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Abstract

Flax (Linum usitatissimum L.) is a crop plant that has long been used for various purposes,
including production of fiber, oil, and food. In addition, it has more recently been studied
for its phytoremediation potential to remove and detoxify environmental contaminants. Copper
is a heavy metal that can be toxic to plants. In recent years, flax has begun to be used
as a phytoremediation tool for phytoextraction of different heavy metals, especially when grown
in metal-contaminated soils. The objective of the study was to conduct the efficiency of flax
as a phytoremediation plant grown on the soil contaminated with different doses of copper (Cu)
(control, 100 and 200 mg Ii') metal. The results revealed that a high concentrations of Cu in the
soil negatively affected plant growth and development by reducing plant height (30.17-22.33
cm), technical stem length (25.83-18.33 c¢cm) and root length (7.50-4.00 ¢m) compared with
the control (30.17-25.17 cm). The content of Cu in the leaves, stems and roots of flax cultivars
was higher at 200 mg L' Cu concentration in the Mures and Erkendorfi cultivars. In addition,
the two Cu concentrations (100 and 200 mg ') were highly destructive to the plant, according
to the SEM images, and the maximum stem damage was reported. Thus, the soil Cu content
should be carefully controlled in order to avoid adverse effects on plant growth and develop-
ment. Consequently, future research is needed for gaining better understanding of the physiol-
ogy, biochemistry, anatomy, and molecular biology of flax in order to increase its pollutant
removal efficiency.
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INTRODUCTION

Plants are frequently exposed to environmental stresses, which include
both abiotic and biotic factors. These stresses typically reduce crops produc-
tion and yields by 50-70% (Atkinson, Urwin 2012, Ghori et al. 2019). Ultra-
violet radiations of different wavelengths, as well as salinity, drought,
air and soil-borne pollutants, and exposure to various pathogens, represent
some of the frequent stress factors for plants (Dutta et al. 2018). Plants use
the trace elements they need for their basic metabolic activities. However,
the supply of these metals in high amounts is dangerous and toxic. When
heavy metal stress occurs, it causes many negative effects on seed germina-
tion, plant development and growth, physiological processes, and finally the
yield of plants (Ali et al. 2015, Zainab et al. 2020). Heavy metals are known
as the most dangerous pollutants in ecotoxicology due to their high toxicity
and their significant release into the environment because of natural and
anthropogenic processes.

In this context, many agricultural soils have been mildly to moderately
contaminated with metals, such as (Cu), iron (Fe), cadmium (Cd), manganese
(Mn), nickel (Ni), zinc (Zn), mercury (Hg), cobalt (Co), arsenic (As) due to
anthropogenic activities, industrial waste and sewage disposal (Yadav 2010,
Di Ferdinando et al. 2014). Heavy metals are significant environmental
pollutants, and their toxicity is of great concern for economic, environmental,
nutritional and evolutionary reasons. However, Cu is also a significant
micronutrient needed by living organisms (Rehman et al. 2019, Saleem et al.
2020a). Copper has an important role in many biochemical and physiological
processes, such as photosynthesis, mineral nutrition, chlorophyll biosynthe-
sis, and in the formation of carbohydrates, proteins, lipids, and nucleic acids
(Adrees et al. 2015, Ahmed, Slima 2018). The Cu concentration in higher
plants is considered to range from 2-30 mg kg!; on the other hand, above
this range, the metal is toxic to plants (Keller et al. 2015, Rizwan et al. 2016,
Kogak et al. 2022). Toxic heavy metals released to agricultural lands because
of anthropogenic activities, which include mining, discharge of wastewater,
and application of pesticides, are the main cause of global heavy metal pollu-
tion (Saleem et al. 2020a). Additionally, metal pollution has been recognized
as a serious threat to the environment and food security due to increased
globalization, industrialization, and the operation of coal-fired power plants
(Rafaj et al. 2018, Hopewell 2019, Saleem et al. 202056). Generally, cultiva-
tion of agricultural products in areas contaminated with heavy metals due
to various industrial activities can illuminate how heavy metals are taken
up by plants and in which parts they accumulate. In addition, it is necessary
to pay attention to the ability of crops to absorb and accumulate heavy
metals, and to prefer more resistant cultivars in agricultural production
(Angelova et al. 2004, Souri et al. 2019). Herewith, it has been reported
that the uptake of heavy metals by plants depends on soil and plant factors,
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and the plant genotype is considered to be the most important among these
factors (Li et al. 1997, Hocking, McLaughlin 2000). Generally, plants are
sensitive to high Cu levels, and manifest toxic effects at above-optimal levels.
Many plant species, including flax, have been reported to be used for phy-
toremediation of different heavy metals, such as Cu, Zn, or Hg (Saleem
et al. 2020c¢).

