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Abstract: Soil contamination by heavy metals such as cadmium (Cd), which is present as a result of
agricultural and industrial practices, is a critical problem in many countries around the world. High
Cd concentrations in crops during the seedling stage can have a negative impact on performance and
growth. The aim of the present study, which involved 59 barley accessions, was to investigate the
effects of different Cd concentrations (125, 250, and 500 uM) on the responses of the barley accessions
and to identify the biomarker parameters that would aid in the early growth stage selection of
the best-performing accession. Barley accessions differed significantly in their morphological and
physiochemical characteristics. Compared to the untreated plants, treatments with Cd lowered
germination percentages by 1.75-64.28%, 1.67-46.62%, and 1.66-61.90% for concentrations of 125, 250,
and 500 uM, respectively. The average of all genotypes showed significant reductions in root length,
shoot length, and fresh weight of seedlings, ranging from 37.08% to 77.88%, 18.70% to 44.10%, and
7.69% to 35.87%, respectively. In comparison to untreated plants, the average seed water absorption
(WU) increased across all accessions by 42.21% and 20.74%, respectively, under Cd-125 and Cd-250
stress conditions. In contrast, all biochemical measurements increased when Cd concentrations were
elevated, with the exception of guaiacol peroxidase (GPA) and catalase (CAT). Across all genotypes,
the mean of proline (PC) and sugar (SSC) contents showed the largest increases (123% for PC and
98.63% for SSC) under the Cd-500 stress condition. Three barley accessions: Acsad-14, ABN, and
Arabi Aswad, were found to be the most tolerant accessions under all cadmium exposure, whereas
the performance of the other tested accessions: Black-Kalar, Bujayl 1-Shaqlawa, and Black-Chiman
was inferior. The OMIC analysis identified the biomarker parameters for differentiating the high,
moderate, and low tolerant groups as the WU for Cd-125 stress, GPA, WU, CAT, total phenolic
content for Cd-250 stress, and all physiochemical traits, with the exception of the CAT feature for
Cd-500 treatment. The majority of trait pairings showed significant correlations. Hence, Acsad-14,
ABN, and Arabi Aswad barley accessions that had great performance under cadmium conditions
can be candidates for selection in a breeding program to improve the growth of plants and output
in lands infected by cadmium. It can be concluded that seed water uptake, guaiacol peroxidase,
and proline content were biomarker traits that would aid in the early growth stage selection of the
best-performing accession under Cd stress conditions.

Keywords: Hordeum vulgare; heavy metal stress; seed germination; seedling growth; biomarker
characters
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1. Introduction

From both natural and anthropogenic sources, heavy metals are unstoppably released
into the environment. The former usually does not have a harmful impact on plants and
includes volcanic activity and weathering of the bedrock [1]. The latter has strong direct
effects on plants, which comprise the leftover chemical products resulting from industrial
activities and agricultural wastes such as pesticides, fertilizers, and herbicides, which
increase the accumulation of heavy metals in soil. One of the most severe anthropogenic
environmental stressors is soil pollution with heavy metals, which causes plant growth
inhibition and has negative effects on productivity. In addition, heavy metals can cause
long-term toxic effects on the health of the ecosystem as they are non-degradable [2,3].

In general, all species of plants can tolerate the stress of heavy metals at different rates,
depending on the variety of plant and the type of heavy metal [4]. Numerous biochemical
and physiological changes, from the sub-cellular to the systemic, are triggered by heavy
metal exposure in plants [5]. Reactive oxygen species (ROS) are produced as a result of one
of these alterations and are toxic to plant metabolism. In this way, plants will develop their
own unique strategies to overcome this problem [6,7]. A normal amount of reactive oxygen
species (ROS) is necessary for plant metabolism, but excessive amounts can be detrimental.
In response, plant cells have developed antioxidant defense mechanisms to limit oxidative
stress and shut down harmful active oxygen species. For this purpose, regular antioxidants
scavenge for and neutralize free radicals [8].

In order to counteract the toxic effects of heavy metals (HMs), plants undergo a
complex series of physiological, biochemical, and molecular adaptations. Plants use a
homeostatic mechanism to control the uptake, accumulation, transport, and detoxification
of heavy metals in order to keep the concentration of essential metals (Cu, Zn, Mn, and Fe)
within physiological limits and to mitigate the negative effects of non-essential HMs (Cd,
Hg, Ag, and Pb) [9]. The production of ROS is mainly organized by several biochemical
compounds, comprising ascorbate peroxidase (APX), catalase (CAT), superoxide dismu-
tase (SOD), proline oxidase (POX), mono-dehydroascorbate reductase, and many others,
whereas non-enzymatic catalysts include glutathione, ascorbate, carotenoids, phenolic
compounds, proline, glycine betaine, and sugars [10]. Metal-binding ligands play essen-
tial roles in plant metabolism as they are involved in the detoxification of heavy metals
with naturally occurring ligands such as organic acids, amino acids, polypeptides, and
peptides [11]. Multiple stress-responsive genes, including phytochelatin synthase (PCS),
metallothioneins (MTs), and proteins that mediate stress tolerance and plant growth, are
upregulated in response to HM accumulation [9]. Phytochelatins are glutathione-derived
peptides, and they are responsible for reducing free metal concentrations in plant tissues
and protecting plant tissues from the damage that will take place in the presence of heavy
metals [12]. This compound supports the detoxification of cells by creating stable com-
plexes with metal ions and decreasing the contrary effects of heavy metal stress in plants.
Metallothioneins seem to function similarly to phytochelatins [13]. These ion chelators have
cysteine sulfhydryl groups in their structures and allow storage in the cell wall and the vac-
uole by binding to heavy metals and establishing stable complexes [14]. Several organisms’
HM-physiochemical interactions have been investigated. There has been new speculation
about the potential role of gaseous pollutants such as SO, and other secondary metabolites
in regulating a plant’s tolerance to heavy metals [9,15]. Moreover, several researchers have
studied the association between HM tolerance and physiochemical characters in barley and
have discovered a connection between HM and physiochemical responses [16,17].

One of the most important stages in a plant’s life is the germination of seed, which
is delicate to the physiochemical conditions of the rhizosphere [18]. In response to heavy
metals such as cadmium, most plant seeds and seedlings display a decline in germination
and vigor, while to some extent, the coat of the seed can act as a principle barrier limiting
the destructive effects of heavy metals [19]. From this point on, the impacts of such a heavy
metal on seedling and germination growth stages are essential research areas that need
to be extensively conducted. Recent research has established that cadmium can hinder
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the germination and growth of barley seed via disruption of cellular osmoregulation,
obstruction of food store mobilization, decrease in radical production, and degradation
of proteolytic activities [20-22]. So, defining the relationship between the physiochemical
characteristics and the degree of tolerance was the study’s hypothesis. To our knowledge,
only a few small-scale studies using a large number of accessions have been conducted to
investigate the effect of Cd on early-stage barley crops. There has not been any field-scale
research using OMICS analysis to describe the physiochemical traits related to the different
degrees of Cd tolerance in barley plants. This study set out to identify characteristics
linked to cadmium tolerance by examining the phenotypic, physiological, and biochemical
responses of 59 barley accessions from all regions of Iraq to three different cadmium
concentrations at seedling stage.

