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Researching heavy metal stress in plants is of paramount importance due to the
increasing prevalence of heavy metal contamination in the environment, which
poses significant risks to both plant, animal, and human health. Limited data are
available on heavy metal stress-related gene responses to pollutants such as nickel
sulphate and lead acetate in forage peas (Pisum sativum ssp. arvense). This study
aimed to investigate how specific stress-related genes respond to stress factors such
as nickel sulphate and lead acetate in this plant species. In our study, we treated three
cultivars of Pisum sativum ssp. arvense with nickel sulfate (20 and 40 mg/L) and lead
acetate trinydrate (20 and 40 mg/L). We then measured the expression of heavy
metal stress-related genes (APX, CAT, MT, PCS) using gRT-PCR on three pea
cultivars (Kurtbey, Kirazl, and Pembe) in Rize, Turkiye. Down-regulations in high
heavy metal treatments and heavy metal gene-associated stress tolerance
expressions were detected. Additionally, high up-regulations in APX, CAT, MT and
PCS gene expressions were detected mostly at high nickel sulphate and lead acetate
trinydrate applied rates. The study presents up-to-date contributions to biochemical
and molecular data on the effects of nickel sulfate and lead acetate trihydrate toxicity
on pea plants. These insights may inform strategies to breed or produce more heavy
metal resistant crop varieties.

Pisum sativum ssp. arvense, forage pea, heavy metal stress, APX, CAT, MT, PCS

1 Introduction

Pisum sativum ssp. arvense, commonly known as forage pea, is a valuable legume
widely cultivated in temperate regions. Its agronomic significance stems from its
adaptability, rapid growth cycle, and contribution to soil fertility (Acikgoz, 2001;
Avcioglu et al,, 2009). Primarily utilized for fodder, grazing, and green manure, forage
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pea provides essential nutrients for livestock and enhances soil
structure through its efficient nitrogen fixation and rapid
decomposition (Acar and Ayan, 2012). The high crude protein
content of its herbage, reaching up to 20% in optimal conditions,
underscores its nutritional importance (Acikgoz, 2013). In
agricultural systems, forage pea is often integrated into crop
rotations, serving as a preceding crop that enriches the soil, and
in coastal areas, it is frequently intercropped with cereals, offering
short-term grazing pastures.

The increasing prevalence of heavy metal contamination in
agricultural soils poses a significant threat to both environmental
and human health (Sharma et al.,, 2023). Anthropogenic activities,
such as industrial emissions and improper waste disposal, have led
to the accumulation of heavy metals in the soil, which can be
absorbed by plants and subsequently enter the food chain (Jamil
et al, 2024). Understanding the mechanisms by which plants
tolerate or accumulate heavy metals is crucial for developing
sustainable agricultural practices. Plants respond to heavy metal
stress through various physiological and biochemical mechanisms,
including the production of reactive oxygen species (ROS), which
can induce oxidative stress and cellular damage (Soumya et al,
2022). Identifying molecular markers associated with heavy metal
tolerance is essential for breeding programs aimed at developing
resistant cultivars (Priya et al., 2023).

Despite the agronomic importance of Pisum sativum ssp. arvense
and the growing concern over heavy metal contamination, there is a
notable gap in the current research regarding the molecular responses
of this species to nickel and lead stress. Specifically, the expression
patterns of heavy metal stress-related genes, such as APX, CAT, MT,
and PCS, in forage pea under varying concentrations of these metals
remain largely unexplored. Furthermore, the potential of Pisum
sativum ssp. arvense for phytoremediation, due to its ability to
accumulate heavy metals, warrants further investigation. This study
aims to address these gaps by investigating the effects of nickel sulfate
and lead acetate trihydrate on the expression levels of APX, CAT,
MT, and PCS genes in Pisum sativum ssp. arvense using qRT-PCR.
The specific objectives of this research are to: (1) determine the
expression levels of APX, CAT, MT, and PCS genes in forage pea
under different concentrations of nickel sulfate and lead acetate
trihydrate; (2) evaluate the molecular mechanisms underlying
heavy metal tolerance in this species; and (3) provide insights into
the potential of Pisum sativum ssp. arvense for phytoremediation. By
elucidating the molecular responses of forage pea to heavy metal
stress, this study will contribute to the development of strategies for
enhancing heavy metal tolerance in plants, thereby promoting
sustainable agriculture in contaminated environments.

