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Abstract: Cereals are a staple food in many regions of the world and are essential for global food
security. Lead is one of the most significant environmental stressors, impacting plants throughout their
life cycle and causing substantial damage to plant growth and development. It disrupts intracellular
processes, thereby reducing plant productivity. The aim of this study was to determine the effect
of exogenously applied vitamin PP (100 uM) (nicotinamide) on the morphological, physiological,
and biochemical parameters of spring barley var. Eunova under lead stress (1 mM Pb(NOj3);) and
to determine the most effective method of applying this vitamin in a pot experiment. Vitamin PP
was applied exogenously through three different methods: seed soaking, foliar application, and soil
irrigation. The application of 1 mM Pb(NO3); resulted in decreased root (from 13.9% to 19.9%) and
shoot length (from 16.2% to 24.8%) and increased catalase (CAT) activity from 45% to 106%, and
peroxidase (POX) activity from 39% to 46% compared to the control. Lead stress led to an increase in
proline (Pro) content from 30 to 63% and comparatively in malondialdehyde (MDA) content (rising
from 61% to 79.4%), as well as elevated assimilatory pigment content (by 35%) in barley grown in
the pot experiment. Exogenous vitamin PP significantly and positively influenced the improvement
of the measured morphological, biochemical, and physiological parameters, reducing the toxicity
of lead salts. It was shown that the most effective method of vitamin PP application was achieved
through foliar spraying and irrigation.
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1. Introduction

Global agriculture faces numerous challenges, notably the need to increase food
production by more than 60% to meet the needs of a growing population [1,2]. To meet this
growing demand, agriculture will need millions of additional hectares of arable land [1].
However, since a significant proportion of arable land is already contaminated, utilizing
such land will play a significant role in modern agriculture. Advances and innovations in
agriculture have the potential to prevent a global shortage of arable land [3].

Reduced agricultural productivity stems from various environmental factors, with
heavy metals playing a significant role [4—6]. Heavy metal contamination poses a serious
problem due to their toxicity and persistence in the environment [7,8], affecting both
developed and developing countries [9].

Lead (Pb) ranks as the second most toxic heavy metal in the environment [10]. It can
enter the environment through various sources, stemming from both natural processes and
human activities, such as mining and metallurgy, industrial emissions, fossil fuel combus-
tion, pesticide use, improper waste disposal in landfills, the presence of lead-based paints,
and the use of lead in water pipes or sewerage systems [11,12]. These activities contribute
to the distribution of lead across different environmental compartments, like air, soil, water,
and sediments. Plants readily absorb this element from the soil, accumulating it in various
organs [11,13]. Exposure to lead inhibits plant growth, biomass, and development, and
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has adverse effects on physiological and metabolic processes [14]. Subsequently, oxidative
stress ensues in plants due to the generation of reactive oxygen species (ROS), such as
hydroxyl radicals (OH ™), hydrogen peroxide (H,05,), singlet oxygen ('O,), and superoxide
anion radicals (O, ™). ROS overproduction disrupts cellular redox homeostasis, leading to
structural damage in plants [15,16]. All ROS can cause damage to assimilatory pigments,
cell membranes, carbohydrates, DNA, proteins, disruption of oxidative phosphorylation,
and damage to the mitochondrial respiratory chain [11,16].

Plants have evolved their own cellular defense mechanisms to avoid, tolerate, detoxify,
or eliminate heavy metals [17,18]. These mechanisms involve changes at the molecular,
biochemical, and physiological levels [18,19]. They encompass chelation by metallothionein
or phytochelatin, compartmentalization in cell walls and intracellular vesicles, lignification,
inhibition of direct uptake of heavy metals from the soil, and the neutralization mechanism
for ROS [17]. This latter mechanism, incorporating both nonenzymatic and enzymatic
elements, converts ROS into less toxic compounds [15-17].

Despite the array of defense mechanisms possessed by plants, their resilience is often
overwhelmed by excessive levels of heavy metals. To support plant tolerance or allevi-
ate heavy metal-induced stress at the physiological, biochemical, and molecular levels
within the cell, various exogenous substances have been tested in numerous scientific
studies [4,19-21]. According to Feng et al. (2023), exogenous substances are defined as
various compounds necessary for plant growth and development. These substances are
introduced from external sources and act to increase plant tolerance. The primary functions
of exogenous substances are associated with regulatory dimensions, specifically, enhancing
the effectiveness of the antioxidant system, inducing the production of osmoregulatory
compounds, improving the efficiency of the photochemical pathway, redirecting the accu-
mulation and movement of heavy metals, modulating endogenous hormone levels, and
controlling gene expression [22].

In recent years, numerous scientific studies have explored the use of exogenous sub-
stances to mitigate the toxicity of various abiotic stresses, including those induced by
heavy metals. Effective alleviation of lead stress has been achieved through the applica-
tion of substances such as brassinosteroids [23-26], auxins, cyto-kinins [27], salicylic acid
(SA) [28,29] jasmonic acid (JA) [30], various organic chelates [31,32], glutathione (GSH) [33],
and vitamins [34-36]. Various methods of introducing exogenous substances into plants
exposed to heavy metals are documented in the literature. For example, these substances
can be applied in hydroponic systems [31,35,37], on Petri dishes [36], in vitro culture on
MS media [35,38], or in soil [29,33]. They can also be applied as foliar sprays [29,37,39] or
seed imbibition treatments [39].

Niacinamide, also known as niacin or vitamin PP, stands as one of the major nonen-
zymatic antioxidants. This compound acts as a precursor to the coenzymes NADH and
NADPH, crucial in numerous enzymatic oxidation-reduction reactions in plant cells. These
coenzymes are vital for energy metabolism, photosynthesis, and cellular respiration [40,41].
Niacinamide plays a role in the biosynthesis of secondary metabolites [40,42], contributing
to plant defense, signaling, and adaptation to environmental challenges [43]. Therefore,
vitamin PP is crucial for plant growth, development, and adaptation to changing environ-
mental conditions, highlighting its importance.

Barley, scientifically known as Hordeum vulgare L., stands as one of the oldest cultivated
crops. It is primarily grown for human consumption, as an ingredient in animal feed,
and for the production of alcoholic beverages. Due to its rapid growth, low climatic
requirements, adaptability to various environments, and clear response to stress factors, it
serves as a valuable subject for abiotic stress research [44,45].

The aim of the research was to assess the impact of exogenously applied vitamin PP
(100 uM) on the morphological, physiological, and biochemical parameters of spring barley
(H. vulgare L.) var. Eunova under lead stress (1 mM Pb(NOj3);) and to establish the most
effective method of applying this vitamin in the pot experiment.
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2. Materials and Methods
2.1. Experiment Site and Conditions

The 2-year pot experiment took place during the spring in the growth chamber and
laboratory of Microbiology and Environmental Biochemistry, West Pomeranian University
of Technology in Szczecin (latitude 53°26'17" N, longitude 14°32'32" E).