Flax (L. usitatissimum L.) is an annual, herbaceous, and self-pollinating
plant with 22 genera and 300 species, which belongs to the Linaceace family.
Flax is known as an important industrial plant all over the world. It is also
a diploid plant with (2r=30) chromosomes, and is distributed in temperate
regions (Moghaddam et al. 2018). The above plant is widely cultivated for oil,
fiber, and food purposes. Linum usitatissimum, an alternative oil plant con-
taining 35-65% oil in its structure, is used in different industrial branches.
In addition to being rich in fatty compounds, such as a-linolenic acid, linoleic
acid, oleic acid, palmitic acid and stearic acid, flax contains high levels
of lignans, protein, and fiber (Wang et al. 2017, Zhang et al. 2018). The morpho-
physiological and oxidative defense responses of flax plants against different
Cu levels have been investigated (Hosman et al. 2017). In this context, a pot
experiment has been conducted, aimed to determine the phytoremediation
potential of flax varieties irrigated with Cu solutions at different doses,
in order to determine the morphological characteristics of the crop and the
copper accumulation rate. Although these features are not expressed much
in the flax plant, one of the objectives of this study has been to assess
the phytoremediation potential of the plant at different Cu application
doses, and to determine the Cu accumulation in the stems, roots and leaves
of flax.

MATERIAL AND METHODS

Plant material and details of the experiment

For obtaining the plant material, the flax cultivars Dakota, Omega,
Mures and Erkendorfi were grown in the experiment. The study was carried
out in a greenhouses of the Agricultural Research and Application Centre
at 2023 (Igdir University, Turkiye), using a factorial experimental design
(Figure 1). Before sowing, the seeds were first surface-sterilized using 1%
(v/v) hypochlorite for 2-4 min, and then rinsed with distilled water to remove
the residues of the disinfectant. Following sterilization, the seeds were dried
with tissue paper at room temperature. Afterwards, the seeds were sown
in 2 L-plastic pots containing peat and grown in a greenhouses with
a 14/10 h photoperiod, 26-30°C/day and 16-20°C/night; relative humidity:
60% (Kosem et al. 2022). Additionally, the soil had the following properties:
pH 5.5-6.00, 13 ppm Cu, 2195 ppm Fe, 32 ppm Zn, 38 ppm Mn; basic macro-
elements: % 0.215 P, % 1.186 total N, 1800 ppm K, 1620 ppm Mg, 2800 ppm
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Fig. 1. Morphological characteristics of flax cultivars

Ca, 200 ppm Na. The study was based on three replicates and each replicate
corresponded to twenty plants. Three Cu concentrations were tested: 0, 100
and 200 mg L1. Once the plants reached 5-10 cm height, they were subjected
to Cu stress. The plants were irrigated with an amount of 200 ml solutions/
distilled water every 4 days.

Agro-morphological traits

Plants were harvested 45 days after irrigation with copper. For morpho-
logical traits, plant height (cm), technical stem length (cm), technical stem
weight, root length (cm), root weight, and leaf fresh weight were recorded
(Figure 1).