2 Materials and methods

2.1 Plant material and design in forage pea
(Pisum sativum ssp. arvense)

A pot experiment was conducted in a greenhouse located in
Pazar district, Rize province, Tiirkiye in 2024. Three pea cultivars,
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Kurtbey (Trakya Agricultural Research Institute), Pembe incisi
(Aegean Agricultural Research Institute), and Kirazli (Mutlu
Tohum, commercial company), were sown in pots containing
peat. Four weeks after sowing, plants were treated with two heavy
metals, nickel sulfate and lead acetate trihydrate, at concentrations
of 20 and 40 mg/L. Heavy metal applications were made without
mixing the soil by giving equal amounts of solution to each pot.
The research was conducted according to the split-plot
experimental design with three replications. Pots were placed
randomly within blocks to avoid positional bias in the
greenhouse. Treatments consisted of three cultivars (Kurtbey,
Pembe incisi, Kirazli) as main plots and heavy metal
applications (Control, Nickel sulfate [20 mg/L], Nickel sulfate
[40 mg/L], Lead acetate trihydrate [20 mg/L], Lead acetate
trihydrate [40 mg/L]) as subplots. Heavy metal doses of 20-40
mg/L, which are semi-lethal levels for pea seedlings, were used to
obtain similar results to the stress effects observed in aquatic
plants in previous studies (Yalcin and Leblebici, 2014). Prior to
harvest, morphological characteristics including plant height
(cm), stem diameter (mm), node number (nodes/plant),
internode length (mm), stipule width (mm), and stipule length
(mm) were measured. In the greenhouse, temperature was
controlled at 25 + 2°C, humidity at 60 + 5% and light was
controlled at 16/8 hours (light/dark). Before statistical analysis,
normality of the data was checked by Shapiro-Wilk test and
homogeneity of variances was checked by Levene’s test. After it
was determined that the data were normally distributed and the
variances were homogeneous, the data were analysed using
analysis of variance (ANOVA) in IBM SPSS (29.0.0) statistical
software. Means were separated by Tukey’s HSD test at
P<0.05 level.

2.2 Biological activity

2.2.1 RNA isolation in forage pea (Pisum sativum
ssp. arvense)

300 mg of plant tissue sample (1-15) forage pea (Pisum
sativum ssp. arvense) was cut and ground in a porcelain mortar
containing liquid nitrogen. 500 pL lysis buffer was added to the
ground tissue and homogenized. The tissue sample was
transferred to a 1.5 mL microcentrifuge tube, vortexed and
incubated at room temperature for 5 minutes. 100 puL of
chloroform was added to the lysate and incubated for 3 minutes
at room temperature. The tube was centrifuged at 12000 rpm for
15 min at 4°C. The upper phase was transferred to a new 1.5 mL
microcentrifuge tube, 250 pL isopropanol was added and mixed.
By placing the column in a collection tube, 700 pL of sample was
transferred to the column and centrifuged for 30 seconds at room
temperature. 400 pL of wash buffer I was added to the column and
centrifuged for 30 seconds at room temperature. Add 500 pL of
wash buffer II to the column. Centrifuged for 30 s at maximum
speed in a tabletop microcentrifuge at room temperature. 200 uL
wash buffer IT was added to the column again and centrifuged for 2
minutes. The column was transferred to a clean 1.5 mL
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microcentrifuge tube, 50puL of elution buffer was added and
incubated for 1 minute at room temperature. Plant RNA was
centrifuged for 30 s at RT and stocked at -20°C (Ecotech, Plant
Total RNA Kit). RNA isolation, cDNA synthesis and qRT-PCR
analyses of samples (1-15) were studied in single repeats.

2.2.2 cDNA synthesis in forage pea (Pisum
sativum ssp. arvense)

Conventional PCR (Thermo Scientific) was applied for 100
minutes at 42°C and 5 minutes at 85°C with the protocol containing
10 uL Total RNA (100ng), 4 uL ¢cDNA Synthesis Kit, and 6 UL
ddH,O content and amount. The synthesized cDNA products were
stored at -20°C for the qPCR reaction (Ecotech, 5x First Strand
cDNA Synthesis Kit).

c¢DNAs obtained from forage pea (Pisum sativum ssp. arvense)
samples were analysed with Ecotech SYBR Green qPCR Assays kit
protocol and Real Time PCR (Roche Lightcycler 96) device. Gene
sequences were determined through the NCBI database. Primers
required for RT-PCR were designed with the help of the NCBI
primer blast program (https://www.ncbi.nlm.nih.gov/tools/
primer-blast).

mRNA expression levels of heavy metal stress genes (APX,
CAT, MT, and PCS) were investigated by qRT-PCR method. [3-
Actin was used as a housekeeping control gene. Forward and
reverse sequences of the primers belonging to forage pea (Pisum
sativum ssp. arvense) genes are presented in Table 1.

2.2.3 gRT-PCR analysis of heavy metal stress
activities in forage pea (Pisum sativum ssp.
arvense)

In qPCR analysis, the Ct (cycle threshold) value is important
in determining the number of cycles that exceed the minimum
value (threshold value) required to detect the amount of
fluorescent signal. To determine gene expression, the 2°44¢"
value needs to be calculated. Calculations were carried out with
the following steps (Livak and Schmittgen, 2001). One-way
ANOVA analysis of heavy metal stress gene expressions (APX,
CAT, MT, and PCS) of forage pea (Pisum sativum ssp. arvense)
samples (1-15) compared to the control by qRT-PCR (Figures 1-
4) was calculated with the Prism 9 program. Additionally, the
samples were analysed for Homogeneity of variance among heavy
metal stress gene expressions (APX, CAT, MT and PCS) (Table 2
and Figure 5).

10.3389/fpls.2025.1549488

3 Results and discussion

3.1 Plant material and design in forage pea
(Pisum sativum ssp. arvense)

The morphological measurements of forage pea cultivars under
varying heavy metal treatments are presented in Table 3. Significant
differences were observed among cultivars and treatments for all
measured traits, including plant height, stem diameter, node
number, internode length, stipule width, and stipule length (P
<0.01).