The soil used for the study was sourced from the arable-humus layer (Ap, 0-30 cm)
in Ostoi, near Szczecin. This soil underwent sieving through a 2 mm mesh sieve and was
divided into eight portions. Four portions were subjected to a solution of 1 mM Pb(NO3),
(207.0 mg Pb*2), while the remaining portions were treated with water to attain 60% of the
maximum water-holding capacity. The prepared soil was then placed into 3.50 kg pots.

The material for the study consisted of seeds of spring barley var. Eunova, acquired
a class (C/1) certified seed from a specialized shop. Before sowing, the seeds underwent
three rinses of 20 min each in sterile distilled water. Subsequently, they were immersed in a
7% sodium hypochlorite solution for 10 min, followed by rinsing in sterile distilled water
for 15 min. After this initial sterilization process, some seeds were immersed in a solution
of 100 uM Vit PP in the form of nicotinamide, while the remaining seeds were soaked in
water for 24 h. An equal number of seeds (10 barley seeds per pot) were sown in each pot
at a depth of 3.0 cm.

The pots received natural watering every 10 days (100 cm? of distilled water) until the
first leaves appeared. Thereafter, the barley var. Eunova plants were watered every 10 days
(100 cm® of distilled water or water supplemented with 100 uM Vit PP). Additionally, some
plants were sprayed with a solution containing 100 uM Vit PP. Each plant in the pot was
thoroughly sprayed with the solution until it dripped from the leaves into the pot, with
10 cm? of solution per plant, amounting to a total of 100 cm® per pot. All solutions used for
spraying and watering included Tween 20 as a dispersing agent.

The experiment consisted of 8 combinations carried out in 3 replicates and detailed
information on the compounds used in this study is given below: (1) control, (2) 100 uM
Vit PP soaking seeds, (3) 100 uM Vit PP foliar application, (4) 100 uM Vit PP soil applica-
tion, (5) 1 mM Pb(NOs),, (6) 1 mM Pb(NOs), + 100 uM Vit PP soaking seeds, (7) 1 mM
Pb(NOs), + 100 uM Vit PP foliar application, (8) 1 mM Pb(NO3), + 100 1M Vit PP soil application.

During the growing season, the growth and development of the plants were observed.
biochemical parameters (catalase and peroxidase activity, malondialdehyde and proline
content) and physiological parameters (total chlorophyll and carotenoid content) were
measured at four stages related to the physiological development of the plants: tillering,
stem elongation, heading and flowering. In addition, morphological measurements of
the plants (root length, stem length, spike length, fresh root weight, fresh stem weight,
fresh spike weight) were made after the flowering phase (Figure 1). The experiment was
conducted in a complete randomization system. All measurements were performed in
three replicates.

2.2. Determination of the Morphological Parameters

After the plants had flowered, they were harvested. The spike, stem, and roots of all
plants in each replicate were measured in centimeters using a ruler, and the measurements
were recorded. The spike, roots, and stem were separated to measure their mass, and the
roots were thoroughly cleaned of soil before weighing them on a digital scale.

2.3. Determination of Biochemical and Physiological Parameters

To assess the activity of antioxidant enzymes and determine the levels of Pro and MDA,
fresh plant tissue from fully developed apical leaves was collected and homogenized with
an appropriate chilled extraction solution. The extraction solutions used were 0.0067 M
phosphate buffer at pH 7.0 for CAT, 0.05 M acetate buffer at pH 5.6 for POX, 3% sulfosalicylic
acid for Pro, and 0.1% trichloroacetic acid for MDA. The resulting homogenates were then
centrifuged at 15,000x g at 40 °C for 15-25 min. The supernatants obtained were used for
each assay.
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Figure 1. Schematic of the pot experiment.

Catalase activity (CAT [EC 1.11.1.6]) was determined using a spectrophotometer,
(Merck Nova 400, Darmstadt, Germany) following Liick’s method [46]. The reaction
mixture consisted of 1/15 M phosphate buffer (pH 7.0), 1.25 x 102 M H,0,, and the
centrifuged enzyme extract. The assay involved measuring the decrease in ultraviolet light
absorption over 60 s as HyO, decomposed by CAT at a wavelength of A = 240 nm. Enzyme
activity was expressed as uM HyO,-g~! FW of plant tissue-min~!.

Peroxidase activity (POX [EC 1.11.1.7]) activity was measured following the method
of Chance and Maehly [47] using a spectrophotometer, (Merck Nova 400, Darmstadt,
Germany). The method involved the colorimetric determination of purpurogallin formation
during the oxidation of pyrogallol (0.02 M) in the presence of H,O, (0.06 M) at a wavelength
of A = 430 nm over 4 min. Peroxidase activity was expressed in uM purpurogallol-g~! FW
of plant tissue-min 1.

The content of free proline was determined using the ninhydrin reaction per Bates
method [48]. The reaction mixture consisted of extracted plant material in 3% sulfosalicylic
acid, ice-cold acetic acid, and acidic ninhydrin. After boiling the mixture in a water bath at
100 °C for 60 min, the reaction was stopped by cooling the samples on ice. The samples
were then extracted with toluene, and the absorbance of the colored chromophore against

toluene was measured on a spectrophotometer, (Merck Nova 400, Darmstadt, Germany)
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at a wavelength of A = 520 nm. The concentration of proline was read from the standard
curve prepared for L-proline and expressed in pmol-g~! FW of plant tissue.

Malondialdehyde levels were determined through reaction with thio-barbituric acid
following Sudhakar et al. [49] method (2001). Homogenates containing 0.5% TBA dissolved
in 20% TCA were boiled at 100 °C for 10 min and rapidly cooled on ice. After centrifugation
(10,000x g, 10 min), the absorbance of the supernatant was measured using a Merck Nova
400 spectrophotometer at wavelengths of A = 532 nm and A = 600 nm. The concentration of
MDA was calculated using the millimolar absorption coefficient ¢ = 155 mM~! cm~!. The
result was adjusted by subtracting the absorbance of the sample at 600 nm, which accounts
for nonspecific reaction products with TBA. Malondialdehyde content was expressed as
nmol MDA-g~! FW of plant tissue.

Assimilatory pigments (chlorophylls and carotenoids) were extracted from plant
material using chilled 80% acetone. Chlorophyll content was determined by the method
of Arnon et al. [50] as modified by Lichtenthaler and Wellburn [51], while carotenoid
content was determined by the method of Hager and Meyer-Berthenrath [52]. To extract
assimilatory pigments from leaves, green samples weighing approximately 0.05 g were
ground in a mortar with 10 cm® of 80% acetone. The homogenates were then centrifuged at
1500 rpm for 10 min.

2.4. Statistical Analysis of Results

Statistical analyses were performed using Statistica 13 (TIBCO Software Inc., Krakow,
Poland). The results were analyzed using descriptive statistics, including mean and stan-
dard deviation. Means were compared using Tukey’s HSD test at a significance level of
p <0.05.