Quantification of copper using Atomic Absorption
Spectrophotometry (AAS)

For an Atomic Absorption Spectrophotometry assay, 10 seedlings were
collected from each pot, and the seedlings were separated into leaves, stems
and roots. The leaf, root and stem parts of flax were prepared for analysis
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of elemental levels after drying. Dry samples of 9-15 flax plants (leaf, root
and stem) from each treatment (control, 100 and 200 mg L' Cu) were
washed to remove residual perlite and vermiculite particles. Subsequently,
approximately 1-1.5 g dried samples were placed in Teflon cells of a Mile-
stone brand Ethos One model microwave; 6 mL nitric acid (HNO,) and 2 mL
hydrogen peroxide (H,0,) were added to each solid sample, which were kept
afterwards in the fume hood for 10 min to completely remove the gas outlet
inside. Subsequently, the Teflon cells were closed and microwaved
for 40 min at 1800 watts at 250°C. After the Teflon apparatus was cooled,
the total volume was replenished by adding distilled water to 25 ml.
The amount of copper (Cu) heavy metal in the plant samples was determined
in mg kg (Peronico, Raposo 2016). The analysis was performed on a Agilent
brand 240FS model Atomic Absorption Spectrophotometer — AAS (Agilent
Technologies®, Santa Clara, CA, USA).

Microstructure analysis of flax using a Scanning Electron
Microscope (SEM)

To observe the morphology of the stem and leaf samples, a Field Emis-
sion Scanning Electron Microscope (ZEISS Sigma 300) with an accelerating
voltage of 10 kV (Yavuzer, Akinay 2021) was used. This part of the expe-
riment was carried out at the Van Yizunci Yil University Science Applica-
tion and Research Center (Van, Turkiye). Before the analysis with FE-SEM,
since herbal products are not electrically conductive, the surface of the sam-
ples was coated with a Qurom gold-plating device to provide electron scatter-
ing from the surface. A secondary electron (SE) detector was used to view
the morphological information from the samples.

Experimental design and statistical analysis

Three replications were used for each treatment, and each replicate
included ten plants. Data were expressed as means. The means were com-
pared with a one-way variance analysis followed by the Duncan’s multiple
post-hoc tests. The differences between individual means were considered
as significant at p<0.05 (SPSS). In addition, heat map clustering (ClustVis
online) and principal component analysis (JAMOVI) were carried out to re-
duce the dimension and to associate variables.

RESULTS

Effects of copper on morphological properties and biomass
and correlation analysis of some flax cultivars

The results indicated that the morphological traits and biomass were
significantly different in Cu-contaminated peat flax compared to the control
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(Table 1). Plants suffering from Cu stress achieved shorter plant height and
lower biomass in comparison to the control (p<0.05). As regards the Cu con-
centrations, the high concentration caused more damage to the parameters
considered for analysis (Figure 2). It was also determined that there was an
increase in the Dakota and Omega cultivars (root weight, leaf fresh weight),
but a decrease (p<0.05) in the Mures and Erkendorfi cultivars (Table 1).
Furthermore, a decrease in root length (7.50-6.50, 5.66 and 6.33 c¢cm) was
observed in the respective flax cultivars (Dakota, Omega, Mures and Erken-

Dakota/100 mg L" Dakota/200 mg L

Omega/100 mgL" Omega/200 mg L’
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Mures/control Mures/100 mg L Mures/200 mg L

Erkendorfi/control Erkendorfi/100 mg L Erkendorfif200 mg L

Fig. 2. Measurement and drying of morphological characteristics of flax varieties

dorfi) at both Cu concentrations (100 mg L, 200 mg L) compared to the
control.

However, it was determined that the root weight ratios of the same
cultivars increased in Cu treatments (100 mg L%, 200 mg L*) — Table 1. Flax
is a multi-purpose crop, i.e. grown for oil and fiber, and therefore the plant
height is an especially important morphological feature. In this context,
it was determined that the plant height decreased gradually at 100 and
200 mg L' doses of Cu relative to the control values of the same cultivars
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(Table 1). Additionally, among the cultivars, the cv. Mures obtained a signi-
ficant difference (control 30.17 cm). However, it was determined that
the maximum plant height was achieved at the level of 200 mg L' Cu
(22.33 cm). Similarly, the technical stem length, which is an important
feature, especially in fibrous varieties, was 25.83 cm for the control Mures
and 18.33 cm in the 200 mg L' Cu treatment. The correlation analysis
revealed that the plant height was positively correlated with the technical
stem length (r=0.690; p<0.05). The technical stem length was positively cor-
related with the leaf fresh weight (r=0.630; p<0.05). In addition, positive
correlation coefficients were determined for the technical stem weight with
plant height (r=0,380) and root weight; as for the positive correlation
with the root (r=0.420), the coefficients were not significant (Figure 3).