Among the cultivars, Kurtbey consistently exhibited superior
performance across multiple morphological traits. Notably, Kurtbey
displayed the highest plant height (48.40 cm), stem diameter (1.41
mm), and internode length (31.55 mm). These results suggest that
Kurtbey possesses inherent genetic characteristics that confer
enhanced growth and development, even under stress conditions.
The superior performance of Kurtbey can be attributed to its genetic
makeup, which may include genes associated with efficient nutrient
uptake, robust cell division, and enhanced stress tolerance. These
genetic factors likely contribute to its ability to maintain growth and
structural integrity in the presence of heavy metals.

In contrast, Kirazh exhibited the lowest values for plant height
(38.86 cm) and internode length (26.34 mm), indicating a lower
tolerance to the applied treatments. Pembe incisi showed intermediate
performance, with values between Kurtbey and Kirazli for most traits.

The heavy metal treatments also significantly affected the
morphological traits. Lead acetate trihydrate, particularly at 20
mg/L, resulted in the most pronounced inhibitory effects, leading
to reduced plant height and internode length. However, some
treatments, such as nickel sulphate at 40 mg/L, increased certain
traits, highlighting the complex interactions between heavy metal
stress and plant growth.

The significant interaction between cultivar and treatment (P <
0.01) indicates that the response to heavy metal stress varied among
cultivars. This suggests that the genetic makeup of each cultivar
plays a crucial role in determining its tolerance and adaptation to
heavy metal stress. The superior performance of Kurtbey, even
under stress conditions, underscores the importance of genetic
factors in developing heavy metal-tolerant forage pea cultivars.

Table 4 presents the correlation coefficients and their
corresponding significance levels among various morphological
traits in forage pea. The results indicate a strong positive

TABLE 1 Forward and reverse sequences of the primers belonging to Pisum sativum genes.

Genes Forward sequences (5'-3’) Reverse sequences (5'-3') T™ (°C)
B-Actin CTTCGCGGGCGACGAT CACATAGGAATCCTTCTGACCCAT 59
APX TGGCACTCTGGGTACTTT GATTTGAGGGACCATGGACT 53
CAT CTATTGGAAGATTATCATCT AGAATTCTTGATTTCTTCTA 47
MT ACCATCCTCAGAAGCAGCAC TGCAAATGCAACAAGAGGTC 56
PCS TGCACCCATCTACTGCCGAT TCGCAACTTCAACACGCAGC 59
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FIGURE 1

gRT-PCR mRNA gene expression levels of the APX heavy metal stress gene in Pisum sativum ssp. arvesne samples (1-15), Control: non-stressed.

correlation between plant height and internode length (r = 0.5138,
p < 0.001), suggesting that taller plants tend to have longer
internodes. Similarly, plant height showed a moderate positive
correlation with stem diameter (r = 0.3303, p < 0.05) and stipule
length (r = 0.5090, p < 0.001). These findings suggest that plant
height is influenced by multiple morphological factors.
Interestingly, the number of nodes exhibited a negative
02183, p = 0.1497),
indicating that plants with more nodes tended to have shorter

correlation with internode length (r =
internodes. This inverse relationship might be attributed to the
plant’s allocation of resources between stem elongation and
nodal development.

Furthermore, the analysis revealed strong positive correlations
among stipule width, stipule length, and internode length. This
suggests that these traits are closely linked and may be influenced by
similar genetic or environmental factors.

Overall, the correlation analysis highlights the complex
relationships among various morphological traits in forage pea.
These findings provide valuable insights into the underlying genetic
and physiological mechanisms that govern plant growth and
development. Understanding these relationships can aid in the

development of more efficient breeding strategies for improving
forage pea yield and quality.

3.2 qRT-PCR analysis of heavy metal stress
activities in forage pea (Pisum sativum ssp.
arvense)

As heavy metal contamination continues to pose a significant
threat to both the environment and human health, advancing our
understanding of plant responses to heavy metal stress is essential
for developing effective strategies to mitigate these risks and
promote sustainable agricultural practices.

mRNA expression levels of heavy metal stress activities (APX,
CAT, MT, and PCS) in forage pea (Pisum sativum ssp. arvense)
samples were investigated by qRT-PCR method. B-Actin was used as
a housekeeping control gene. Nickel sulphate (20 mg/L and 40 mg/L)
and lead acetate trihydrate (20 mg/L and 40 mg/L) treated samples
were compared with an untreated plant sample as a negative control.

When APX mRNA expressions in heavy metal stress activity
were compared to the control (Kurtbey), in nickel sulphate (20 mg/L)
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FIGURE 2

gRT-PCR mRNA gene expression levels of the CAT heavy metal stress gene in Pisum sativum ssp. arvense samples (1-15), Control:
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FIGURE 3

gRT-PCR mRNA gene expression levels of the MT heavy metal stress gene in Pisum sativum ssp. arvense samples (1-15), Control: non-stressed.

and lead acetate trihydrate (40 mg/L) applications, expression was
suppressed, and tolerance was detected. However, in nickel sulphate
(40 mg/L) and lead acetate trihydrate (20 mg/L) applications, an
increase in expression (2- and 22-fold change, respectively) was
determined. According to APX mRNA expressions, heavy metal
amount and tolerance rate are inversely proportional in nickel
sulphate and lead acetate trihydrate applications. No increase in
gene expression was detected in high dose (40 mg/L) application of
lead acetate trihydrate.