2. Materials and Methods
2.1. Plant Materials

The plant material was comprised of 59 accessions, which were collected from almost
all of Iraq’s scientific research centers (Table S1 in Supplementary Materials). In three
geographical regions of Iraq, these accessions are the most frequently grown crops. All
experiments were conducted at the University of Sulaimani’s College of Agricultural
Engineering Sciences.

2.2. Germination Test and Phenotypic Character Measurements under Cd Stress Conditions

All of the barley accessions’ seeds were treated with a 1% sodium hypochlorite solution
for 12 min, followed by five washes in autoclaved distilled water. Before conducting this
experiment, all materials, including Whatman paper and Petri dishes, were sterilized in
an autoclave. Twenty healthy seeds of each accession were placed in a Petri dish (9 cm in
diameter), which already had two filter papers inside. Three different cadmium chloride
hemi-pentahydrate (Sigma Aldrich, Taufkirchen, Germany) concentrations, namely, 125,
250, and 500 pM were prepared. The experiment was divided into two groups: control
and Cd treatment. There were three replications (three Petri dishes) for each accession
in the control and Cd treatment groups. Each Petri dish received 9 mL of distilled water
for the control group or Cd concentrations for the Cd treatment group. This investigation
was carried out in an incubator with the temperature preserved at about 20 £+ 0.2 °C.
Germinated seeds were measured and taken into account when the root length of the seeds
reached 2 mm or more. Seedlings were taken out after the duration of 8 days of placing the
seeds on the Petri dishes to evaluate the morphological parameters, including germination
percentage (GP in %), shoot length (SL in cm), root length (RL in cm), seedling fresh weight
(SFW in mg), and seedling dry weight (SDW in mg). This equation is considered for
germination percentages [23]:

N
GP(%) = TN(;SU x 100

where GP stands for germination percentage, NGS for number of germinated seeds, and
TNSU for total number of seeds utilized.

2.3. Physiochemical Measurements

Seed water uptake (WU in %), total phenolic content (TPC in pg gallic acid g~*
seedling fresh weight), proline content (PC in pg proline g~! seedling fresh weight), soluble
sugar content (SSC in ug glucose g~ seedling fresh weight) [23-25].

Grinded fresh seedlings (0.1 g) were mixed with 0.90 mL of acidic methanol (99%
methanol and 1% HCI) to test their antioxidant potential. The sample was incubated at 6 °C
for 12 h after being shaken for 13 min. The supernatant was recovered after centrifuging
the mixture for 13 min at 13,000 rpm. The antioxidant study made use of the supernatant.
The antioxidant capacity or radical scavenging activity (AC in pg Trolox g~ ! seedling fresh
weight) of the supernatant (extract) was measured using the 1-diphenyl-2-picrylhydrazyl
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(DPPH) method described by Lateef et al., Rasul et al., Tahir et al. [23-25]. Guaiacol
Peroxidase Activity (GPA in units min~! g~! seedling fresh weight), and catalase activity
(CAT in units min~! g~! seedling fresh weight) were determined as described by Lateef
et al. [23], Rasul et al. [24], and Tahir et al. [25].

As a biomarker of membrane oxidative damage caused by the diverse concentrations
of cadmium used in this research, the concentration of malondialdehyde (MDA), which
is the final product of lipid peroxidation (LP in nmol g~! seedling fresh weight), was
measured according to the procedure of Tahir et al. [26].

2.4. Statistical Data Analysis

To investigate the normality, the Kolmogorov-Smirnov test was applied. Statistical
tests (one-way ANOVA, Duncan’s multiple-range test at p < 0.01, and OMIC analysis)
were conducted using XLSTAT version 2019.2.2 (Boston, MA, USA). Both the radar and
box plots were created in XLSTAT 2019.2.2. Each value is the average of three replications
(10-15 seedlings per replication) for phenotypic and physicochemical parameters. The
mean and standard deviation (SD) are used to represent the value. Q Research software
(Market Research Software, Sydney, Australia) was used to perform correlation analysis.
Additionally, using various calculated characters, the ranking method proposed by Ketata
et al. [27] was used to identify the best accessions. The criteria for selecting the best
accessions for all traits were introduced using the stress tolerance index (STI) and the
average number of ranks (ASRs). The best accessions for this assessment had the highest
STI and lowest ASR values [23,28].

3. Results
3.1. Performance of Morphological Traits under Cadmium Heavy Metal Stress Conditions

In this investigation, barley accessions were cultivated in control medium (Cd-0) and
medium supplemented with three different levels of cadmium concentration: 125 (Cd-125),
250 (Cd-250), and 500 uM (Cd-500), to determine the cadmium effects of the tested barley
accessions on growth traits, mainly germination percentage (GP), root length (RL), shoot
length (SL), fresh weight of seedling (FWS), and dry weight of seedling (DWS). Eight days
after treatments, typical symptoms of Cd toxicities among barley accessions developed,
where clear necrotic lesions and dark-brown dots were observed on both roots and shoots
(Figure S1). For all investigated morphological traits, highly significant differences between
barley accession were found (Table S2). Regarding the analysis for GP under control
conditions, the performance of this trait ranged between 50% and 100%, with a mean of
88.19%. The 13 barley accessions among all tested accessions were fully germinated, while
poor performance by 3 accessions, namely, Abrash, Bujayl 2-Shaqlawa, and Warka-B12, was
observed (Figure 1 and Tables S4-57). For the analysis of root length (RL), the measured
scores for the accessions under control conditions ranged from 1.59 to 15.85 cm, with a mean
value of 9.16 cm for the barley accessions radical and Shoaa, respectively. In contrast to
Clipper, where this accession’s highest root length of 9.08 cm was recorded under treatment
with Cd-125, barley accession Bhoos-244 showed the lowest length of 3.50 cm. The mean
length in this particular state was 5.77 cm. Following the increase in concentration caused
by Cd-250, the length of the studied trait (RL) was measured for the barley accessions Iran
and Numar and ranged from 2.29 to 5.29 cm, with a mean value of 3.68 cm.

According to results for shoot length (SL) under control conditions, the barley accession
Shoaa showed the best performance for the SL trait, with a value of 13.19 cm, while the
accession radical was the shortest, with a value of 1.27 cm, and the mean value for this
specific condition was 9.83 cm. With a value of 11.80 cm for the lowest dose of cadmium
(Cd-125) used in our study, GOB accession had a greater potential to elongate. The shortest
shoot length (5.17 cm) was found in the barely accession Warka-B12, with a mean value
of 7.99 cm. Al-warka recorded the shortest shoot length (4.41 cm), while Samr performed
admirably, documenting a length of 9.84 cm under the second higher exposure of cadmium
(Cd-250), with a mean value of 6.77 cm as shown in Tables S4-S7. For the studied trait (SL),
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a significant reduction was seen when the highest dose (Cd-500), where the mean value
was 5.49 cm, was present. Again, the Bujayl 1-Shaqlawa barley accession showed the same
pattern as that for root length, maintaining the shortest length for its shoot (2.66 cm), while
the Numar accession outperformed the others, having a 7.64 cm shoot length.
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Figure 1. Radar chart showing the effect of the different Cd treatments on the growth traits of barley
genotypes. The numbers (1-59) represent the barley genotypes. (A-E) refer to the germination
percentage, root length per seedling, shoot length per seedling, fresh weight per seedling, and dry
weight per seedling, respectively. Cd-0: control condition, Cd-125: treatment of seeds with 125 uM
of cadmium, Cd-250: treatment of seeds with 250 uM of cadmium, Cd-500: treatment of seeds with

