Sewi Qaladze Super

Proline content (ug g 1)

Soluble sugar content (ug g ~1)

Total phenolic content (ug g ~*)
Antioxidant activity (ug g ~*)

Guaiacol peroxidase (units min ! g ~1)
Catalase (units min ' g ~1)

1595.28 + 106.73 b
822.18 +44.81 a
420.37 £19.13 a
1016.52 + 38.57 a
0.31 £0.05a
137.64 £ 13.66 b

1767.42 £ 99.82 a

724.34 +18.39 b
381.49 +£11.43b
990.27 + 32.12b
0.32 £ 0.06 a

150.37 £ 23.13 a

1357.76 + 54.84 ¢
441.42 £ 14.54d

350.27 +£1.88d
921.35 £6.43 ¢
0.26 + 0.03 b

130.36 £ 9.28 ¢

1317.08 + 45.48 d
496.56 + 7.46 ¢
363.45 £ 16.19 ¢
857.84 + 6.28 d
0.22 +£0.05¢
104.52 +10.02 d

Letters in the same row with different meanings indicate statistically significant differences (p < 0.01) using Duncan’s new multiple range test.The
trait index (%) + standard error was used to present the value. The numbers illustrate an average of three independent estimates.

COC

-1

-2

-3

-4
-4 -3 -2 -1 0 1 2 3
F1 (88.65 %)

1 Super

F2 (12.85 %)
=3

Sewi Qaladze

4 3 2 -1 0 1 2 3
F1 (84.28 %)

Fig. 6. Principal component analysis plot for the distribution of treatments (A) and four tomato genotypes (B) in association with biochemically
tested traits under control and the presence of cadmium conditions. PC: proline content, SSC: soluble sugar content, TPC: total phenolic content, AC:
antioxidant activity, GPA: guaiacol peroxidase, CAT: catalase, COC: control condition, CdC: treatment of plants with cadmium in the absence of oak
biomass pretreated with sodium hydroxide, CAdOBC: treatment of plants with cadmium in the presence of oak biomass pretreated with so-
dium hydroxide.

ROS [38]. Cd’s negative effects on tomato plants’ growth and yield have been shown in a number of studies [24,43-46]. In comparison
to the CdOBC condition, the CdC condition had larger decreasing percentages of growth and yield characteristics. The NaOH oak
biomass pretreatment (CAOBC) resulted in a decrease in bioavailability and the mobilization of Cd to the roots, which in turn decreased
the cytotoxic effects of Cd. One possible explanation for the enhanced metal biosorption by oak biomass pretreated with NaOH and Cd
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immobilization from the soil to the roots is that pretreatment removes surface impurities, disrupts cell-membrane structure, and
exposes accessible binding sites for metal bioabsorption. NaOH can be used to treat oak biomass in order to remove putrefactive
autolytic enzymes and the lipids and proteins that cover reactive sites [32,47,48]. During the NaOH oak biomass pretreatment, specific
polymers, including polysaccharides with a high affinity for metal ions like Cd, may be released [31]. Oak biomass is quickly depleted
of H' ions when treated with sodium hydroxide, which leaves a surplus of negative charge on the cellular surface that captures even
more Cd ions due to its high ionic repulsion potential [36].

The biomass of shoots and roots of the Cd-sensitive genotypes (Super and Sewi Qaladze) was more affected by Cd than that of the
Cd-tolerant genotypes (Sirin and Karazi). Under CdC and CdOBC stress conditions, tomato biomass was distributed differently. Root
organ accumulation of Cd had a negative effect on root morpho-physiological processes, leading to a smaller decrease in aboveground
biomass. To protect its physiological and metabolic processes active in tissues like photosynthetic tissues and to reduce Cd mobility in
the plant shoot system, the plant stored more Cd in the cell walls and vacuoles of the roots [49-51]. The production of gibberellin,
which causes cell elongation in roots and shoots, may be increased by the CdOBC condition when compared to CdC conditions [52].

The cortical tissue of the root allows cadmium to enter the root easily, which is one of the causes of the deposition of Cd in the roots.
Exudation (carbohydrates, amino acids, and enzymes), which are released by the root cap and rhizodermal cells and have the ability to
bind cadmium, is also present on the growing root part [36,53]. Cadmium moves radially across the root layers using the same
apoplastic and symplastic pathways as the other important nutrients [54]. Additionally, the decrease in pectin, lignin, and cellulose
levels in roots following Cd stress may help increase the mobility and toxicity of Cd [55]. The roots of the plant initially take up
cadmium, which is subsequently transferred to the above-ground sections of the plant. However, we found that, particularly in tolerant
genotypes, very little Cd was transmitted to the tomato shoots. Our findings about the Cd concentration in various plant organs
revealed that the tomato plant’s roots had the greatest Cd content, but the tomato fruit had the lowest Cd concentration. When
comparing Cd-tolerant and sensitive genotypes, it was shown that under CdC and CdOBC conditions, the roots of tolerant genotypes
had higher Cd accumulations than those of sensitive genotypes. The tomato genotypes were Super, Sewi Qaladze, Sirin, and Karazi in
order of greatest to smallest Cd concentration in the stem, and Sewi Qaladze, Super, Sirin, and Karazi in sequence of highest to
minimum Cd concentration in the leaf.