3. Results
3.1. Plant Growth and Biomass

The statistical analysis of barley’s morphological parameters, conducted after the flow-
ering phase, showed that in both the first and second seasons, as well as in the combined
data from both seasons, there were generally no significant differences in the measured pa-
rameters among the tested combinations (Figures 2 and 3). However, significant differences
were observed in root length and stem length between the tested combinations. Specifically,
the addition of lead resulted in a 13.9% decrease in root length in the first season and a
19.9% decrease in the second season, with stem length decreasing by 24.8% and 16.2%,
respectively, compared to the control. Moreover, the application of exogenous vitamin
PP had a significant and positive impact on root and stem length, mitigating the toxicity
of lead salts. The most effective application of vitamin PP was through foliar spraying,
demonstrating its beneficial effects on plant growth and lead stress reduction.

3.2. Antioxidant Enzyme Activities, Malondialdehyde, and Proline Contents

It was observed that the activity of enzymes involved in antioxidant defense signifi-
cantly increased (p > 0.05) in the presence of lead salts. CAT activity increased from 45% to
106% compared to the control, while POX activity showed a similar level of increase (from
39% to 46%) during the developmental stages of barley studied (across both years). The
application of vitamin PP in various forms slightly increased the enzyme activity compared
to the control, but these differences were described as insignificant. However, applying
this vitamin to plants on lead-contaminated soil led to decreased enzyme levels compared
to plants exposed to lead alone. The most significant decrease in enzyme activity was
observed with foliar spraying and irrigation using vitamin PP, in both the first and second
years of the study (Table 1).

Lead salts contributed to an increase in Pro content in both years of the experiment.
However, significant differences were observed only at the heading and flowering stages of
barley, with no notable differences in Pro content found at earlier stages of plant develop-
ment. The application of vitamin PP resulted in a reduction of Pro in barley var. Eunova
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plants are compared to plants growing solely on lead. The most significant effect was
observed during spraying and irrigation (Table 2).
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Figure 2. Influence of different methods of vitamin PP application on the length (A-C) of spring
barley var. Eunova growing in soil with 1 mM Pb(NOj3),; (A)-spike, (B)-stem, (C)-root; (1) con-
trol, (2) 100 uM Vit PP soaking seeds, (3) 100 uM Vit PP foliar application, (4) 100 uM Vit PP soil
application, (5) 1 mM Pb(NO3),, (6) 1 mM Pb(NO3), + 100 uM Vit PP soaking seeds, (7) 1 mM
Pb(NO3), + 100 uM Vit PP foliar application, (8) 1 mM Pb(NOj3), + 100 uM Vit PP soil application;
a—c—homogeneous groups.

(g] Fresh spike weight A
1.8

1.6

a
a
a a
a a
12 a = a
a a
1.0 & 5 2 a a
ab b a a
ab b
0.8
0.6
0.4
0.2
0.0
1 2 3 4 5 6 7 8

| first scason  Msecond season M first-second season

Figure 3. Cont.



Agronomy 2024, 14,1314 8 of 20

[g] Fresh stem weight B
1.6

a

ab a a

a ab
a a a
ab 5 N
1.0 ¥ ab ab
ab ab ab ab
0.8
b

0.6
0.4
0.2
0.0

2 3 4 S 6 7 8
| first season  Msecond season M first-second season

[e] Fresh root weight C
1.6

a
1.4 a
a
12 a
a a
ab

1.0 s @

a = ab i

ab a a a ., a
0.8 b
ab

0.6
0.4
0.2
0.0

2 3 4 5 6 7 8

H first season  Msecond season M first-second season

Figure 3. Influence of different methods of vitamin PP application on the fresh weight (A-C) of
spring barley var. Eunova growing in soil with 1 mM Pb(NO3),; A-spike, B-stem, C-root; (1) con-
trol, (2) 100 uM Vit PP soaking seeds, (3) 100 uM Vit PP foliar application, (4) 100 uM Vit PP soil
application, (5) 1 mM Pb(NO3),, (6) 1 mM Pb(NO3), + 100 uM Vit PP soaking seeds, (7) 1 mM
Pb(NO3), + 100 uM Vit PP foliar application, (8) 1 mM Pb(NOj3), + 100 uM Vit PP soil application;
a—b—homogeneous groups.
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Lead stress contributed significantly (p > 0.05) to an increase in MDA content compared
to the control (rising from 61% to 79.4%) during the developmental stages studied in barley
var. Eunova (across both years). The exogenous application of vitamin PP, particularly
through watering and in most cases, spraying, significantly (p > 0.05) reduced the MDA
content compared to plants grown with lead alone (Table 2).