500 uM of cadmium.
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In the current investigation, fresh weight seedlings (FWSs) were used to evaluate differ-
ent cadmium concentrations in barley accessions (Tables S4-57 and Figure 1). Under control
conditions, Black-Garmiyan, a barley accession, had the lowest FWS at 146.07 mg, while
Al-Hazzar had the highest FWS at 402.72 mg. Al-Hazzar, a barley accession, performed
better for the FWS trait than the other accessions when exposed to 125 uM of cadmium,
recording a value of 410.33 mg, whereas Al-warka and Al-amal recorded the lowest value
of 163.48 mg. When accessions were exposed to 250 and 500 uM of cadmium exposure,
respectively, remarkable reductions in FWS were found, as shown in Tables S6 and S7 for
the barley accession radical with values of 141.08 and 92.76 mg. The highest values were
recorded by the barley accessions BN2R (311.23 mg) and Al-Hazzar (267.47 mg) under the
same increasement.

After determining the fresh weight, barley accessions were fully dried in an oven
to determine the dry weight of the seedling (DWS). Under untreated conditions, dry
accumulation for barley accession Irani was highest at 41.85 mg, compared to 16 HB
at 18.07 mg. Similar to FWS, the barley accession Acsad-14 had the highest value of
dry weight (42.32 mg), while both Al-warka and Al-amal had the lowest rate of dry
accumulation (19.41 mg) under Cd-125. Irani collected more dry material (43.30 mg) in the
presence of a 250 pM cadmium dose compared to 16 HB (17.98 mg), while Acsad-14 barley
accession, which is similar to Cd-125 conditions, had the highest accumulation, with values
of 46.75 mg compared to radical’s values of 17.90 mg under exposure to the final cadmium
dose (Tables 54-S7 and Figure 1).

The plant growth traits under both untreated and treated conditions with different
concentrations of Cd showed significant phenotypic diversity at level (p < 0.01) among
tested barley accessions, as shown by the box charts (Figure 2). Statistically significant
differences were found between Cd-0, Cd-125, Cd-250, and Cd-500 for all morphological
traits, as indicated by the lower and upper box plot limits for each trait. When barley
accessions were exposed to high doses of cadmium, significant reductions in GP, RL, SL,
and FWS were inhibited. The reduction started and continued from the lowest dose of
125 uM to the highest dose of 500 uM, while the dry weight of the barley seedling displayed
more accumulations as the cadmium dosage increased. Compared to stressed conditions,
higher trait values in normal conditions in overall tested barley accessions were detected
in almost all studied parameters, with the only exception of DWS. All accessions showed
more severe alterations in germination and seedling growth parameters after being exposed
to Cd-500, as shown by these results. According to Figure 2, the overall effectiveness of the
barley accessions showed a gradual decline in the FWS from the lowest Cd-0 to the highest
Cd-500 dose, with mean values of 288.28, 266.11, 224.18, and 184.86 mg, respectively. All
barley accessions tested under Cd-250 and Cd-500 conditions showed a slight increase,
with mean values of 31.43 and 32.52 mg, respectively. There were few differences between
the barley accessions tested under control and Cd-125, which both shared a mean value of
29.51 and 30.11 mg, respectively.

3.2. Physio-Biochemical Markers Assays

In our investigation, seven physiobiochemical markers, including; seed water uptake
(WU), proline content (PC), total phenolic content (TPC), antioxidant activity (AC), sol-
uble sugar content (SSC), catalase (CAT), guaiacol peroxidase activity (GPA), and lipid
peroxidation (LP), were conducted to observe the response of tested barley accessions
to different concentrations of cadmium. Highly significant physiobiochemical responses
at level p < 0.001 were observed among tested barley accessions under both control and
treatment with different concentrations of Cd (Table S3). The lowest value in the three Cd
treatment conditions was recorded by accession Bujayl 1-Shaqlawa, whereas the highest
values were found, respectively, by ABN (368.17%), Arivat (395.08%), and Furat 9 (236.91%).
In addition to these circumstances, the barley accession Bhoos-244 (87.68%) demonstrated
the lowest record, as opposed to the barley accession radical (349.26%) under the condition
of Cd-250 (Figure 3 and Tables 58-511).
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The mean value when the PC data were analyzed in an untreated condition was
1303.15 pg g~ !, and the values ranged from 16 HB (294.00 ug g~ !) to Black-Bhoos-B
(2907.33 pg g_l). In the following condition, A1 (3598.36 ug g_l) collected more PC than
Ukranian-Zarayan (367.59 pg g~ ') with a mean value of 1371.76 ug g~ !, whereas under
Cd-250, different patterns of response by the barley accessions were seen for this specific
trait. In which mean values were almost doubled compared with previous cadmium sup-
ply and Rehaan aggregated more PC compared to Furat 9 with the values of 5836.56 and
769.64 ug g~ !, while a slight increase by all accessions was documented for PC under the
final concentration of cadmium exposure compared to the intermediate cadmium condition
with a mean value of 2913.45 ug g~ !, and the performance of barley accession ranged
between 9390.41 and 358.62 ug g~ ! for barley accessions Bhoos-H1 and Black-Chiman,
respectively (Figure 3 and Tables S8-511).
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Figure 2. Box plot comparing phenotypic characteristics of plants grown under normal and cadmium-
stressed conditions. (A) seed germination, (B) root length per seedling, (C) shoot length per seedling,
(D) fresh weight per seedling, and (E) dry weight per seedling. The values provided represent
an average of the results from the three separate measurements. Cd-0: control condition, Cd-125:
treatment of seeds with 125 uM of cadmium, Cd-250: treatment of seeds with 250 uM of cadmium,
Cd-500: treatment of seeds with 500 uM of cadmium. Different letters represent a significant difference
between the mean values according to Duncan’s multiple-range test (p < 0.01).
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Figure 3. Effect of the different Cd treatments on water uptake and biochemical traits of barley seedlings. (A) Seed water uptake, (B) proline content, (C) soluble
sugar content, (D) total phenolic content, (E) antioxidant activity, (F) catalase activity, (G) guaiacol peroxidase activity, and (H) lipid peroxidation activity. The values
specified are the mean values determined for the three measurements collected for control (Cd-0) and cadmium concentrations (Cd-125, Cd-250, and Cd-500 pM).

The numbers (1-59) represent the barley genotypes.
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Tested accessions’ responses to cadmium were measured using TPC. Overall, the bar-
ley accessions stored more phenolic compounds at the second dose of cadmium exposure,
with a mean value of 172.21 pg g1, followed by the final exposure to cadmium and the first
dose, with mean values of 161.05 and 149.05 ug g~ !, respectively, in conjunction with the
control condition of 107.42 ug g~ !. Under intermediate cadmium conditions, the maximum
storage for the studied trait was documented by Abiad (323.93 pg g’l). On the other hand,
barley accession Bujayl 2-Shaglawa stored less TPC (102.21 pug g~ !). In spite of the extreme
cadmium exposure in our experiment, Abiad again showed superior performance for TPC
storage with a value of 307.27 g g~ ! compared to Akre’s value of 86.10 ug g~!. However,
different patterns of TPC accumulation were documented under first cadmium exposure,
and the highest and lowest levels of TPC were recognized by barley accessions Warka-B12
(234.42 ug g’l) and Sameer (91.80 pg g’l). In the absence of cadmium conditions, the TPC
accumulation ranged between 177.12 and 68.88 ug g~ ! for barley accessions Warka-B12
and MSEL, respectively (Figure 3 and Tables S8-511).