When APX mRNA expressions were compared with the control
(Kirazlt), an increase in expression (0.3-, 3-,10- and 43-fold change,
respectively) was determined in nickel sulphate (20-40 mg/L) and
lead acetate trihydrate (20-40 mg/L) applications. Lead acetate
trihydrate has a higher heavy metal stress rate than nickel
sulphate. This stress rate is directly proportional to the amount of
heavy metal application.

When APX mRNA expressions were compared with the control
(Pembe Incisi), expression was suppressed, and tolerance was
detected in nickel sulphate (20-40 mg/L) and lead acetate
trihydrate (20 mg/L) applications. An increase in expression
(approximately 2-fold change) was detected only in lead acetate
trihydrate (40 mg/L) (Figure 1).

When CAT mRNA expressions in heavy metal stress activity
were compared to the control (Kurtbey), in nickel sulphate (20 mg/L)
and lead acetate trihydrate (40 mg/L) applications, expression was
suppressed, and tolerance was detected. However, in nickel sulphate
(40 mg/L) and lead acetate trihydrate (20 mg/L) applications, an
increase in expression (1.6- and 1.9-fold change, respectively) was
determined. According to CAT mRNA expressions, heavy metal
amount and tolerance rate are inversely proportional in nickel
sulphate and lead acetate trihydrate applications. No increase in
gene expression was detected in high dose (40 mg/L) application of
lead acetate trihydrate.

When CAT mRNA expressions were compared with the control
(Kirazl), an increase in expression (4-fold change) was determined
only in nickel sulphate (40 mg/L). CAT mRNA expressions were
suppressed and tolerated in other chemical applications.

When CAT mRNA expressions were compared with the control
(Pembe Incisi), an increase in expression (3.3-fold change) was
determined only in lead acetate trihydrate (40 mg/L). CAT mRNA
expressions were suppressed and tolerated in other chemical
applications (Figure 2).

When MT mRNA expressions in heavy metal stress activity were
compared to the control (Kurtbey), in nickel sulphate (20 mg/L) and
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FIGURE 4

gRT-PCR mRNA gene expression levels of the PCS heavy metal stress gene in Pisum sativum ssp. arvense samples (1-15), Control:
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TABLE 2 RNA amounts (ng/ul), 260/280 ratio (nm), Cycle Threshold (Ct) values of heavy metal stress-related qRT-PCR analyses of forage pea (Pisum
sativum ssp. arvense) samples.

samples (1-15) RNA amounts | 260/280 | 5 » 4 (cty | APX (CO) | CAT (Ct) | MT (Ct) | PCS (CO
(ng/ul) ratio (nm)
Control (Kurtbey) 400.41 2.12 30.48 38.83 42.64 31.25 32.84
Nickel sulphate (20 mg/L) 523.86 2.14 30.54 37.59 39.98 29.13 30.19
Nickel sulphate (40 mg/L) 1208.86 2.16 29.59 39.12 42.43 32.07 33.09
Lead Acetate Trihydrate (20 mg/L) 965.808 2.14 29.52 42.33 42.6 33.41 32.77
Lead Acetate Trihydrate (40 mg/L) 1107.76 2.19 29.48 34.8 41.25 29.06 29.12
Control (Kirazl) 1013.62 2.18 29.46 37.33 42.01 30.89 39.48
Nickel sulphate (20 mg/L) 244.76 2.09 29.53 37.78 41.99 32.08 31.64
Nickel sulphate (40 mg/L) 843.67 2.11 29.55 39.02 44.1 31.72 31.17
Lead Acetate Trihydrate (20 mg/L) 1063.40 2.14 29.48 40.67 40.88 30.23 35.05
Lead Acetate Trihydrate (40 mg/L) 303.69 2.11 28.95 42.26 41.36 31.29 31.65
Control (Pembe Incisi) 1085.23 217 27.89 37.19 41.46 30.74 31.3
Nickel sulphate (20 mg/L) 949.83 213 29.63 37.18 43.01 29.86 30.43
Nickel sulphate (40 mg/L) 380.809 2.08 29.69 35.87 40.72 29.59 29.57
Lead Acetate Trihydrate (20 mg/L) 368.26 2.10 29.81 36.34 4322 28.49 28.37
Lead Acetate Trihydrate (40 mg/L) 476.45 2.10 28.83 40.06 44.13 33.14 32.08

lead acetate trihydrate (40 mg/L) applications, expression was
suppressed, and tolerance was detected. However, in nickel
sulphate (40 mg/L) and lead acetate trihydrate (20 mg/L)
applications, an increase in expression (3.3- and 8.7-fold change,
respectively) was determined. According to MT mRNA expressions,
heavy metal amount and tolerance rate are inversely proportional in
nickel sulphate and lead acetate trihydrate applications. No increase
in gene expression was detected in high dose (40 mg/L) application of
lead acetate trihydrate.