3.3. Total Chlorophyll and Carotenoid Contents

The lead salts used in the experiment significantly (p > 0.05) reduced the content of
assimilatory pigments, including total chlorophyll and carotenoids (Table 3). As the plants
grew, there was a gradual decrease in total chlorophyll content (ranging from 20.3% to
35.3% lower than the control), while carotenoids decreased by 22.4% to 28.7% (across both
years). Vitamin PP, applied in all forms, increased the content of both total chlorophyll and
carotenoids compared to plants growing with lead alone, but the increase was significant
only when applied through irrigation.
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Table 1. Influence of different methods of application of vitamin PP on the enzyme activity of barley growing in soil with lead.
Catalase [umol-H,0,-g~1 FW-min—1] (% Control)
First Season Second Season Synthesis First—Second Season
Combination
Tillering Eloitger:ion Ear Emergence Flowering Tillering Eloitge:‘.‘ion Ear Emergence Flowering Tillering Elo?ltgez‘.‘ion Ear Emergence Flowering
1 104.8 £5.49°¢ 100.4 + 5.30 4 84.7 £2.74°¢ 60.7 +0.124 115.4 +£10.26° 110.6 + 8.83 4 63.36 + 5.28 48.9 4+ 11.45¢ 110.1 £8.71°¢ 1055 + 8.59 4 741 +£1230¢ 54.8 +9.69
(100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100)
’ 119.3 4 5.14 b¢ 107.9 + 7.53 «d 92.6 = 4.54 ¢ 67.7 £1.87¢ 1215 +3.12° 1144 £ 1.77 689 & 1.69 ¢ 525 +4.17¢ 1204 +3.98°¢ 111.2 +£6.02¢ 80.8 +13.27°¢ 60.1 = 8.80 ¢
(113.9) (107.5) (109.3) (111.5) (105.30) (103.34) (108.9) (107.3) (109.3) (105.4) (109.0) (109.7)
3 108.1 +9.93°¢ 1024 +1.8449 85.0 +3.93°¢ 60.7 +£1.974 1132+ 487" 1102 £ 5.674 619 +276°¢ 51.7 4 5.39 € 110.6 £ 7.53 ¢ 106.3 + 5.70 4 73.5 + 13.04 ¢ 56.1 4 6.15 ¢
(103.2) (102.02) (100.35) (100.1) (98.1) (99.6) 97.7) (105.56) (100.5) (100.7) (99.2) (102.4)
4 109.8 + 4.93°¢ 104.9 + 4.274 88.8 =+ 6.66 ¢ 66.4 4+ 1.24 < 1192 +7.76® 121.2 + 4.43 «d 67.7 £5.69 ¢ 51.1 +1.88¢ 1145+ 7.77°¢ 113.1 £9.69 4 78.3 +12.30 ¢ 58.7 + 8.52°¢
(104.8) (104.6) (104.8) (109.4) (103.3) (109.5) (106.9) (104.4) (103.9) (107.2) (105.7) (107.1)
5 150.2 = 20.80 2 185.6 = 2.342 178.4 + 8212 1225 +£2382 170.63 4 3.28 2 167.2 4 2.042 121.6 £3.512 1023 £2432 1604 +17.392 17644 10.14°  150.0 £31.592 1124 +11.252
(143.3) (184.8) (210.5) (201.8) (147.91 (151.1) (191.9) (209.1) (145.7) (167.2) (202.4) (205.1)
6 143.6 = 1.79 2 1329 +4.16° 1439 £ 639" 90.6 4 3.68 ° 159.0 =+ 4.95 2 143.7 +£3.73° 91.4 + 872" 773 +£7.44° 151.3 £ 9.08 2 138.3 + 6.87° 117.7 £29.61° 83.9 + 898"
(137.0) (132.4) (169.9) (149.3) (137.8) (129.9) (144.2) (157.9) (137.4) (131.1) (158.8) (153.1)
” 126.9 £2.173b¢ 1210 4 4.48 b¢ 139.1 + 5.75° 91.2+181P 155.5 + 6.56 2 124.4 +8.78¢ 83.3 +3.13P 761453 141.2 +16.26° 122.7 +3.41°¢ 111.2 +30.82° 83.6 + 8.96 P
(121.13) (120.5) (164.1) (150.2) (134.8) (112.4) (131.5) b(155.6) (128.2) (116.3) (150.1) (152.5)
8 122.5 £ 5.11 b¢ 126.0 + 6.23° 135.4 +5.52° 87.9 +4.01° 157.7 + 4.23 2 138.4 +11.02° 945+ 479 741 +2.09° 140.1 +£19.71° 1322 +7.86" 114.9 +£22.86° 80.9 + 8.07 b
(116.9) (125.5) (159.7) (144.8) (136.7) (125.1) (149.1) (151.4) (127.2) (125.3) (155.1) (147.6)
Peroxidase [uM Purpurogallin-g~! FW-min~'] (% Control)
First Season Second Season SynthesisFirst—Second Season
Combination
Tillering Elo?‘ltge::ion Ear Emergence Flowering Tillering Elo?‘lt;:t‘ion Ear Emergence Flowering Tillering Elo?‘lt;::ion Eme]iagl;nce Flowering
1 37+£084° 6.0 +£0.51¢ 8.0+032" 79+1.08°¢ 3.6+022°¢ 6.4 +031° 74+012¢ 8.1+132° 3.7 +0534 6.2+ 043" 7.7 +0394 8.0+ 0844
(100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100)
’ 41 +0462 6.2+ 1.36 "¢ 8.44045° 8.340.61°¢ 3.9 40.22b¢ 6.6+ 1.24° 7.6 +0.22b¢ 83+ 0.69° 404032 6.440.84° 8.0 +0.53d 8.3+ 0.58 «d
(110.4) (103.7) (105.6) (105.1) (107.9) (102.8) (103.5) (102.6) (108.1) (103.2) (103.9) (103.7)
3 4140.15% 6.2 4 0.12b¢ 794071° 8.1 4 0.68°c 3.91 4+ 0.19 be 6.340.74° 7.5+ 0.72b¢ 8.140.23° 404015 6.240.48° 7.7 £0.67 4 8.1+ 0454
(109.6) (102.6) (99.4) (101.4) (107.7) (98.2) (102.1) (100.3) (108.1) (100.1) (100.1) (101.2)
4 414045 6.1 4 0.53 b¢ 79 +045° 8.0+0.38°¢ 3.840.13b¢ 6540.21° 7.5+0.71b¢ 824 044" 394033 634 040" 7.7 +0.594 8.140.374
(108.9) (102.3) (99.4) (101.6) (105.2) (101.2) (101.1) (100.8) (105.4) (101.6) (100.1) (101.2)
5 5.4 +0492 8440542 11.1+£1.032 109 +0.962 53+0.192 8.8 +0.852 103 +£0.822 12141502 54 +0342 8.6 +0.66° 10.7 £0.952 115+1.162
(144.8) (140.4) (138.7) (137.9) (146.38) (136.9) (139.6) (149.7) (145.9) (138.7) (138.9) (143.7)
6 5.1 4 0.49 % 7840292 9.6 +0.33 9.9 4+ 0.89 2 4.6 4052 8.140.39% 9.140.32% 9.9 +0.722 484052 7940322 9340.39° 9.9+ 0.68°
(135.3) (130.8) (120.1) (125.8) (126.1) (125.8) (123.1) (122.0) (129.7) (127.4) (120.8) (123.7)
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Table 1. Cont.
Peroxidase [uM Purpurogallin-g~! FW-min~!] (% Control)
First Season Second Season SynthesisFirst—Second Season
Combination - Stem . - Stem . - Stem Ear .
Tillering Elongation Ear Emergence Flowering Tillering Elongation Ear Emergence Flowering Tillering Elongation Emergence Flowering
7 45+0.39%® 7.3 £ 0.99 ¢ 9.5+£1.24% 9.7 £ 0.82 ¢ 45+043° 7.9 +074%® 8.8 £ 0.88 ¢ 9.7 £ 0.65° 45+ 028" 7.6 +0.852 9.2 £1.05% 9.7 £ 0.66 ¢
(120.4) (121.8) (119.54) (122.1) (123.2) (123.5) (118.8) (119.7) (121.6) (122.5) (119.5) (121.2)
8 4.7 £0.58 7.58 £ 0.36 9.1£0.54 % 9.57 £ 1.15 ¢ 434039 7.8 +£021% 8.7 £ 0.25 b 9.4+£042° 454049 7.74£0.29? 8.9 = 0.4 bed 9.5 £ 0.78 bed
(126.6) (126.3) (114.0) (120.5) (119.9) (122.7) (117.5) (115.3) (121.6) (124..2) (115.6) (118.7)
(1) Control, (2) 100 uM Vit PP soaking seeds, (3) 100 uM Vit PP foliar application, (4) 100 uM Vit PP soil application, (5) 1 mM Pb(NO3),, (6) 1 mM Pb(NO3), + 100 uM Vit PP soaking
seeds, (7) 1 mM Pb(NO3), + 100 uM Vit PP foliar application, (8) 1 mM Pb(NOj3), + 100 uM Vit PP soil application; a—d—homogeneous groups.
Table 2. Influence of different methods of application of vitamin PP on the Pro and MDA content of barley growing in soil with lead.
Proline [umol-g—1-FW] (% Control)
First Season Second Season Synthesis First—Second Season
Combination
Tillering Elo?ltge:‘.lion Ear emergence Flowering Tillering Elo?ltge:‘.‘ion Ear Emergence Flowering Tillering Elofltgez‘.‘ion Ear Emergence Flowering
1 2540202 2.6 +£0.792 34+1444 34+£042° 2140682 23+£0272 2.9 £0.134 2.6 £ 0.21b¢ 2.3+049° 2.5+ 0.57 4 32+095¢ 3.0+£051°¢
(100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100)
2 25+0.112 2.7+049° 374018 3.6+038° 2140212 25+0.542 3.1 +0.37 bed 28+0.16° 23+025° 2.6 =+ 0.49 bed 3.4 40395 32+052¢
(98.7) (102.7) (107.7) (106.3) (98.7) (107.2) (105.0) (105.5) (99.1) (104.8) (106.3) (105.6)
3 24+0.642 26+0112 3.6+ 113 35+036° 20+£0.112 23+047? 3.0+0.12 2.7 4+043° 224047° 2540344 3.340.78°¢ 3.1+£0.55¢
(96.93) (98.0) (104.5) (102.9) (94.4) (101.4) (102.4) (102.9) (96.1) (99.6) (103.4) (102.6)
4 2540247 26 +0.167 374032 344025° 21+£017? 23+0.187 2940154 2.74022° 23+030° 254023 3.3+ 0455 3.0+045°¢
(99.6) (99.9) (107.0) (100.6) (96.9) (101.5) (99.6) (102.0) (98.7) (100.8) (103.4) (100.7)
5 3240892 39+037° 514+033? 5540592 2840152 33+035? 4240382 3840382 3.1+0.60° 3.6+048° 4.6+0.60? 4740962
(130.3) (147.9) (149.5) (163.2) (135.5) (143.4) (142.6) (145.5) (133.0) (146.1) (146.2) (154.8)
6 29+052? 3.7+0.88? 47 40.14° 49 +0.762> 28+042? 31+£031? 384029 354029 2940442 344069 4340502 4240962
(119.9) (140.4) (138.0) (145.4) (130.6) (133.9) (130.2) (130.2) (125.2) (137.6) (134.3) (139.2)
7 27+0.15? 3.8+0.36? 444027° 484033 27+021? 29 +0.38° 3.7 £021% 324046 2.7 £0.17% 3.4 +055% 4.1 + 0.43 2bc 39 +096°
(107.1) (142.2) (127.7) (141.1) (129.2) (129.5) (126.0) (120.1) (117.8) (136.4) (126.7) (131.5)
8 2.8+0.142 3740252 46+079" 4.7 £0.187% 2.74£0222 29+0522 3.6 & 0.32 3¢ 3040342 2.8 4+0.18% 3.3 & 0.54 ¢ 4.1 £ 0.74 ¢ 3.9 £0.96°
(113.6) (138.5) (133.5) (140.3) (127.1) (128.4) (124.0) (130.8) (120.4) (134.0) (128.9) (129.2)