Similar patterns of responses by the barley accessions in comparison with PC were
detected for SSC. Under extreme cadmium application for this trait, the maximum scores
were achieved for mean value by overall accessions (379.39 ug g~ 1), followed by the inter-
mediate and first dose of cadmium with values of 340.21 and 272.74 ug g~ !, respectively,
whereas the accumulations of soluble sugar were not as great by the accessions compared
with the untreated condition (191.01 ug g~'). Under all cadmium treatments, the bar-
ley accession Bujayl 3-Shaqlawa showed an almost similar pattern of SSC accumulation
and was considered the worst accession in comparison with the rest of the accessions
for collecting soluble sugar in their cell organs. The values of these accessions from the
first to the final cadmium exposure were 94.20, 82.16, and 90.80 ug g~!, respectively. By
contrast, White-Zaxo (406.85 pg g’l), White-Akre (809.01 ug g’l), and Black-Bhoos-B
(1185.86 pg g’l) under the three cadmium applications Cd-125, Cd-250, and Cd-500, re-
spectively, reached the pick regarding the gathering of SSC, while different distributions
by all accessions were noted under the control condition, in which the values ranged
between 105.10 and 374.34 pg g~ ! for barley accessions Bujayl 2-Shaqlawa and Black-Zaxo,
respectively (Figure 3 and Tables S8-511).

The results displayed that the effect of the provided treatments of cadmium was
significant on antioxidant activity (AC), especially when the barley accessions were treated
with the first and second doses of cadmium and followed by the third dose with mean
values of 930.74, 930.85, and 910.95 ug g~ !, respectively, while the mean value of the control
condition was less with a value of 799.91 ug g~ 1. The barley accession radical in control
and the first dose of cadmium treatment were considered an accession that retained the
lowest AC with values of 552.43 and 686.89 ug g~ !, respectively, while in the case of the
second dose, the accumulation of this trait by the same accession boosted it to become the
superior accession among others with a value of 1188.92 pig g 1. Under control conditions,
as shown in Figure 3, barley accession Al-Hazzar with a value of 994.32 ug g~ owned
the greatest value for AC accumulation, while in the first dose of cadmium treatment,
barley accession Clipper with a value of 1118.65 ug g~ ! was similarly considered the
best-performing accession for AC storage compared to the rest of the accessions. The
subsequent increase in treatment revealed that barley accession White-Kalar, with a value
of 678.11 ug g1, had limited ability to collect AC. Regarding the accumulation of AC under
severe concentrations of heavy metals in our study, the values ranged between 557.16 and
1179.46 ug g~ ! for barley accessions Black-Chiman and ABN, respectively (Figure 3 and
Tables S8-5S11). Diverse responses by barley accessions were obtained for GPA enzyme
activities in the presence of toxic cadmium conditions. Under the control conditions, the
mean value was 0.34 units min~! g~!, and the responses for GPA activities ranged between
0.09 and 0.96 units min~! g~! for Samr, Gk-Omega, and White-Zarayan, while under the
first cadmium application, the minimum response was observed compared with the second

and third doses with mean values of 0.23, 0.30, and 0.32 units min ! g_l.
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The maximum GPA activities were detected by Bujayl 2-Shaglawa (0.43 units min~! g~1)
compared to Al-Hazzar (0.04 units min~! g’l) under Cd-125. Following the next two
doses of cadmium, the barley accession Arabi Aswad achieved the highest possible GPA
activities with values of 0.82 and 0.75 units min~—! g~!, respectively, while the tiniest
activities in the same order of cadmium application were spotted by the barley accession
Black-Kalar (0.02 units min~! g~!) and Bujayl 1-Shaqlawa (0.05 units min—! g~!) (Figure 3
and Tables S8-511).

Under intermediate cadmium contamination, the catalase activity (CAT) significantly
increased with a mean value of 71.36 units min ! g~! compared with the rest treatments,
while similar responses by all barley accessions were documented for both treatments
(control and Cd-500) with the mean values of 65.67 and 64.67 units min—! g~!, respec-
tively (Tables S8-511 and Figure 3). This was followed by the first treatment of cadmium
with a mean value of 61.29 units min~—! g_l. Under conditions without cadmium, the
activity of catalase in barley accessions Furat 9 and White-Zaxo ranged from 12.99 to
127.27 units min 1 g’l. However, different concentrations of cadmium caused different
responses in the activity of this enzyme in different barley accessions. Under continuous
doses of cadmium, Rehaan (106.88 units min ! g~ 1), MSEL (148.05 units min~! g_l), and
Abiad (174.03 units min~! g~1) recorded the highest activities for this particular enzyme
activity, while Black-Bhoos Akre, White-Halabja, and IBAA-265, with values of 12.99, 20.78,
and 15.58 units min~! g1, respectively, were considered accessions for fewer CAT activities
(Figure 3 and Tables S8-511).

Strong associations were identified in the analysis of our data in response to cadmium
heavy metals by testing accessions between TPC and MDA. As presented by the boxplot
in Figure 3 and Tables S8-511, similar distributions and responses were observed for all
treatment conditions. Significant increases in lipid peroxidation in the second level of
cadmium were observed, followed by the third and first levels with mean values of 13.25,
12.20, and 10.10 nmol g_l, respectively, while over the rest of the cadmium treatments, the
activities of lipid peroxidation were lessened by all barley accessions with a mean value
of 9.103 nmol g~ !. Among all tested barley accessions, BA4 in all experiment conditions,
starting from control to the maximum level of cadmium, reached the peak activities of lipid
peroxidation with values of 22.290, 25.274, 27.484, and 29.403 nmol g~!, respectively. In
the same chronological order, the least content of MDA was observed by barley accessions
White-Kalar (2.081 nmol g_l), Numar (5.177 nmol g_l), Rehaan (7.548 nmol g_l), and
IBAA-995 (3.435 nmol g 1) (Figure 3 and Tables S8-5S11).