(a) One-way ANOVA analysis
25+
*
L
20
£
:‘,‘D 159 p value: 0.0472
=
<
=
£ 10
54
0

Control APX CAT MT
Heavy stress genes

PCS

FIGURE 5

When MT mRNA expressions in heavy metal stress activity were
compared to the control (Kirazli), in lead acetate trihydrate (20 mg/L),
expression were suppressed and tolerated. However, in nickel
sulphate (20-40 mg/L) and lead acetate trihydrate (40 mg/L)
applications, an increase in expression (2.1-, 1.6- and 1.9-fold
change, respectively) was determined.

When MT mRNA expressions were compared with the control
(Pembe Incisi), an increase in expression (2.8-fold change) was
determined only in lead acetate trihydrate (40 mg/L). MT mRNA

(b)
Homogeneity of variance across
heavy metal stress gene expressions (APX, CAT, MT and PCS)
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(a) One-way ANOVA analysis of heavy metal stress gene expressions (APX, CAT, MT, and PCS) of Pisum sativum samples (1-15) compared to control
by gRT-PCR (Dunnett's multiple comparisons test: significant diff. among means, *p<0.05), Control: non-stressed; (b) Homogeneity of variance

across heavy metal stress gene expressions (APX, CAT, MT and PCS).
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TABLE 3 Morphological measurement results of forage pea.

SOURCES
OF VARIATION

Cultivar
Treatment

Variety * Treatment

Plant
height (cm)

Stem diame-
ter (mm)

4

*

Node number
(nodes/plant)

Internode
length (mm)

*k

10.3389/fpls.2025.1549488

Stipule
width (mm)

Stipule
length (mm)

*t

CULTIVAR Plant height Stem diame- = Node number Internode Stipule

(cm)** ter (mm)** (nodes/plant)* length (mm)**  width (mm)
Kirazli 38.86 b 127 ¢ 11.80 b 2634 ¢ 10.85 19.83 b
Kurtbey 48.40 a 141b 13.13a 31.55b 12.69 2418 a
Pembe incisi 44.80 a 1.64 2 1140 b 36.98 a 12.10 24.65a

TREATMENT

Plant height

Stem diame-

Node Number

Internode

Stipule

Stipule

(cm)* ter (mm) (nodes/plant) length (mm) width (mm) length (mm) *
Control 46.88 ab 1.60 11.88 3127 11.96 2249 ab
Lead Acetate Triydrate (20
39.66 b 137 12.00 30.18 11.36 2111 b
mg/L)
Lead Acetate Triydrate (401 ) ;) 1.40 1222 30.71 11.89 23.15 ab
mg/L)
Nickel Sulphate
4733 a 145 12.33 32.05 11.73 22.82 ab
(20 mg/L)
Nickel Sulphate
44.11 ab 1.39 12.11 33.91 1247 24.85a
(40 mg/L)
CULTIVAR Plant height Stem diame- = Node Number Internode Stipule Stipule
* TREATMENT (cm) ter (mm) (nodes/plant) length (mm) *  width (mm) length (mm)
Kirazli * Control 44.00 1.25 11.33 27.41 be 10.81 19.74
Kirazhi * Lead Acetate 3233 1.10 12.66 254 ¢ 10.16 17.00
Triydrate (20 mg/L) ’ ’ ’ ’ : ’
H *
Kirazli * Lead Acetate 38.00 132 11.00 26.01 be 11.07 21.84
Triydrate (40 mg/L)
Kirazhi * Nickel Sulphat
irazli * Nickel Sulphate 1, ¢ 141 12,66 30.87 abc 10.90 21.24
(20 mg/L)
Kirazli * Nickel Sulphate
36.33 127 11.33 24.88 be 11.33 19.32
(40 mg/L)
Kurtbey * Control 55.00 1.68 12.66 35,61 abc 12.76 22.66
Kurtbey * Lead Acetate
) 43.66 1.39 12.33 30.13 be 12.60 2235
Triydrate (20 mg/L)
Kurtbey * Lead Acetate
) 4733 1.42 14.33 28.13 be 12.21 24,61
Triydrate (40 mg/L)
e
Kurtbey * Nickel Sulphate g (¢ 1.38 12.66 31.41 abe 12.53 23.65
(20 mg/L)
K * Ni
urtbey * Nickel Sulphate 1.20 13.66 32.48 abc 1337 27.61
(40 mg/L)
Pembe * Control 41.66 1.86 11.66 30.79 abe 1231 25.07
Pembe * Lead Acetate
) 43.00 1.62 11.00 37.88 ab 11.33 23.97
Triydrate (20 mg/L)
Pembe * Lead Acetate
) 41.00 147 11.33 37.99 ab 12.39 22.99
Triydrate (40 mg/L)
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TABLE 3 Continued

10.3389/fpls.2025.1549488

CULTIVAR Plant height Stem diame- = Node Number Internode Stipule Stipule

* TREATMENT (cm) ter (mm) (nodes/plant) length (mm) *  width (mm) length (mm)
PEMBE * Nickel Sulphate

(20 mg/L) 48.66 1.56 11.66 33.87 abc 11.75 23.59

Pembe * Nickel Sulphate |, ¢ 1.70 11.33 44382 1271 27.63

(40 mg/L)

Mean 44,02 ‘ 145 12.11 ‘ 31.63 ‘ 11.89 ‘ 22.89

**P<0.01; *P<0.05; ns: not significant. Lowercase letters within columns indicate statistically significant differences between means based on Tukey’s HSD tests. Bold values represent the overall
means for each source of variation. The terms “Cultivar,” “Treatment,” and “Cultivar x Treatment” denote the main effects and interaction effect in the analysis of variance, respectively.

expressions were suppressed and tolerated in other chemical
applications. (Figure 3).