Agronomy 2024, 14,1314 12 of 20
Table 2. Cont.
MDA [umol-g~! FW] (% Control)
First Season Second Season Synthesis First—Second Season
Combination - Stem . - Stem . - Stem Ear .
Tillering Elongation Ear Emergence Flowering Tillering Elongation Ear Emergence Flowering Tillering Elongation Emergence Flowering
1 183 +1.11° 253 +1.54¢ 28.2 4 3.68° 30.1+252¢ 11.14+1.29°¢ 249 £1.79°¢ 333+ 1.07° 36.5+£211°¢ 14.7 + 4.08 4 251 +1.51°¢ 308 £3.71° 33.3 + 4.074
(100) (100) (100) (100) (100.0) (100) (100) (100) (100) (100) (100) (100)
y 193 £1.15° 262 +0.25°¢ 29.2 £0.69° 32.14251¢ 11.9 £ 1.58 b 25.1+223°¢ 36.8 £3.79° 385 +4.09°¢ 155 +4.12< 25.6 +1.55°¢ 33.0 +4.82° 35.3 +4.644
(105.2) (103.4) (103.6) (106.5) (106.6) (96.5) (110.5) (105.4) (105.7) (101.9) (107.3) (105.9)
3 183+ 056" 252+ 1.16¢ 289 +£1.69° 311+0.75¢ 11.8 +1.48 b 251 +£262° 348 +£1.89° 369 £4.23°¢ 15.1 +3.734 251 +£1.82°¢ 31.8+£361° 339 +4214
(100.1) (99.7) (102.4) (103.2) (105.8) (96.5) (104.4) (101.2) (102.3) (100.1) (103.5) (102.1)
4 1854+ 1.25° 257 £092°¢ 2854+ 3.14" 312+ 1.55¢ 111 +1.44°¢ 25.6 £0.63 ¢ 3524 6.48" 36.8 £3.37 ¢ 14.7 +4.244 256 £0.71°¢ 319+ 583" 34043834
(100.9) (101.6) (101.2) (103.8) (99.4) (98.5) (105.6) (100.8) (100.3) (101.9) (103.6) (102.2)
5 289 £29° 414+121° 454 +54°2 51.7 £5.12% 186 +£3.012 469 +4.07° 629 £539° 67.8 £2.19° 23.8 £6.27° 442+ 4052 542 +10.78* 59.7 £9.522
(158.3) (163.4) (160.1) (171.6) (167.1) (180.8) (188.9) (185.8) (161.9) (175.6) (176.0) (179.4)
6 269 +3.112 37.34+232% 426 +£262° 46.6 +2.892 169 +1.852 41.6 £4.262 575+221°% 614+ 5882 21.9 + 5952 39.4 +3.88" 50.0 £ 8472 54.0 +£9.13 2
(146.8) (147.2) (150.9) (154.7) (151.5) (160.4) (172.6) (168.4) (148.6) (156.9) (162.6) (162.2)
7 26.1£371% 33.9+420° 403 £451% 451 +252% 164 +2.62% 38.6 +3.34° 56.2 + 3.95 53.7 +£1.01° 21.3 + 6.05% 36.3 +4.25° 483 +9.52% 49.4 +5.01°b°
(142.6) (134.1) (142.9) (149.8) (147.3) (148.8) (168.8) (147.1) (144.4) (144.3) (156.9) (148.3)
8 232 +£219% 327 +£092° 40.6 +£5.82% 424 +485" 152 4 1.23 ¢ 38.3 +£2.07° 56.5 + 5.12 % 52.5+221" 19.2 4+ 4.64 ¢ 35.5+334" 48.6 +10.01 % 475 + 647 ¢
(126.76) (129.3) (143.9) (141.0) (137.1) (147.7) (169.6) (143.9) (130.7) (141.3) (157.9) (142.6)
(1) Control, (2) 100 uM Vit PP soaking seeds, (3) 100 uM Vit PP foliar application, (4) 100 uM Vit PP soil application, (5) 1 mM Pb(NO3),, (6) 1 mM Pb(NO3); + 100 uM Vit PP soaking
seeds, (7) 1 mM Pb(NO3), + 100 uM Vit PP foliar application, (8) 1 mM Pb(NO3), + 100 uM Vit PP soil application; a—d—homogeneous groups.
Table 3. Influence of different methods of application of vitamin PP on the assimilation pigments content of barley growing in soil with lead.
Total Chlorophyll [ug-g—1 FW] (% Control)
First Season Second Season Synthesis First—Second Season
Combination - Stem . - Stem . - Stem .
Tillering Elongation Ear Emergence Flowering Tillering Elongation Ear Emergence Flowering Tillering Elongation Ear Emergence Flowering
. 1227+542%  1195+1269% 130441565  1072+336°  1204+246%® 1088139 93001 6600 104941088  1216+395% “4'2;10'73 1303+1075° 1061+ 7.28°
(100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100)
2 131.6 +4.67 2 125.4 +£2.73 % 132.8 +3.54 2 111.8 +2932 123.2 £14.96 2 1125 +£7.38 % 133.5+4.06? 106.7 + 1.66 2 127.4+1093 2 1189 £ 8.64° 133.1 +343? 109.2 +3.522
(107.3) (104.9) (101.9) (104.3) (102.3) (103.4) (102.5) (101.6) (104.10 (104.1) (102.1) (102.9)
3 133.8 £3.45? 125.9 +23.28 2 135.8 +5.84 20 108.6 9.8 128.8 £1.69° 120.7 £9.312 146.9 +17.282 112.1 £+ 16.02 20 1313 +£8.17? 1233 +16.11° 141.4 +13.04° 110.3 +£12.05%
(109.1) (105.3) (104.2) (101.3) (106.9) (110.9) (112.9) (106.8) (107.9) (107.9 (108.5) (103.9)
4 135.3 +3.78 2 129.7 £5.262 140.8 +5.31? 1158 +2.552 130.0 £ 6.83 1206 +1.44° 143.1+7.462 1158 £5.722 132.7 £5.722 1252 +6.032 1419 +5922 1158 +3.96
(110.3) (108.5) (108.0) (107.9 (107.9) (110.9) (109.9) (110.3) (109.1) (109.6) (108.9) (109.1)
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Table 3. Cont.
Total Chlorophyll [1g-g—1 FW] (% Control)
First Season Second Season Synthesis First—Second Season
Combination
Tillering Eloitger:ion Ear Emergence Flowering Tillering Eloitge:‘.‘ion Ear Emergence Flowering Tillering Elo?ltgez‘.‘ion Ear Emergence Flowering