In terms of the analysis of WU, as shown by the boxplot in the first and second
doses of cadmium treatment, the barley accessions tended to accumulate more water or
cadmium at this specific growth stage, whereas no obvious differences were seen for the
third dose when compared to the respective control condition. According to the boxplots
in Figure 4, a significant increase was seen when the highest dose of cadmium treatment
(Cd-500) was applied, particularly for PC and SSC, and was followed by TPC, AC, CAT,
GPA, and LP. In contrast, the barley accessions exposed to cadmium for the second dose
(Cd-250) also responded very favorably to this particular circumstance. For instance, the
highest accumulations were found in TPC, AC, LP, and CAT, followed by PC and SSC.
The incentives were lower in the case of the lowest dose of cadmium (Cd-125) than the
other highest dose of cadmium exposure, with the exception of AC, where, similar to
second-dose barley accessions, they collect more AC in their cells to prevent the toxicity
effects of cadmium. For PC, SSC, TPC, AC, LP, GPA, and CAT, respectively, the increasing
percentages ranged from 5.26% to 123.57%, 42.79% to 98.62%, 38.75% to 49.98%, 13.88%
to 16.36%, 20.79% to 45.59%, 5.42% to 31.42%, and 1.50% to 6.6.67% compared to the
control groups.
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Figure 4. Graph box indicating the differences in seed water uptake and biochemical traits under control and cadmium stress conditions. (A) Seed water uptake,
(B) proline content, (C) soluble sugar content, (D) total phenolic content, (E) antioxidant activity, (F) catalase activity, (G) guaiacol peroxidase activity, and (H) lipid
peroxidation activity. The values provided are the calculated averages of the three different assessments collected for control (Cd-0) and cadmium concentrations

(Cd-125, Cd-250, and Cd-500 uM). According to Duncan’s multiple-range test, different letters indicate that there is a significant difference between the mean values

(r <0.01).
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3.3. Ranking of Barley Accessions for Morphological Traits under Cadmium Stress Conditions

The ranking technique was carried out under all treatment conditions in accordance
with the process established by Ketata et al. [27]. The average rank (AR) and stress tolerance
index (STI) were used as indicators for selecting the best barley accessions. In light of this,
the best-performing accession for the traits obtained the lowest AR and heights STI and
was deemed to be tolerant to various concentrations of cadmium heavy metal stress, in
contrast to susceptible barley accessions.

Based on the available data in our study, three barley accessions, Acsad-14, GOB, and
Abiad, as indicated in Table 1 under the first cadmium exposure (Cd-125), showed low AR
value; therefore, these accessions can be recommended as the cadmium tolerant accessions
under this particular dose of cadmium. In contrast, Black-Chiman, Al-Hazzar, and Bujayl
1-Shaqglawa revealed high AR values, which point to their susceptibility to cadmium under
the same condition. Under intermediate cadmium exposure (Cd-250), as shown in Table 2,
the responses by barley accessions were changed. The best-performed barley accessions for
studied traits based on the lowest values of AR can be selected for their tolerance which
includes MORA, Arabi Aswad, and Al-khayr. On the contrary, both barley accessions
Black-Chiman and Bujayl 1-Shaqglawa, similar to the first dose of cadmium, indicated as
the least performed accessions, followed by Black-Garmiyan. Arabi Aswad significantly
responded to the final cadmium dose (Cd-500). With a low AR value, it was one of the
three best-performing barley accessions, while Black-Chiman and Bujayl 1-Shaqglawa were
regarded as the susceptible accessions with high AR values (Table 3).

For comparison between the best-performing barley accessions that are tolerant to
cadmium and the least-performing barley accessions that have a sensitive response to
cadmium stress, the mean value of the investigated traits for three cadmium stress con-
ditions was measured and is shown in Table 4. Accordingly, Acsad-14 was thought to be
the best-performing barley accession in response to all cadmium treatments, followed by
Arabi Aswad and ABN, whereas Black-Chiman was considered to be the worst-performing
barley accession in response to cadmium exposure, followed by Bujayl 1-Shaglawa and
Black-Kalar.

Table 1. Rank of barley accessions calculated by an average number of ranks and stress tolerance
index based on the morphological characteristics of seedlings under Cd-125 conditions.

Accession Code ASR STI Rank Accession Code ASR STI Rank Accession Code ASR STI Rank
AC29 10.09 1.16 1 AC26 2291 1.06 21 AC14 37.00 0.96 41
AC24 10.64 1.17 2 AC7 23.82 1.07 22 AC53 37.73 043 42
AC25 10.73 1.14 3 AC21 2436 1.13 23 AC11 38.18 0.92 43
AC37 11.82 1.11 4 AC50 2445 0.93 24 AC56 39.00 1.02 44
AC23 1191 1.13 5 AC10 2491 1.08 25 AC51 39.09 047 45
AC13 13.00 1.16 6 AC43 25.27 091 26 AC42 39.27 0.97 46
ACS8 14.64 1.13 7 AC31 26.00 1.14 27 AC49 4273 0.88 47
ACl16 1464 1.15 8 AC34 2727 0.95 28 AC33 4282 091 48
AC2 1545 1.22 9 AC3 28.18 0.86 29 AC18 4336 0.79 49
AC28 16.00 1.16 10 AC12 28.45 0.95 30 AC59 43.73  0.88 50
AC36 16.36 1.15 11 AC17 29.00 1.05 31 AC55 4855 0.82 51
AC41 16.36 1.09 12 AC32 29.09 1.11 32 AC44 50.18 0.78 52
AC40 17.27 1.15 13 AC45 2945 0.93 33 AC19 50.73 0.75 53
AC38 1764 1.15 14 AC15 30.00 0.97 34 AC46 51.27 0.77 54
AC30 1791 117 15 AC1 31.09 1.06 35 AC47 51.64 0.57 55
AC27 18.09 1.15 16 AC22 33.27 0.82 36 AC54 53.55 0.65 56
AC39 19.73  1.09 17 AC20 3391 0.90 37 AC52 53.82 0.58 57
AC35 20.82 1.00 18 AC57 34.09 0.50 38 AC58 54.09 0.66 58
AC6 2145 1.02 19 AC5 35.73 1.00 39 AC48 58.55 0.30 59
AC9 2218 1.12 20 AC4 36.73 1.03 40

ASR: average number of ranks, STI: stress tolerance index. The numbers (AC1-AC59) represent the barley

genotypes.
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Table 2. Rank of accessions of barley determined by the average number of ranks and stress tolerance
index depending on the morphological characteristics of seedlings under Cd-250 conditions.

Accession Code ASR STI Rank Accession Code ASR STI Rank Accession Code ASR STI Rank

AC36 718 115 1 AC26 2245 1.02 21 AC53 36.55 0.45 41
AC38 945 1.15 2 AC16 23.00 1.09 22 AC20 37.00 0.85 42
AC11 12.00 1.05 3 AC14 23.55 0.99 23 AC4 37.00 0.99 43
AC30 1227 117 4 ACo6 23.82 097 24 AC57 38.36 0.34 44
AC29 1245 111 5 AC3 2445 0.86 25 AC18 38.73 0.79 45
AC21 1291 1.14 6 AC10 2518 1.04 26 AC12 3991 0.86 46
AC37 1291 1.05 7 AC13 2636 1.07 27 AC54 4091 091 47
AC28 1345 1.14 8 ACS8 2745 1.04 28 AC1 4191 094 48
AC31 1391 1.16 9 AC41 28.00 0.99 29 AC49 4336 0.85 49
AC24 1455 1.12 10 AC33 29.82 094 30 AC55 4400 0.82 50
AC39 1455 1.07 11 AC50 3036  0.84 31 AC19 4645 0.75 51
AC9 15.09 1.10 12 AC45 30.64 0.88 32 AC15 49.64 0.79 52
AC42 19.27  1.03 13 AC25 31.27 099 33 AC58 50.73  0.68 53
AC32 19.82 111 14 AC7 31.82  1.00 34 AC46 5145 0.71 54
AC35 1991 0.98 15 AC23 3218 1.00 35 AC22 52.09 0.66 55
AC2 20.18 1.17 16 AC51 34.09 0.53 36 AC44 54.82  0.58 56
AC27 20.18 1.10 17 AC59 3418 0.90 37 AC47 54.82  0.50 57
AC5 20.55 1.04 18 AC17 3427 1.00 38 AC52 56.64 047 58
AC34 22.00 097 19 AC43 3482  0.77 39 AC48 58.27 0.37 59
AC40 2218 1.09 20 AC56 3482 1.01 40
ASR: average number of ranks, STI: stress tolerance index. The numbers (AC1-AC59) represent the barley
genotypes.