Leaf Fresh Weight-

Shoot Weight-

sample sizes:
n=36
correlation:
Pearson

m

05

Shoot Length (cm)-

Technical Stem Weight- .
-0.5

T

Technical Stem Length (cm)-

Plant Height (cm)-

X = non-significant at p<0.05 (Adjustment: MNone)

Fig. 3. Correlation analysis of the morphological measurements corresponding
to the treatments

Relationships between the copper content
and various growth parameters (leaf, stem, and root) of flax

The content of copper in leaves, roots and stems of the flax cultivars was
collectively presented in Figure 4. Unsurprisingly, the higher content
was observed at 200 mg L' Cu concentration. Concerning the Cu-content
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in some organs (leaf, root and stem) of flax
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of the leaf, 15%, 18.5%, and 19% concentrations were recorded under control,
100 mg L' and 200 mg L, respectively, in the Mures cultivar. The respec-
tive results for the Erkendorfi cultivars were 14.5%, 17.5%, and 19%. When
the roots of the plant were examined, it was seen that the copper accumula-
tion in all cultivars was the highest at the highest rate of Cu pollution,
1.e. 200 mg L%, In addition, cv. Erkendorfi (52.61%) achieved the highest val-
ue among the cultivars; interestingly, it was found to be almost the same in
the control and 100 mg L* treatment. While copper accumulation in the root
structure of the in Dakota and Omega cultivars of the test plant
was 38.10% and 41.06%, respectively, at the control Cu dose, it achieved
33.87% and 32.13%, respectively, in the 100 mg L' treatment. In the present
study, it was observed that the copper (Cu) doses applied to the tested flax
cultivars increased only at 100 mg L! in the stem part of the plant. In addi-
tion, it was determined that there the accumulation was very low as com-
pared to 100 mg L' (Figure 4). The results showed a close link between
copper (Cu) accumulation and different growth characteristics of flax.

Heatmap clustering and Principal Component Analysis (PCA)
of flax cultivar’s growth and biomass production traits

To visualize, correlate and clarify the morphological traits considered for
analysis, a heatmap (Figure 5) and PCA (Figure 6) were performed. In this
context, the heatmap clustering revealed two major clusters. The first cluster
was comprised of the leaf fresh weight and technical stem weight. And the
second major cluster was composed of the plant height, technical stem

control Erkendorfi

200 mg L" Dakota ! 1'5
100 mg L" Dakota 05
100 mg L" Omega 0
100 mg L" Erkendorfi 0.5

1100 mg L Mures il 5
200 mg L Mures ’
200 mg L Erkendorfi

control Dakota
200 mg L' Omega
control Omega

control Mures

plant technical root root technical  leaf fresh

height stem length weight ~ stemlength  weight
(cm) weight (cm) (cm)

Fig. 5. Heatmap clustering of morphological features after treatments
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Fig. 6. Principal component analysis (PCA) of morphological attributes corresponding
to the treatments

length, root length, and root weight of the flax (Figure 5). Furthermore,
to explain the percentage of variation, PCA was performed in order to iden-
tify the type of correlation and the level of differentiation between the culti-
vars and related parameters (Figure 6). Therefore, based on the correlations,
heatmap-like scattering was also observed for PCA. For instance, such attri-
butes as the plant height, technical stem length and root weight were sepa-
rated from the other morphological parameters. Accordingly, two components
with Eigen values over 1 were observed. These two components (F, 45.2%
and F, 29.1%) explained the total variation of 74.3%. Such a high explana-
tion ratio might be significant for the discrimination of cultivars.