5 99.2 +£4.18°¢ 86.7 +0.97¢ 929 +492°¢ 712 +6.16°¢ 94.5 4 4.56 769 + 3.68 4 88.0 +£10.42° 662 +8.99°¢ 96.8 4 4.67 ¢ 81.8 +£5.874 90.4 +7.76° 68.7 +£7.43°¢
(80.8) (72.59) (71.2) (66.4) (78.4) (70.73) (67.6) (63.1) (79.7) (71.6) (69.4) (64.7)

6 104.9 +2.77°¢ 97.6 £10.76 ¢ 104.6 +13.34 ¢ 7214+ 1.24°¢ 102.1 £+ 5.51b¢ 85.5 4+ 1.78 4 91.4 +6.83° 82.9 +5.63 b¢ 103.5 +4.19¢ 91.6 + 9.56 98.0 £11.92° 77.5 + 6.96 b°
(85.5) (81.7) (80.27) (67.2) (84.7) (78.6) (70.2) (78.9) (85.1) (80.2) (75.2) (73.0)

” 107.4 4+ 8.88 ¢ 98.2 + 3.49 be 114'9$c 11.60 76.6 + 3.37 b¢ 105'0a§ 13.67 91.4 + 6.45 <4 96.6 + 14.43° 84.7 + 12.76 b¢ 106.2 +10.39 © 94.8 + 5.94 <d 105.7 + 15.42° 80.7 4 9.45 be
(87.5) (82.1) (88.2) (71.4) 872) (83.9) (74.2) (80.7) (87.3) (83.0) (81.1) (76.1)

8 111.1 4 3.37 b¢ 101'63;11'23 116‘13; 20.93 81.1+ 148" 108.4 4 3.023 954 336 bed 97.1+£521" 90.0 4 16.272b¢  109.7 4 3.23 b¢ 98.5 4 8.16 ¢ 106.6 = 17.13® 85.5 4 11.44°
(90.6) (85.0) (89.1) (75.6) (89.9) (87.7) (74.6) (85.8) (89.6) (86.2 (81.8) (80.6)

Carotenoids [ng-g~'FWI (% Control)
First Season Second Season SynthesisFirst—Second Season
Combination I Stem . oy Stem . y Stem Ear .
Tillering Elongation Ear Emergence Flowering Tillering Elongation Ear Emergence Flowering Tillering Elongation Emergence Flowering

1 443 +£3932 42.8 +3.562 47.7 £4372 37442242 40.6 +£2.482 39.8 +8.61° 36.8 +£3.942 30.9 + 6472 42.5 + 3,57 2bc 413 +6.132 422 +7.03% 34.2 + 5452
(100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100)

9 46.3 4 1.90 @ 4554 1.652 499 +1.622 39.6 +5.572 42.3 4 6,49 40.1 42492 38.0 42322 32.4 45,0142 44.3 +4.8] 2bc 42843532 43946752 359 45622
(104.6) (106.3) (104.6) (105.6) (104.2) (100.7) (103.3) (104.8) (104.2) (103.6) (104.0) (104.9)

3 4794 1.832 44.141.962 37.9 4 4.01 2 37449.11% 43.6 4 3.23 40.6 +8.912 38.3 42532 31.6 4 3.91 2 45.7 4+ 3.30 2 4234 6.07° 434 +8.15% 34.8 4+ 6.18 %
(108.0) (102.9) (101.3) (101.6) (107.4) (101.9) (104.1) (102.4) (107.5) (102.4) (102.8) (101.7)

4 47.6 +1.12° 44443352 48542322 38.4 43392 44.8 +4.26° 41845242 38.04+220° 34242632 46.24+3.18° 43144172 433 4 6.07 2 363 +4.942
(107.4) (103.6) (101.7) (102.7) (110.3) (105.1) (103.4) (110.7) (108.7) (104.3 (102.6) (106.1)

5 349 +£248° 29.5 + 3.03 b 33.8 £7.94° 25.8 + 5.74¢ 31.1 +£4.09° 29.1 +251° 26.3 +3.06° 229 +157° 33.0 £3.70 ¢ 29.3 +249° 30.1 +6.07¢ 2444 357°¢
(78.9) (68.9) (70.9) (68.8) (76.5) (73.2) (71.5) (74.1) (77.6) (70.2) (71.3) (71.3)