When PCS mRNA expressions in heavy metal stress activity
were compared to the control (Kurtbey), in nickel sulphate (20 mg/
L) and lead acetate trihydrate (40 mg/L) applications, expression
was suppressed, and tolerance was detected. However, in nickel
sulphate (40 mg/L) and lead acetate trihydrate (20 mg/L)
applications, an increase in expression (3.3- and 8.7-fold change,
respectively) was determined. According to PCS mRNA
expressions, heavy metal amount and tolerance rate are inversely
proportional in nickel sulphate and lead acetate trihydrate
applications. No increase in gene expression was detected in high
dose (40 mg/L) application of lead acetate trihydrate.

When PCS mRNA expressions in heavy metal stress activity were
compared with the control (Kirazli and Pembe Incisi), expression was
suppressed and tolerated in all chemical applications as nickel
sulphate (20-40 mg/L) and lead acetate trihydrate (20-40 mg/L).
PCS mRNA heavy metal stress treatments (Kirazli and Pembe Incisi)
showed similar results (Figure 4).

TABLE 4 Correlation and significance levels of examined traits in fodder pea.

Significant differences were observed in both morphological
measurements and molecular level analyses of forage pea varieties
under varying heavy metal treatments. Among the varieties,
Kurtbey consistently showed superior performance in multiple
morphological traits. It shows that Kurtbey has natural genetic
traits that provide enhanced growth and development even under
stress conditions. When APX, CAT, MT and PCS mRNA
expressions in heavy metal stress activity were compared with the
control (Kurtbey), expression was suppressed, and stress was
tolerated in nickel sulfate (20-40 mg/L) and lead acetate
trihydrate (40 mg/L) treatments. Heavy metal stress did not affect
morphological trait performance in Kurtbey. This may indicate the
effect of strong genetic factors.

In contrast, Kirazli exhibited the lowest values in morphological
traits and showed lower tolerance to heavy metal applications.
However, when heavy metal stress activity, especially PCS mRNA
expressions, were compared with the control (Kirazl), expression
was suppressed in nickel sulfate (20-40 mg/L) and lead acetate
trihydrate (20-40 mg/L) applications and stress was tolerated. The

Correlations Plant Stem Internode Stipule
Probability height diameter length width
1.0000 0.3303 0.2216 0.5138 0.3869 0.5090
Plant height
<.0001 0.0267* 0.1434 0.0003** 0.0087** 0.0004**
0.3303 1.0000 -0.0564 0.4951 0.2083 0.4375
Stem diameter
0.0267* <.0001 0.7126 0.0005** 0.1698 0.0027**
0.2216 -0.0564 1.0000 -0.2183 0.0194 0.0301
Node number
0.1434 0.7126 <.0001 0.1497 0.8993 0.8444
0.5138 0.4951 -0.2183 1.0000 0.4385 0.6257
Internode length
0.0003** 0.0005** 0.1497 <.0001 0.0026** <.0001**
0.3869 0.2083 0.0194 0.4385 1.0000 0.7304
Stipule width
0.0087** 0.1698 0.8993 0.0026** <.0001 <.0001**
0.5090 0.4375 0.0301 0.6257 0.7304 1.0000
Stipule length
0.0004** 0.0027** 0.8444 <.0001** <.0001** <.0001
**P<0.01, *P<0.05.
Bold values indicate statistically significant correlations (p < 0.05).
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effect of heavy metal stress on morphological trait performance in
Kirazli was high. This situation can be explained by the fact that
genetically strong tolerance to heavy metal stress caused weak
morphological traits in the plant. Pembe Incisi showed an
intermediate performance between Kurtbey and Kirazli in most
morphological traits. When heavy metal stress activity, APX, CAT,
MT and PCS mRNA expressions were compared with the control
(Pembe Incisi), expression was suppressed in applications other
than lead acetate trihydrate (40 mg/L) and stress was tolerated.
Pembe Pearl has more effective stress tolerance performance at the
gene expression level compared to Kurtbey and Kirazli. This
situation can be interpreted as the effect of medium-level
performance in morphological traits with high stress tolerance
performance at the gene level.

Research has shown that heavy metal exposure induces
oxidative stress in plants, leading to the generation of reactive
oxygen species (ROS). The expression of antioxidant genes such
as APX and CAT is significantly upregulated in response to heavy
metals like cadmium and lead. For instance, Malecka et al. reported
that lead stress in pea root cells resulted in increased ROS
generation, which subsequently activated the antioxidative
defence mechanisms, including the upregulation of APX and
CAT genes (Malecka et al, 2001). Similarly, El-Amier et al.
demonstrated that heavy metal stress enhances the activity of
superoxide dismutase (SOD), which is closely linked to the
expression of APX genes, indicating a coordinated response to
oxidative stress (El-Amier et al., 2019).