Table 3. Rank of barley accessions defined as the mean number of ranks and stress tolerance index
depending on the morphological characteristics of seedlings under Cd-500 conditions.

Accession Code ASR STI Rank Accession Code ASR STI Rank Accession Code ASR STI Rank

AC31 1091 1.14 1 AC13 2136  1.07 21 AC17 3464 097 41
AC38 11.00 1.11 2 AC7 21.55 1.02 22 AC22 35.00 0.74 42
AC29 1236  1.09 3 AC34 2273 093 23 AC51 36.00 0.44 43
AC37 12.73  1.02 4 AC24 2355 1.07 24 AC57 36.27 0.33 44
AC39 13.18 1.06 5 AC41 2518 0.99 25 AC54 3773 091 45
AC30 1336 1.14 6 AC35 2555 091 26 AC56 4091 0.89 46
AC25 13.73  1.05 7 AC33 2573  0.95 27 AC15 4591 0.75 47
AC2 1445 117 8 AC23 26.55 1.00 28 AC18 46.73  0.68 48
ACS8 14.64 1.07 9 AC21 26.64 1.05 29 AC19 48.00 0.67 49
AC32 1491 1.10 10 AC10 2691 1.02 30 AC55 48.55 0.68 50
AC5 15.73  1.04 11 AC14 2891 0.96 31 AC12 49.09 0.68 51
AC16 16.00 1.09 12 AC36 29.36 1.03 32 AC58 49.64 0.63 52
AC9 16.64 1.08 13 AC43 3045 0.78 33 AC59 50.00 0.68 53
AC11 17.36  0.99 14 AC50 3091 0.81 34 AC47 53.18 0.46 54
AC26 1755 1.03 15 AC4 31.36 1.00 35 AC46 5345 0.52 55
AC27 19.73  1.08 16 AC45 31.82 0.86 36 AC44 5445 048 56
AC28 1991 1.09 17 AC42 3291 0.96 37 AC53 56.64 0.24 57
AC3 20.00 0.88 18 AC49 34.09 0.87 38 AC52 57.00 0.33 58
AC40 20.00 1.07 19 AC20 3418 0.84 39 AC48 58.18 0.28 59
ACé6 20.27 098 20 AC1 3445 098 40

ASR: average number of ranks, STI: stress tolerance index. The numbers (AC1-AC59) represent the barley
genotypes.
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Table 4. Rank of barley accessions calculated by an average number of ranks and stress tolerance index

depending on the morphological characteristics of seedlings under all cadmium stress conditions.

Accession Code ASR STI Rank Accession Code ASR STI Rank Accession Code ASR STI Rank
AC29 10.09 1.12 1 AC6 21.91 0.99 21 AC1 35.82 0.99 41
AC38 10.09 1.14 2 AC41 22.09 1.02 22 AC57 36.27 0.39 42
AC37 11.09 1.06 3 AC11 2245 0.99 23 AC56 39.27 0.97 43
AC24 13.27 1.12 4 AC21 2255 1.11 24 AC49 39.82 0.87 44
AC39 14.64 1.07 5 AC32 2255 1.10 25 AC53 40.00 0.37 45
AC30 15.36 1.16 6 AC3 2336 0.87 26 AC22 4236 0.74 46
AC25 1555 1.06 7 AC5 24.00 1.03 27 ACI12 43.82 0.83 47
AC28 16.18 1.13 8 AC34 2473  0.95 28 AC15 4545 0.83 48
AC31 16.36 1.15 9 AC7 2545 1.03 29 AC59 46.00 0.82 49
AC36 1645 1.11 10 AC10 25,55 1.05 30 AC18 46.09 0.75 50
AC2 16.64 1.19 11 AC50 28.09 0.86 31 AC54 47.73  0.82 51
ACl16 16.73 1.11 12 AC45 29.27 0.89 32 AC55 4791 0.77 52
AC8 1755 1.08 13 AC14 29.82 0.97 33 AC19 4891 0.73 53
AC9 17.73  1.10 14 AC43 30.27 0.82 34 AC58 52.09 0.66 54
AC27 19.18 1.11 15 AC33 3191 0.93 35 AC46 52.73  0.67 55
AC40 19.64 1.10 16 AC42 3227 0.98 36 AC47 5427 0.51 56
AC26 20.27 1.04 17 AC20 32.82 0.86 37 AC44 5445 0.61 57
AC23 20.64 1.04 18 AC17 33.09 1.01 38 AC52 56.64 0.46 58
AC13 2091 1.10 19 AC4 34.00 1.01 39 AC48 58.55 0.32 59
AC35 2155 0.96 20 AC51 35.73 0.48 40

ASR: average number of ranks, STI: stress tolerance index. The numbers (AC1-AC59) represent the barley
genotypes.

3.4. Relationship between Tolerance Degree and Physiochemical Traits

Statistical differential expression (OMICS approach) was used in the field of ge-
nomics [29] and biochemistry [30] to help identify features that are affected by descriptive
variables. In our case scenario, the degree of tolerance and susceptibility were indicated
by using the mean value of physiochemical traits presented in Table 5 that were obtained
in response to different exposures of cadmium. In this particular analysis, three levels
of responses were set. For indicating high tolerance responses by all barley accessions,
the range of the stress tolerance index was set between 0.95 and 1.20, while for moderate
tolerance, it ranged between 0.60 and 0.94. For the third level, indicating low tolerance, the
prediction was set between 0.10 and 0.59. In the first application of cadmium (Cd-125), the
only trait that showed significant responses to alter the effect of cadmium was WU, and
the mean values observed for this particular trait were 273.39, 229.81, and 129.67% for the
high, moderate, and low tolerant responses, respectively, while no significant change was
noted for other biochemical traits studied. Following an increment of cadmium (Cd-250),
three traits, WU, CAT, and TPC, started to respond significantly to barley accessions, with
the mean values for the mentioned traits ranging between 229.18% and 151.43%, 83.56 and
47.12 ug g1, and 184.80 and 148.25 ug g~ !, respectively. When the barley accessions were
exposed to an excess of cadmium (Cd-500), all traits, with the exception of CAT, showed
significant and potential power for the discrimination of three groups. Regarding the
activity of CAT, no obvious significant differences were observed between the mean of this
trait between the three groups.
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Table 5. Statistical OMICS analysis for integrating the responses of tested materials by different

biochemical traits in the presence of three different treatments of cadmium.