6 38.8 4 3.02 b° 30.1 4 5.21b¢ 37.7 4+ 2.98 a 26.8 4+ 2.71¢ 33.6 4 7.212b 34.6 + 6.62 31.9 4 4.46 25.9 4 3.65 36.2 £ 5.714e 324 +587P 349 4 4.62b¢ 26.4 4 3.09 €
(87.6) (70.3) (79.1) (71.6) (82.8) (86.9) (86.8) (83.9) (85.1) (78.4) (82.7) (77.2)

7 40.2 4 4.28 2bc 32.7 +£249" 42,1 45523 29.3 4 1.89 abc 35.2 4 2.98 2 36.0 & 4.02 2 347 +2432% 27.7 4 3.452b 37.7 & 4.29 cde 344 43512 38.3 = 5.54 2b¢ 28.5 4 2.61b¢
(90.7) (76.4) (88.2) (78.3) (86.6) (90.6) (94.3) (89.6) (88.7) (83.3) (90.7 (83.3)

8 40.6 + 2.87 abe 33.54+279° 40.4 5452 27.8 +2.06 b¢ 37.2+3.092 36.4 + 4.87 % 34.6 £5.79 % 2754221 38.9 + 3.24 cde 349 +3.892 37.5 + 5.96 ab¢ 27.7 £1.91b¢
91.6) (78.2) (84.8) (74.4) 91.7) 91.5) (94.1) (89.2) 91.5) (84.5) (88.9) (81.0)

(1) Control, (2) 100 uM Vit PP soaking seeds, (3) 100 uM Vit PP foliar application, (4) 100 uM Vit PP soil application, (5) 1 mM Pb(NO3),, (6) 1 mM Pb(NO3); + 100 uM Vit PP soaking
seeds, (7) 1 mM Pb(NOs3), + 100 uM Vit PP foliar application, (8) 1 mM Pb(NOs), + 100 uM Vit PP soil application; a—e—homogeneous groups.
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4. Discussion

Lead is a significant environmental stressor that causes considerable damage to plant
growth and development, hindering the advancement of sustainable agricultural practices.
The World Health Organization recommends that the concentration of lead in soil should
not exceed 85 mg kg ! [53]. In this study, the dose of lead used, 1 mM Pb(NO3),, equivalent
to 207 mg kg ! soil, significantly reduced only the length of roots and shoots in barley
var. Eunova compared to the control. Differences in root growth are likely to be attributed
to variations in lead uptake by cell walls and its accumulation in these organs, with lead
accumulation in plant roots reaching as high as 95% [11,54,55].

4.1. Morphological Parameters

Literature reports indicate a decrease in morphological parameters under the influ-
ence of varying lead concentrations in wheat [34], beans [56], and tomatoes [57]. Our
research [35,36] conducted on barley using the same lead dose showed a much more pro-
nounced decrease in all investigated morphological parameters compared to this study.
In studies conducted on MS media in vitro culture [35], there was a 46% decrease in root
length, 59% decrease in seedling length, and 43% decrease in fresh weight compared to
the control while, in experiments conducted on Petri dishes [36], the decreases were 81.8%,
36.6%, and 41.2%, respectively.

According to Hossain [58], plant responses and mechanisms to stress differ between
hydroponic systems and field experiments.

Lead can bind to various soil components, such as clay minerals and organic matter,
forming different complexes. However, only a small fraction of the lead in these complexes
is available to plants [59].

Roots are the sole plant organs directly exposed to soil lead, likely contributing to the
pronounced response observed in the barley var. Eunova studied in this experiment. The
reduction in root growth may stem from disruptions in the physiological functions per-
formed by roots, including the mobilization and circulation of elements from mineral and
organic compounds in the soil, water uptake, and nutrient transport to other organs [5,60].
According to Aslam [14], lead ions can have variable effects on the absorption of important
nutrients, potentially increasing the uptake of calcium and potassium while inhibiting
magnesium. In addition, Dong et al. [61] suggest that elevated lead concentrations in soil
substrates reduce the availability of other essential nutrients, such as iron, manganese,
phosphorus, and zinc.

The reduced availability of these nutrients in cereal crops can have several adverse
effects, including limiting the plants ability to produce ATP and adversely affecting the
levels of enzymes responsible for all biochemical processes. Consequently, this could lead
to reduced growth and yield [5].

The exogenous application of nicotinamide (100 uM) had a positive impact on root
and shoot length (Figure 2). These results are consistent with the findings of Vendruscolo
et al. [39], where the exogenous application of nicotinamide at doses of 100-300 mg L=}, re-
gardless of the application method (seed imbibition or foliar spraying), had a positive effect
on the growth and yield of upland rice plants. In addition, a study by de Lima et al. [62]
found that applying nicotinamide at concentrations ranging from 237.8 to 373.8 mg L !
promoted growth and yield in soybean.

The improvement in plant growth characteristics following the exogenous application
of this vitamin may result from increased energy reserves and nutrients, including carbohy-
drates [4,39,63,64], as reported by de Lima et al. [62], who reported that nicotinamide acts
as a biostimulant. It serves as the primary precursor of nicotinamide adenine dinucleotide
and its phosphate (NADH and NADPH), crucial coenzymes essential for ATP production
and involved in oxidation-reduction reactions [65]. Niacin is vital for maintaining cellular
metabolism, responsible for producing proteins, enzymes, carbohydrates, and lipids [66].
Furthermore, Hathout [67] demonstrated that soaking seeds in nicotinamide affected the
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growth of endogenous phytohormones, such as gibberellic acid and indoleacetic acid,
which play a pivotal role in regulating plant growth and development.

The use of vitamin PP in this study, through seed soaking, foliar spraying, and water-
ing, mitigated the deleterious effects of lead salts and improved root and shoot growth in
combinations grown with lead. These findings align with those of other authors, who used
vitamin PP to alleviate stress from factors other than lead, such as salt stress [4,65,68,69]
drought [20], or water stress [21,70].

In this study, it was demonstrated that the most effective stress-relieving impact
on morphological parameters was achieved through the application of vitamin PP via
foliar sprays. Vendruscolo et al. [39] found that both methods of nicotinamide application
(soaking and spraying) had similar effects on plant growth. However, in a drought stress
experiment conducted by Khurshid et al. [70], two methods of applying vitamin PP were
compared: spraying and fertigation. Different amounts of nicotinamide were used in
both methods, with spraying ranging from 0.737 to 2.215 g L~! and fertigation from
0.492 to 1.477 g L~1. Spraying proved more effective in alleviating drought stress on
growth parameters.