Rahman et al., 2017 study investigated the effect of silicon (Si)
on Cd toxicity in forage pea at biochemical and molecular levels. In
plants under Cd stress, GSH (phytochelatin precursor) and MT
(metallothionein) transcripts were expressed in roots. In addition,
CAT, POD, SOD and GR activity reduced Cd toxicity via silicon
(Rahman et al., 2017).

Metallothioneins (MTs) and phytochelatins (PCS) are critical
for heavy metal detoxification in plants. They bind to heavy metals,
facilitating their sequestration and reducing their toxicity. In a study
by Belimov et al, the cadmium-tolerant pea mutant SGECdt
exhibited increased expression of MT genes, which contributed to
enhanced cadmium accumulation and tolerance (Belimov et al,
2018). Furthermore, Tsyganov et al. highlighted the role of MTs in
the detoxification of heavy metals, suggesting that these proteins are
essential for maintaining cellular homeostasis under metal stress.
The PCS gene, responsible for phytochelatin synthesis, also plays a
pivotal role in heavy metal detoxification. Research indicates that
PCS expression is upregulated in response to cadmium exposure,
facilitating the synthesis of phytochelatins that bind cadmium ions
and mitigate their toxic effects (Tsyganov et al., 2020).

According to Eid et al, 2020; heavy metal bioaccumulation,
growth, and yield of Pisum sativum ssp. arvense (forage pea) grown
in agricultural soil amended with sewage sludge (SS). Heavy metals
such as Co, Cu, Mn, Ni, Zn, Cd, Cr, and Pb in soil samples increased
with SS application rates. All heavy metals except Cd in the shoot of
P. sativum increased significantly (Eid et al., 2020).
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Galal et al, 2021 study examined the heavy metals cadmium
(Cd), arsenic (As), chromium (Cr), copper (Cu), nickel (Ni), iron
(Fe), manganese (Mn), zinc (Zn), silver (Ag), cobalt (Co) and
vanadium (V) in Pisum sativum. It was shown that the
bioaccumulation factor exceeded by Pb, Cd, Fe and Mn poses
potential health risks in food crops or animal feeds that
accumulate heavy metals (Galal et al.,, 2021).

El-Okkiah et al., 2022 study investigated the Cd toxicity of
Pisum sativum plant. Cd accumulation in pea tissue reduced plant
growth, leaf area, and shoot and root dry weights. In addition, lower
chlorophyll levels were seen in plants due to the effect of Cd. In
addition, oxidative damage was detected according to hydrogen
peroxide (H,0,) and malondialdehyde (MDA) levels (El-Okkiah
et al,, 2022).

Gorski and Plaza, 2023, determined the effect of a mixture of
forage pea (Pisum sativum) and spring triticale (Triticosecale
Wittm.) on the content of heavy metals (Cu, Zn, Cd, Pb, Cr and
Ni). According to the data, the content of cadmium and lead in the
mixture of forage pea and spring triticale was below the detection
threshold (Gorski and Ptaza, 2023).

Wysokinski et al., 2023, examined the changes in the content,
uptake rate, accumulation and transport of heavy metals in the
development of pea plants. The content of heavy metals in the plant,
bioaccumulation factors (BAFs) and translocation factors (TFs)
were determined. According to BAF, excessive accumulation of
lead and zinc in pea plants indicated the potential for moderate
accumulation of other heavy metals. It was explained that peas
should not be used as human food and animal feed due to excessive
lead concentration (Wysokinski et al., 2023).

According to Saleem et al., 2024; The effect of Cadmium citrate
on Zn-Lys application in Pisum sativum plant was investigated. Cd
toxicity decreased plant growth, chlorophyll content,
osmoprotectants and anthocyanin content, while an increase in
MDA, H,O, initiation, enzymatic antioxidant activities and
phenolic, flavonoid, proline was observed. After Zn-Lys application
in the plant, plant growth, biomass, photosynthetic qualities,
osmoprotectants and anthocyanin content increased, while a
further increase in enzymatic antioxidant activity, total phenolic,
flavonoid and proline contents were detected. However, a decrease in
MDA and H,0, levels was determined (Saleem et al., 2024).

Naveed et al, in their 2024 study, indicated that sewage water is
widely used for irrigation to increase agricultural productivity and
evaluated the effects of this water on heavy metals, compounds in soil
and pea plants. Pea plants were irrigated with tap water (TW), sewage
water (SW) and tap + sewage water (TW + SW). Biochar and
polyacrylamide (PAM) were mixed into the soil. Cd and Cr
concentration in biochar, PAM, SW and TW + SW applied soil
decreased. Irrigation with TW + SW, application of PAM and biochar
remediated the contaminated soil and proposed an effective strategy
for plant growth and yield in Pisum sativum (Naveed et al., 2024).