Cd-125
S . Moderate
Features p-Value Significant High Tolerance Low Tolerance
Tolerance
wWu 0.00 Yes 273.39 a £ 22.54 229.81b + 16.67 129.67 ¢ £ 11.23
LP 0.50 No 11.61 a £ 2.89 10.25a £ 3.78 9.42a+264
GPA 0.50 No 0.25a +0.01 0.22a £ 0.01 0.18a £ 0.01
AC 0.61 No 946.52 a £ 49.09 912.26 a £ 42.56 888.43 a £+ 38.82
CAT 0.61 No 64.94 a +11.42 55.74a +16.38 55.11a £17.41
SSC 0.78 No 275.63 a £ 28.21 277.90 a £ 32.30 240.78 a £ 38.19
TPC 0.78 No 151.90 a + 34.17 146.29 a +29.51 139.81 a £ 27.89
PC 0.85 No 1410.00 a £ 167.42  1325.00 a + 122.45 1274.00 a & 156.73
Cd-250
Features p-Value Significant High Tolerance Moderate Low Tolerance
Tolerance
GPA 0.00 Yes 0.38 a £ 0.005 0.20 b £ 0.002 0.12 ¢ + 0.006
wWu 0.00 Yes 229.18a + 12.21 191.28 b £+ 18.93 151.43 ¢ +17.28
CAT 0.00 Yes 83.56a £9.12 56.23 b + 8.56 47.12Db £9.08
TPC 0.02 Yes 184.80 a & 23.02 156.15b £ 24.11 148.25b + 13.26
SsC 0.20 No 367.77 a £ 37.04 305.40 a £ 49.03 286.97 a £ 29.19
AC 0.24 No 950.15a £ 56.11 921.59 a £ 42.22 856.87 a £ 36.12
PC 0.63 No 2530.00 a + 112.08  2437.00 a = 118.17  2022.00 a £ 119.23
LP 0.66 No 13.55a £ 0.92 13.67a £1.10 12.17a£1.21
Cd-500
Features p-Value Significant High Tolerance Moderate Low Tolerance
Tolerance
GPA 0.00 Yes 0.44 a £ 0.003 0.21b +0.001 0.11 ¢ + 0.001
WU 0.00 Yes 181.08 a + 13.12 155.79b £ 21.17 115.35 ¢ = 16.03
PC 0.00 Yes 3711.00a £24.29 2130.00b £ 19.83  1388.00 ¢ & 27.07
TPC 0.00 Yes 183.47 a +9.76 138.30b £ 7.72 119.77 b £ 8.86
SSC 0.00 Yes 473.20 a £ 23.26 270.21b +19.19 238.06 b + 17.05
AC 0.00 Yes 975.98 a £+ 16.77 843.01b +17.03 795.59 b £+ 11.52
LP 0.00 Yes 13.91a £ 1.07 10.66 b £+ 1.15 8.63b +1.17
CAT 0.08 No 73.12a £6.78 56.13a £7.29 49.03 a = 4.89

WU: seed water uptake, PC: proline content, SSC: soluble sugar content, TPC total phenolic content, AC: antioxi-
dant activity, CAT: catalase activity, GPA: guaiacol peroxidase activity, LP: lipid peroxidation activity. According
to Duncan’s multiple-range test, different letters indicate that there is a significant difference between the mean
values (p < 0.01).

3.5. Correlations among Measured Traits under Three Different Concentrations of Cadmium

A Pearson correlation (r) analysis between STI and physiochemical traits under three
stressed cadmium conditions was conducted. Under the first exposure (Cd-125), an equal
portion of six positive and negative correlations was found (Figure 5A). The positive
correlations among studied traits for r values ranged between 0.61 and 0.29, for there is a
relationship between STI and WU, STT and GPA, and AC and LP, respectively. The STI in
this particular cadmium condition showed only two positive correlations with WU (r = 0.61
*** p=0.0001) and GPA (r =0.29 *, p = 0.02). PC, GPA, SSC, and AC documented only one
positive association in comparison with the rest of the studied traits, which had r values of
0.39 (between PC and TPC), 0.37 (between GPA and CAT), 0.34 (between SSC and AC), and
0.29 (between AC and LP), while no positive correlations were observed for TPC, LP, and
CAT. In contrast, two negative correlations were found by both SSC and AC in associations
with GPA and CAT, followed by TPC and LP, which had only a negative linkage with CAT.
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Figure 5. Correlations among different biochemical traits with respect to stress tolerance index
under different cadmium exposure: (A) 125 uM, (B) 250 uM, and (C) 500 uM. STI: stress tolerance
index, WU: seed water uptake, PC: proline content, SSC: soluble sugar content, TPC total phenolic
content, AC: antioxidant activity, CAT: catalase activity, GPA: guaiacol peroxidase activity, LP: lipid
peroxidation activity.

Under the cadmium condition of Cd-250, 16 positive and 5 negative correlations were
revealed (Figure 5B). The r values for significant positive correlation ranged between 0.65
and 0.26 for the associations between GPA and CAT and between STI and TPC. Four
positive linkages were documented by STI: GPA (r = 0.56 **, p = 0.001), WU (r = 0.46 **,
p =0.001), CAT (r = 0.43 **, p = 0.001), and TPC (r = 0.26 *, p = 0.04). TPC and AC showed
three positive correlations with CAT, AC, and GPA, and WU, CAT, and GPA, respectively.
SSC traits follow by presenting two positive correlations with GPA and TPC with r values of
0.39 ** and 0.27 *, respectively, while only one positive linkage was established between GPA
and CAT (r = 0.65 **, p = 0.0001), PC and TPC (r = 0.37 *, p = 0.008), LP and CAT (r = 0.35 **,
p = 0.006), and CAT and WU (r = 0.28 *, p = 0.03). PC under Cd-250 discovered three
negative relations with SSC, LP, and WU, while TPC and AC showed negative correlations
with LP.

Under the final cadmium treatment, Cd-500, positive correlations among almost all
studied traits were detected, with the exception of CAT, which showed no positive linkage,
and no negative correlations were found in this condition (Figure 5C). Among the observed
traits, 31 significant r values were found: 7 for STI, 6 for PC, 5 for each SSC and TPC, 4 for
AC, and 2 for each LP and GPA. The r values varied from 0.67 to 0.29 for associations
between PC with SSC and AC with WU, respectively. The impressive positive significant
linkage between PC and SSC (r = 0.67 ***, p < 0.0001) was detected, and then the relation
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between TPC and GPA came after (r = 0.65 ***, p < 0.0001), followed by SSC and GPA
(r=0.62 ***, p < 0.0001). These findings display that a positive and significant association
between STI and other studied parameters was observed and improved by the tested barley
accessions under the increment of cadmium conditions.

4. Discussion

The accumulation of cadmium in plant tissues inhibits growth and causes a number of
toxicological symptoms. The first sign of Cd buildup in plants is a decline in their growth
and development [3]. This effect is seen at various levels, including the lengthening of
roots and shoots, germination, and the accumulation of cadmium in plant tissue organs
in various plant species [31]. The negative effects of Cd toxicity on plants, including
disruption of their basic physiological systems, are well established [32]. Reactive oxygen
species (ROS) are produced when plants are exposed to heavy metals; these ROS react
with lipids, proteins, nucleic acids, and other molecules, leading to lipid peroxidation,
membrane damage, and enzyme inactivation [22,33,34]. Results showed that cadmium
toxicity had a significant impact on the development and productivity of tomato plants.
Several factors are responsible for these decreases [32], including the inhibition of cell
division and elongation via the glycolysis pathway [35], the decrease in the mitotic division
of meristematic cells [36], the decrease in nutrient uptake and photosynthetic efficiency,
which weakens their photosynthetic production capacity, and the increase in production of
ROS, which damages the cell membrane and macromolecules [37]. Numerous studies have
already shown that Cd has negative effects on tomato plant growth and yield [38-42].