The action of lead results in the generation of ROS. Their toxic effect involves excessive
reactivity with various cellular components, such as proteins, sugars, lipids, and nucleic
acids. As a result, various antioxidant systems (both enzymatic and nonenzymatic) are
activated, leading to the production of substances indicating stress known as oxidative
stress markers. CAT and POX are important antioxidant enzymes that function within cells
to prevent the accumulation of excess ROS, specifically by detoxifying H,O, [71]. ROS
can induce lipid peroxidation in plants by oxidizing fatty acids present in cell membranes,
leading to structural and functional damage. The extent of lipid peroxidation in plants
can be evaluated through various methods, including the measurement of the volatile
dialdehyde MDA content [72]. An increase in MDA within plant cells is an important
indicator of oxidative stress [34,72,73]. In addition, Pro serves as a valuable indicator
of stress intensity and acts as a nonenzymatic antioxidant, effectively counteracting the
detrimental effects of ROS [71].

4.2. Biochemical Parameters

In this study, the biochemical response of barley var. Eunova was assessed by mea-
suring the activity of antioxidant enzymes (CAT, POX), as well as the levels of Pro and
MDA under abiotic stress conditions induced by the presence of 1 mM Pb(NO3), in the soil.
The study revealed significant induction of enzymes such as CAT and POX, along with
increased levels of Pro and MDA in plants growing in lead-contaminated soil compared to
control plants. Similar results were reported by Dey et al. [74] for POX and by Jiang [75]
for POX, Yang et al. [76] for CAT, POX, MDA, Alamri et al. [34] for CAT, MDA, Sedzik
et al. [35] for CAT, POX, Pro, MDA, Candido et al. [77] for CAT, MDA, Pirzadoh et al. [78]
for Pro, Navabpaur et al. [73] for CAT, MDA, Khan et al. [13] for CAT, POX, Pro, Ahmad
et al. [33] for Pro, Sedzik-Wdjcikowska et al. [36] for CAT, POX, Pro, MDA. However,
conflicting results were presented by Verma and Dubey [55], Dey et al. [74] for CAT, Sedzik
et al. [35] for CAT at the highest lead dose, and Li et al. [79] for CAT and POX. However,
conflicting results were presented by Verma and Dubey [55], Dey et al. [74] for CAT, Sedzik
et al. [35] for CAT at the highest lead dose, and Li et al. [79] for CAT and POX. The varied
responses of these enzymes under similar stress conditions reported by several authors
may stem from not entirely identical experimental conditions. An increase in the activity of
these enzymes indicates oxidative stress in cells. A significant decrease in CAT and POX
activity in plants, as reported by Dey et al. [74], suggests a weakening of the systems for
scavenging ROS generated in stressful situations. These authors propose that the decrease
in enzyme activity could result from enzyme inhibition, given that these proteins are highly
sensitive to a number of factors. The diverse responses in enzyme activity also depend on
factors such as the plant species, the specific stress factor applied, its concentration, and the
duration of exposure [80].
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An increase in MDA levels indicates damage to cell membranes. This damage can
result in reduced water absorption from the environment, decreased conductance, leading
to reduced turgor, and a limitation of transpiration [81]. According to Dey et al. [74], the
following membrane properties are altered when damaged: fluidity, permeability, rate, and
selectivity of nutrient transport. Research conducted by Ozturk and Demir [82] has shown
that Pro plays an important role in plant responses to heavy metals, probably related to its
antioxidant properties, metal-chelating function, and ability to protect enzymes such as
CAT and POX. Pro is also involved in stabilizing membranes, proteins, and DNA [83].

The application of vitamin PP through seed soaking, foliar spraying, and irrigation
in this study alleviated the deleterious effects of lead salts and improved the measured
biochemical parameters in combinations growing with lead (Tables 1 and 2). Exogenously
applied vitamin PP reduced the activity of antioxidant enzymes (CAT and POX) and the
levels of MDA and Pro in plants growing with lead. The most effective relief from lead
stress was observed with foliar spraying and irrigation using vitamin PP. Our findings
align with those of other authors, who used vitamin PP under stress conditions other than
lead, such as salt stress [63], drought stress [20], and water stress [21]. In the study by
El-Bassiouny et al. [63], the application of vitamin PP through seed imbibition and foliar
spray reduced the effects of salinity stress by decreasing the Pro content in plants exposed
to salinity stress, with the foliar spray having a greater effect on Pro. Meanwhile, in the
study by El-Bassiouny et al. [21], the exogenous application of nicotinamide, in addition to
mycorrhizal supplementation under water stress conditions, decreased the MDA content
while increasing the activity of CAT and POX. The decrease in the activity of antioxidant
enzymes (CAT and POX) and the content of MDA and Pro in lead-grown plants following
the introduction of exogenous vitamin PP may be attributed to vitamin PP reducing ROS
levels by enhancing both enzymatic and nonenzymatic antioxidant defense mechanisms,
as well as the production of osmotically active substances [22].

4.3. Physiological Parameters

Chloroplasts are cell organelles susceptible to the production of ROS.

In this study, the physiological response of barley var. Eunova was determined by
measuring the total chlorophyll and carotenoid content under abiotic stress conditions
induced by the presence of 1 mM Pb(NO3); in the soil. The results demonstrated a decrease
in pigment content in plants growing in lead-contaminated soil compared to control plants.
Similarly, other studies have shown that lead decreases pigment content compared to
controls [13,33,35,36,78,84]. The reduced chlorophyll content under the influence of lead
may be attributed to its inhibition of magnesium availability. Magnesium occupies a
central position in the chlorophyll molecule, and its presence is necessary for the proper
functioning of this compound and the process of photosynthesis [14].

Exogenously applied vitamin PP, used in this study through irrigation, alleviated
the harmful effects of lead salts and increased the pigment content in plants grown in the
presence of lead. Similar outcomes have been reported by other authors using vitamin PP in
response to stressors other than lead, such as salt stress [4,63,65,69] and drought stress [20].
The observed increase in chlorophyll content due to exogenously applied vitamin PP
could be attributed to the activation of enzymes involved in regulating photosynthetic
carbon reduction [85]. Vendruscolo and Seleguin [7] propose that this vitamin provides an
antioxidant defense to the photosystem cells responsible for converting light energy into
assimilates used in carboxylation processes, thereby influencing plant development and
providing effective protection against stressors.

5. Conclusions

The application of 1 mM Pb(NO3), resulted in a decrease in root and shoot length,
along with increased catalase and peroxidase activity, as well as the content of malondialde-
hyde, proline, and assimilatory pigments during developmental stages in which spring
barley var. Eunova was examined in a pot experiment. Exogenous vitamin PP had a signifi-
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cant and favorable effect on the morphological, biochemical, and physiological parameters
studied, thereby reducing the toxicity of lead salts. The effect of the applied dose of vitamin
PP depends on the form of application. The most effective reduction in lead stress was
achieved through foliar spraying and watering with vitamin PP. This research suggests
the potential use of vitamin PP to enhance plant resistance to lead stress. However, field
studies are necessary to ensure the practical relevance of vitamin PP application methods
in agriculture.
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