Heatmap clustering of flax cultivars based on AAS and PCA results

The quantitative analysis of the attributes of the flax was supplemented
by AAS of the attributes corresponding to the treatments of the flax culti-
vars. Four flax cultivars and three levels of Cu, control, 100 and 200 mg L,
were analyzed. The AAS analysis revealed the level of copper uptake
and various growth parameters (leaf, root and stem) of flax (Figure 4).
During the Cu percentage of the growth parameters (leaf, root and stem) was
examined at the 100 mg L' level compared to the control, 100 mg L.'! Mures
(18.5-33.09-12.5 mg L) were founded to be increased respectively, among
the cultivars. In addition, cv. Erkendorfi (19-52.61 mg L!) was determined
in Cu percentage at the 200 mg L' level of growth parameters (leaf, root)
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respectively (Figure 4). Compared to the control results, it was determined
that there was Cu accumulated more in the leaf and stem than in the root
of the flax. According to the heatmap clustering, both the cultivars and the
examined results of the AAS analysis revealed that the level of copper
uptake and various growth parameters (leaf, root and stem) of flax divided
into two major clusters. Regarding the growth parameters, the leaf and the
root of flax formed one cluster, whereas the stem fell into the other main
cluster (Figure 7). Furthermore, the PCA was performed (Figure 8), where
2 components (principal factors) with eigenvalues above 1> were identified.
The two of them (F, 77% and F, 17.4%) explained 94.4% of the total varia-
tion.

Microstructure analysis of stem and leaf using SEM

The surface morphology of the stems and leaves of the untreated flax
was visualized under a SEM (Figures 9-10). In addition, a method demon-
strated by Mir et al. (2021) was used to perform SEM imaging of leaf stoma-
ta and stems (Figure 9). It was determined that the structures of numerous
stomata on the flax leaves surface were different in response to the applied
Cu. Copper contamination considerably reduced the stomatal aperture as

|

200 mg L' Mures

| 200 mg L Erkendorfi

200 mg L Dakota

1
200 mg L' Omega !

0.5
100 mg L" Mures

0
100 mg L' Omega

-0.5

100 mg L" Erkendorfi i

control Omega

control Dakota

control Erkendorfi

control Mures

100 mg L Dakota

stem leaf root

Fig. 7. Heatmap clustering of Atomic Absorption Spectrophotometer (AAS) attributes
corresponding to the treatments
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compared to the control plants. The copper concentrations (100 and 200 mg L)
and doses (200 mg L) were found to be more destructive to the plant
in terms of reduced stomatal size. In addition to these results, the Cu con-
centrations were found to have resulted in a higher dose (200 mg L!) in the
leaf (Figure 4). As evident from Figure 10, the surface of the untreated
flax stems had rough surface with multiple grooves. It was observed that
the structure of the surface of many flax stems were different depending
on the Cu applied. In addition, copper contamination greatly reduced the
binding structures between the flax stem (fibers) as compared to the control
plants. The various Cu concentration doses proved severely destructive to the
plant structure, and the maximum stem destruction was reported.

DISCUSSION

Soils contaminated with heavy metals are detrimental to plant growth
and development, causing various phytotoxicities at very low doses, although
some heavy metals, such as Cu, are also reported to be essential for the nor-
mal plant growth and development (Li et al. 2008, Briffa et al. 2020, Saleem
et al. 2020a, Saxena et al. 2020). In addition, soil pollution with heavy
metals continues to be a serious threat to humans and animals due to the
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contamination of food by heavy metals (Zwolak et al. 2019). High heavy
metal concentrations in soil reduce yields of crops (Khan et al. 2015, Osman
et al. 2017). In this context, the use of plant species tolerant to toxic heavy
metals can be an effective way of purifying contaminated agricultural soils
(Sarwar et al. 2017). Flax (L. usitatissimum L.) can be grown in heavy metal
contaminated agricultural areas because it has an economic value as well
as a phytoremediation potential, being able to accumulate high metal content
(Cleophas et al. 2022). In addition, although copper (Cu) is a potentially
toxic heavy metal, it is also essential for plant growth and development.
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However, serious problems arise due to excess copper amounts. Additionally,
heavy metal toxicity varies across plant species, specific metal, its chemical
form and concentration as well as the soil composition and pH (Yruela 2005,
Ayangbenro and Babalola 2017, Kumar et al. 2021).