In our study, in the application of 40 mg/L nickel sulphate, APX
(0.6-fold change, 60%, Pembe Incisi), CAT (0.8-fold change, 80%,
Pembe), MT (0.9-fold change, 90%, Pembe Incisi), PCS (0.9-fold
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change, 90%, Kirazli and Pembe Incisi) mRNA expressions were
down-regulated and heavy metal stress was tolerated. In addition, at
40 mg/L of Lead Acetate Trihydrate application, APX (0.9-fold
change, 90%, Kurtbey), CAT (0.2-fold change, 20%, Kurtbey and
0.1-fold change, 10%, Kirazli), MT (0.6-fold change, 60%, Kirazli),
PCS (0.8-fold change, 80%, Kurtbey, 0.9-fold change, 90%, Kirazli
and 0.1-fold change, 10%, Pembe) mRNA expressions were down-
regulated and heavy metal stress was tolerated.

In 20 mg/L nickel sulphate and 40 mg/L Lead Acetate
Trihydrate applications, APX, CAT, MT, and PCS gene
expressions were down-regulated in Kurtbey and heavy metal
stress was tolerated. Moreover, APX, CAT, MT, and PCS gene
expressions were down-regulated in Pembe in 20-40 mg/L nickel
sulphate and 20 mg/L Lead Acetate Trihydrate applications and
heavy metal stress was tolerated.

Remarkably, the one-way ANOV A analysis (Dunnett’s multiple
comparisons test: diff. among means) of the heavy metal stress gene
expressions (APX, CAT, MT, and PCS) of Pisum sativum samples
(1-15) compared to the control was found to be significant (APX, p
value: 0.0472). One-way ANOVA analysis of Pisum sativum
samples was evaluated by comparing cultivars (Kurtbey, Kirazh
and Pembe Incisi) with heavy metal stress-related gene expressions
and control. According to Dunnett’s multiple comparisons test, the
difference between the means (p>0.05) is not significant.

There may be several main reasons for the different stress
responses of various cultivars of Pisum species exposed to the
same heavy metal stress genes. Among the cultivars, Kurtbey
consistently showed superior performance in multiple
morphological traits. Heavy metal stress did not affect the
morphological trait performance in Kurtbey. Kurtbey has more
resistant genetic traits in the capacity to cope with stress. It may
have developed effective adaptation strategies against
environmental conditions and stresses. It has an efficient
antioxidant defence system in neutralizing free radicals and
preventing cell damage. Kirazli showed the lowest values in
morphological traits and showed lower tolerance to heavy metal
applications except for the PCS gene. Kirazli may not have resistant
genetic traits, a strong antioxidant defence system in neutralizing
free radicals and preventing cell damage. It may also be inadequate
in developing effective adaptation against environmental conditions
and stresses. In addition, its physiological traits (water intake,
nutrient transport, toxic substance excretion) may have affected
heavy metal accumulation, toxic effects and stress responses. Pembe
Incisi has a medium level of performance in morphological
characteristics, while it has a high stress tolerance performance in
heavy metal stress gene activity level. These results add awareness to
the protection, production, cultivation of plant cultures or the
potential to obtain the targeted yield.

4 Conclusion

This study aimed to assess the impact of nickel sulfate and lead
acetate trihydrate on the morphological characteristics of three
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forage pea cultivars (Kurtbey, Pembe incisi, and Kirazli) in a
greenhouse experiment conducted in Pazar district, Rize, Tiirkiye,
in 2024. Plants were exposed to different concentrations of heavy
metals (0, 20, and 40 mg/L) for four weeks after sowing.
Morphological parameters, including plant height, stem diameter,
node number, internode length, stipule width, and stipule length,
were measured and analyzed using ANOVA and Tukey’s HSD test.

The study of heavy metal genes such as APX, CAT, MT, and
PCS in forage pea (Pisum sativum ssp. arvense) has garnered
significant attention due to the plant’s sensitivity to heavy metal
stress and its potential for phytoremediation. These genes play
crucial roles in the plant’s antioxidant defence mechanisms and
metal detoxification processes, which are vital for survival in
contaminated environments.

By applying nickel sulphate and lead acetate trihydrate
compounds to forage pea (Pisum sativum ssp. arvense) species,
APX, CAT, MT and PCS heavy metal stress activities were analysed
by qPCR method.

Due to the stress factor, nickel sulphate (20 mg/L) application is
associated with a decrease in APX, CAT and PCS mRNA
expressions and nickel sulphate (40 mg/L) application is associated
with an increase in APX, CAT, MT and PCS mRNA expressions.
Due to the stress factor, lead acetate trihydrate (20 mg/L) application
is associated with a decrease in APX (only Pembe), CAT (Kirazli and
Pembe), MT (Kirazli and Pembe Incisi) and PCS mRNA expressions
and lead acetate trihydrate (40 mg/L) application is associated with
an increase in APX (Kirazli and Pembe Incisi), CAT (Kirazli and
Pembe Incisi), MT (Kirazli and Pembe incisi) and PCS
mRNA expressions.

According to the results of one-way ANOVA analysis
(Dunnett’s multiple comparisons test: diff. among means),
significance was determined in APX gene expressions due to
heavy metal stress in Pisum sativum ssp. arvense samples
compared to the control by qRT-PCR. Health risks associated
with heavy metal accumulation in plants are a critical area of
research. Heavy metals can enter the food chain through
contaminated crops and pose significant health risks to humans
and animals. Therefore, our study investigating heavy metal stress
in plants will not only help develop remediation strategies but also
inform food safety regulations and guidelines to protect
public health.
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