In order to comprehend the reactions of tolerant and sensitive genotypes to Cd stress, the biochemical tests of the leaves were
conducted under CdC and CdOBC conditions. Comparing CdC and CdOBC conditions to COC conditions, a high concentration of
biochemical components was reported. When exposed to Cd stress in the presence of oak leaf biomass pretreated with NaOH, tomato
plants tended to accumulate high levels of PC, SSC, AC, and GPA, indicating that they used these osmoprotectant and antioxidant
molecules to tolerate the Cd toxicity. In contrast, when exposed to Cd stress in the absence of oak leaf biomass pretreated with NaOH,
tomato plants tended to accumulate high levels of TPC and CAT, indicating that they used these molecules to reduce the negative
effects of Cd. The CdOBC treatment may enhance CO; capture for the synthesis of lycopene, which has antioxidant properties and
lessens the harm from the ROS reaction [56]. Furthermore, the use of CAOBC may have an impact on the levels of free polyphenols and
antioxidant compounds, causing a reduction in the production of ROS [57].

By chelating heavy metals or neutralizing free radicals, phenolic substances can reduce the oxidative damage caused by heavy
metal stress [58]. To this end, phenolic component concentrations are frequently utilized as a surrogate for plant responses to abiotic
stresses. This could help explain why phenolic compound content increased in both the presence and absence of oak leaf biomass under
Cd stress conditions. Increased phenolic accumulation in leaf tissue following Cd exposure demonstrates that tomato plants use
phenolic chemicals as part of their defense mechanism against Cd stress [59]. Tomato plants with higher phenolic compound content
in their leaves exhibited increased ROS dissolution capacity, enhanced chelation abilities toward Cd metals in root plants, and reduced
translocation of Cd from the roots to the shoots [60]. It is possible that the roots will absorb this chelated Cd metal into vacuoles [61].
Plants with higher concentrations of soluble phenolic molecules, including lignin biosynthesis intermediates, are better able to
withstand the toxic effects of Cd by constructing physical barriers between their cells and the metals [62]. In our research, we found
that the availability of oak leaf biomass pretreated with NaOH under Cd treatment had different effects on the levels of stress-induced
antioxidant substances like phenolic compounds, GPA, and CAT that may help protect cells from the damage caused by Cd [63]. Some
research suggests that preventing lipid membrane peroxidation and maintaining membrane integrity can be achieved by increasing the
activity of protective enzyme systems like GPA and CAT [64-66]. This study reported that stressed plants produced more of the
osmoprotectant compounds PC and SSC in the presence and absence of oak leaf biomass pretreated with NaOH. The PC and SSC
activities include osmotic regulators, metal chelators, protein stabilizers, and lipid peroxidation inhibitors. Sugars provide both energy
and the carbon skeletons required by growing cells to build organic compounds [67,68]. According to the aforementioned findings,
using oak leaf biomass can help solve environmental and sustainability issues brought on by the widespread use of pesticides and
fertilizers. Based on the obtained data, we hypothesize that the NaOH oak leaf biomass pretreatment can alleviate Cd poisoning by
accumulating high levels of PC, SSC, CAT, and AC.

5. Conclusions

It was observed that oak leaf biomass pretreatment mitigated the detrimental effects of Cd on plant biomass. It induced osmotic
adjustment and preserved antioxidant production in tomato genotypes. The quantity of extractable Cd, its translocation, and its
bioaccumulation in tomato genotypes were reduced by oak leaf biomass. Furthermore, it was found that tomato genotypes did not all
react the same way to Cd stress. From the above outcomes, it is possible to conclude that adding oak leaf biomass to soils contaminated
with cadmium can help minimize the absorption of cadmium, making this a cost-effective and strategic choice for agricultural soils to
limit metal toxicity and cadmium accumulation that can reach edible components. In addition, the study revealed a simple,
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inexpensive, and ecologically beneficial way for remediating soil without the use of skilled employees. Additional research on the use
of additional surfactants, such as Triton X-100 and cetyltrimethylammonium bromide (CTAB), is required to determine the capacity of
oak biomass to reduce the toxicity and translocation of cadmium. Further investigation into the potential of oak biomass to mitigate the
deleterious effects of other heavy metals on plant life is warranted.
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