Cd had a greater effect on the shoot and root biomass of the Cd-sensitive genotypes
(Bujayl 1-Shaglawa and Black-Kalar) than on the Cd-tolerant genotypes (Arabi Aswad and
ABN). Root growth was significantly reduced when compared to the shoot portion. This
could be explained by the fact that these Cd-stressed accessions have lower aboveground
Cd concentrations than their roots, combined with the lack of toxicity symptoms. This could
support the significance of Cd root-retention mechanisms developed by tolerant accessions
to shield aerial parts from the toxic influence of Cd [43]. The accumulation of a high amount
of Cd in the roots had a negative impact on the roots’” morpho-physiological processes,
leading to a decline in underground biomass that was more severe than the decline in
aboveground biomass [43]. Plants store more Cd in their root cell walls and vacuoles to
limit its movement throughout the plant’s shoot system and protect physiological and
metabolic processes active in tissues such as photosynthetic ones [44,45]. The biosynthesis
of phytosiderophore chelation in the presence of heavy metals is one of several mechanisms
that have been proposed to inhibit cadmium uptake and protect plants from toxicity [46].
This kind of chelator, according to research conducted on barley by Kudo, Kudo et al. in
2007, may mediate cadmium mobilization around the root and lead to an improvement
in cadmium aggregation in the radical. From those points, it can be deduced that most
accessions relate to this mechanism by increasing the weight of seedlings, particularly for
the first and second doses of cadmium application.

Through secondary metabolism in plants, a large number of compounds are pro-
vided that mostly function to enhance plants’ tolerance to different stress conditions [5,47].
Secondary metabolites and phytohormones precisely participate in reducing the adverse
effects of heavy metals by chelating the metal ions of cadmium and other heavy metals,
reducing the level of ROS, limiting the synthesis of free radicals, and providing an osmotic
homeostasis balance of nutrients [48]. Some critical markers that affect the response of
plants in secondary metabolism production are the concentrations of heavy metals. As
mentioned by Balali-Mood et al. [49], low levels of heavy metals increase the production of
secondary metabolites, while the synthesis and its production will be reduced in plants
with a higher dose of heavy metals. Physio-biochemical tests of the seedling were per-
formed both in normal and Cd stress conditions to better understand the responses of
tolerant and sensitive genotypes to Cd stress. The uptake of water is the first step for seed
germination and ends with the start of elongation by the radicle. Under several physical
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and heavy metal stress conditions, the dynamics of seed germination are altered. There
have been many studies on the effect of heavy metals on germination mechanisms and
water uptake [50-52].

Under the presence of heavy metals, PC can directly chelate these substrates and,
accordingly, reduce the toxic effects of metals on plant organs [53]. The accumulation
of proline is also related to carbohydrate metabolism. Arnao et al. [54] stated that the
accumulation of proline requires carbohydrates. Interestingly, in our investigation, similar
patterns of responses by barley accessions were stated for both proline and soluble sugar
content accumulations. The functions of soluble sugars are signaling and sensing molecules
in plants, and in that way, they regulate and activate several genes that are involved
in metabolic and protection activities against diverse stress conditions, including heavy
metals [55]. In our study, high levels of PC, SSC, and TPC accumulation in barley plants
suggest that these molecules were used by the plants to mitigate the toxicity of Cd. Through
the chelating of metals or neutralizing the free radicals produced by the metals, phenolic
substances can reduce the oxidative damage caused by heavy metal stress [56]. This is
why the levels of phenolic components in a plant’s tissues are often used as a surrogate
for the impact of environmental stressors on the plant. This could explain why phenolic
compound levels increased in response to Cd stress. Phenolic chemicals are used by barley
plants as a defense mechanism against Cd stress, as shown by the increased accumulation
of phenolics in tissue following Cd exposure [57].

Increased ROS elimination capacity, enhanced chelation abilities toward Cd metals
in root plants, and decreased translocation of Cd from the roots to the shoots were all
observed in barley plants with a higher content of phenolic compounds in their tissues [58].
It is possible that this chelated Cd metal will be taken up by the roots and stored in
vacuoles [59]. Soluble phenolic molecules, such as those involved in lignin biosynthesis,
help plants build physical barriers between their cells and the toxic effects of Cd, making
the plant more resistant to the metal. In our study, the antioxidant substances such as
phenolic compounds, GPA, and CAT increased under stress conditions, and antioxidant
molecules, including phenolics, CAT, and GPA, may act as a defense mechanism against the
stress of hazardous metals such as Cd [22]. Increasing the activity of the protective enzyme
systems (GPA and CAT) has been shown in some studies to decrease lipid membrane
peroxidation and preserve membrane integrity [60-62]. Arabi Aswad and ABN, two
Cd-tolerant genotypes, accumulated more PC, SSC, TPC, AC, and antioxidant enzymes
than Cd-sensitive genotypes (Bujayl 1-Shaglawa and Black-Kalar). This buildup may be
the cause of the Cd’s reduced impact on seedling growth in Cd-tolerant genotypes. The
results of the OMICS analysis revealed that the physiochemical markers associated with
the different degrees of tolerance are affected by Cd concentration. The correlation findings
confirmed this result.

Several researchers studied the impact of Cd on the growth of barley. Research con-
ducted by Kintlova et al. [63] showed inhibitory effects of cadmium on barley growth,
particularly on root length, using 11 different concentrations of cadmium ranging between
0.01 pM and 1000 uM. It is worth mentioning that even with high concentrations of cad-
mium, the barley roots survived in their research. In accordance with our findings. Kalai
et al. [64] revealed that under three different concentrations of cadmium, namely 25, 50,
and 100 uM compared to an untreated barley plant, the growth of roots and shoots de-
creased even with the lowest dose of cadmium conducted in their research compared to our
investigation. In addition, they found clear inhibition of seed germination after cadmium
exposure because of failure in reserve mobilization from the endosperm, not as a conse-
quence of limiting water uptake by barley seeds. Through diverse mechanisms, cadmium
is known to inhibit the germination of seeds [19]. Recent studies on the transcriptomic
responses of barley to cadmium by Kintlova et al. [65] from the Czech Academy of Sciences
demonstrated a significant decrease in barley growth at the seedling stage for both shoot
and root under exposure of the barley plant to 80 pM of cadmium.



Agronomy 2023, 13, 1502

19 of 22

References

5. Conclusions

From our findings, it can be deduced that there is a sizable genetic distance between
59 accessions of barley. Based on the amount of cadmium exposure, the responses of the
barley accessions varied. According to our findings, most biochemical traits tested by
most accessions were stimulated by intermediate exposure to cadmium (Cd-250). The
barley accessions Asad-14, Arabi Aswad, and ABN displayed favorable behavior under
all cadmium exposures. The physiochemical markers can be used to distinguish between
groups with high, moderate, and low tolerances, depending on the cadmium level. The
only marker for identifying the three groups of tolerance under all Cd stress conditions was
WU. The mechanisms that regulate cadmium uptake, transportation, and accumulation are
still not fully understood. Many further studies are required at the molecular level to better
understand the genetic functions that reduce the adverse effects of cadmium and to ensure
better crop production under cadmium stress conditions.
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