After the contamination of soil with copper (0, 100 and 200 mg L%)
in our experiment, were significant effects on the plant were observed. Addi-
tionally, morphological measurements showed that flax cultivars can tolerate
up to 100 mg L! Cu compared to the control. At the same time, an increase
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in the root weight, fresh leaf weight of the Dakota and Omega cultivars, with
oily properties, and a decrease in the Mures and Erkendorfi cultivars, with
fibrous properties, were observed in this study. Moreover, the stem part of
the fibers is longer in the latter group of cultivars than in the oily cultivars.
Previous studies reported significant reductions in the biomass of copper-
-treated plants of Brassica napus (Zehra et al. 2023). Increasing copper con-
centration has been reported to reduce both the stem and root growth
in Arabidopsis thaliana (Kolbert et al. 2012), in addition to supporting our
current findings (Liu et al. 2015). A significantly increased Cu and Si content
in roots and stems has also been reported due to increasing copper concen-
trations (100 and 200 mg L) compared to control plants (El-Beltagi et al.
2020). Additionally, it was determined that following Cu application the
plant height of the cultivars decreased gradually at 100 and 200 mg L' doses
compared to the control. El-Beltagi et al. (2020) reported reductions in plant
height occurring gradually at 100 mg L! (67.1 cm) and 200 mg L! (63.8 cm)
compared to the control (76.5 c¢cm). In addition, the technical body length
gradually decreased at 100 mg L* (53.1 cm) and at 200 mg L* (50.4 ¢cm) com-
pared to the control (62.2 cm) The results obtained in soil contaminated with
different levels of Cu were T1; 0, 9.8 cm; T2; 1, 12.1 cm; T3; 2, 14.9 cm;
T4; 4, 18.4 cm, and were lower compared to the control — 25 cm (T: treatment)
— Saleem et al. (2020b6). In light of the data obtained, the accumulation
of copper in the root and leaf parts of flax increases as the dose of Cu
increases (Figure 4). In addition, the highest value detected in roots and
leaves was at 200 mg L (52.61 mg kg' and 19 mg kg!, respectively). The
SEM analysis performed on leaf images showed that some stomatal struc-
tures were deformed as a result of the Cu accumulation compared to the
control, and some were completely closed (Figure 9). In addition, it was
determined that there were significant deformations in the stem part of the
plant (Figure 10). According to Mir et al. (2021), Cu contamination reported
(90 mg kg greatly reduced stomatal patency compared to control plants.
Previously reported findings showed that the flax plant at different lead (Pb),
cadmium (Cd) and zinc (Zn) concentrations has the ability to collected high
concentrations of heavy metals from the soil (Hosman et al. 2017), hence flax

can be used as a phytoremediation plant for heavy metals (Saleem et al.
2020c¢).

CONCLUSIONS

Several methods should be used for the rehabilitation of soils contami-
nated with toxic metals. Primarily, studies showed that flax is suitable for
the phytoremediation of soil and wastewater. The results of this study
showed that flax could tolerate a certain level of copper contamination and
effectively remove copper from the soil. However, excessive copper doses had
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negative effects on the morpho-physiological characteristics of flax, including
reduced plant height (cm), technical stem length (cm) and root length (cm).
In addition, via SEM analysis, it was determined that copper doses (control,
100 and 200 mg L) had a significant effect on some structures of flax
(leaves, stem and root). Furthermore, when the phytoremediation potential
of the cultivars used in the study was examined, the Erkendorfi cultivar,
came to the fore as the most tolerant one. In conclusion, flax can be used
as an effective phytoremediation plant for copper contaminated soil, but
the soil content of the heavy metal should be carefully controlled to prevent
negative impacts on plant growth and development. Furthermore, the poten-
tial of flax for the remediation of soils polluted with heavy metals should be
tested under field conditions.
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