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Abstract: The aim of the study was to compare the phytoremediation potential of cultivated grasses
with local wild grass for soil contaminated with zinc. Two pot experiments were carried out on
soil artificially contaminated with Zn. Four species of cultivated grasses were used as test plants:
Poa pratensis, Lolium perenne, Festuca rubra, Festuca pratensis, and one wild, native grass: Deschampsia
caespitosa. Wild grass seeds were collected from soil contaminated with heavy metals near a zinc
smelter. The phytoremediation potential of grasses was determined on the basis of the tolerance
index (TI), bioaccumulation (BF), and translocation (TF) factors. Differences were found between
the species in the reduction in the shoot and root biomass with increasing soil contamination with
Zn. The tolerance of the studied grasses to excess Zn in the soil was in the following order: D.
caespitosa > L. perenne > F. rubra > F. pratensis > P. pratensis. In addition, there were differences in the
accumulation and distribution of Zn between the roots and shoots, which is related to the different
defense mechanisms of the studied grasses against Zn phytotoxicity. Of the five grasses tested, the
highest phytoremediation potential was shown by D. caespitosa. This grass had a significantly higher
tolerance to Zn and a lower transfer of Zn from the roots to shoots than the other cultivated grasses
tested. All four cultivated grasses can be useful for phytostabilization because they accumulated Zn
mainly in the roots and limited its translocation to the shoots. Unlike wild grass seeds, cultivated
grass seeds are readily available commercially and can be used for the phytoremediation of HM-
contaminated sites.

Keywords: soil pollution; Zn; native grass; cultivated grasses; phytoremediation

1. Introduction

The accumulation of heavy metals in soil is a serious threat due to their high toxicity
and long biological half-life. These contaminants are absorbed by plant roots and have a
high capacity to pass through the food chain into human and animal organisms [1]. There-
fore, the remediation of heavy metals in soil systems has been an urgent issue to be solved.
Remediation by plants, called phytoremediation, is generally considered an environmen-
tally friendly, cheap, minimally invasive, and socially acceptable method. There are two
most popular phytoremediation techniques—phytoextraction and phytostabilization [2].
Phytoextraction involves the uptake from the soil and translocation of heavy metals into
easily harvestable above-ground plant parts, which are removed from the contaminated
area. Plants used for this purpose should be characterized by rapid growth, high biomass,
and high tolerance to heavy metals [3]. Phytostabilization involves immobilization and
reduced mobility of heavy metals. Metals can be accumulated by the roots, absorbed on
their surface, or precipitated in the rhizosphere. Plants ideal for phytostabilization should
have a well-developed root system and be tolerant of high concentrations of heavy metals.
It is also important that they exhibit a high accumulation of metals in the roots and a low
translocation of metals from the roots to shoots [4–7]. Plants suitable for phytoremediation
tolerate high levels of HM in the soil because they have developed numerous mechanisms
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that adapt them to defend themselves against metals [8–11]. Metal detoxification within the
plant involves the induction of an antioxidant mechanism involving various compounds
that neutralize reactive oxygen species and the exclusion of metals from metabolic processes
by complexing and depositing them in the cytoplasm, vacuoles, or apoplasm [12–15].

Zinc phytotoxicity is considered one of the most important environmental problems.
This is due to the extensive dispersion of Zn in the environment and reaching phytotoxic
levels in many soils, which is caused by contaminants of anthropogenic origin, such
as fertilizers, pesticides, sewage sludge, steel mills, incinerators, mines, and galvanized
products [16]. Zinc is readily taken up by plants and the intensity of its accumulation in
tissues depends on the species and cultivar [17]. Excessive Zn concentration in the plant
disrupts many metabolic and physiological processes, resulting in reduced growth of the
shoots and plant roots [18].

Grasses are plants suitable for the phytoremediation of Zn-contaminated soils. They
are characterized by rapid growth, a well-developed root system, high biomass, and a
perennial growth cycle [19,20]. In addition, they can accumulate large amounts of heavy
metals in both the roots and shoots [21–23]. Metal-contaminated areas are generally colo-
nized spontaneously by wildflower species, including grasses that have adapted well to
adverse growth conditions. The few papers comparing the metal tolerance of wild species
growing in HM-contaminated areas with analogous species from uncontaminated areas
show that wild species are generally more tolerant. However, some cultivated grasses are
also suitable for phytoremediation [24,25]. Knowledge of the suitability for phytoremedia-
tion of commonly cultivated grasses is of great practical importance because, unlike wild
grasses, their seeds are readily available commercially and can be used for the phytoremedi-
ation of HM-contaminated sites. The aim of our study was to determine the Zn tolerance of
several common cultivated grass species and to compare their phytoremediation potential
with wild local grass from the area contaminated with Zn.

2. Materials and Methods
2.1. Pot Experiments

In order to study the tolerance of grasses to soil zinc contamination, two identical pot
experiments were carried out in the greenhouse, one in spring (III–V) and one in autumn
(IX–X). In both experiments, pots were filled with 2 kg of the same soil brought from a field
located in Jelcz-Laskowice near Wroclaw, Poland. The physical and chemical properties of
the soil are presented in Table 1. Soil with relatively low pH and a low sorption complex
was used in the experiments to increase Zn mobility.

Table 1. Properties of soils used in the experiment.

Soil Feature Value

pH in KCl 5.4

Sand

%

73.9

Silt 23.5

Clay 2.6

TOC

mg-kg−1

0.66

P2O5 237 1

K2O 159 1

Mg 65 2

Zn 28 3

Sand: 2.0–0.05 mm, silt: 0.05–0.002 mm, clay: <0.002 mm, TOC: total organic carbon,1 Enger–Rhiem,
2 Schachtschabel,3 aqua regia.

Before sowing grasses, the experimental soil was artificially contaminated with zinc in
the form of ZnSO4·7H2O, resulting in 4 levels of Zn content in the soil: Zn0- without con-



Agronomy 2023, 13, 160 3 of 13

tamination, Zn1-240 mg kg−1, Zn2-500 mg kg−1, and Zn3-900 mg kg−1. Five grass species
were used as test plants: Deschampsia caespitosa, Poa pratensis (c. Niweta), Lolium perenne (c.
Kinga), Festuca rubra (c. Adio), and Festuca pratensis (c. Fantasia). As a result, 20 treatments
(4 Zn levels × 5 grasses) were tested in a single experiment, each in 4 replications.

Seeds of all grass species, with the exception of D. caespitosa, came from the Nieznanice
Breeding and Production Plant, which is part of the Malopolska Plant Breeding company.
Seeds of D. caespitosa and samples of the soil on which it grew were collected from a
wasteland near a zinc smelter in Bukowno near Olkusz, Poland (Figure 1). Chemical
analyses of soil samples where D. caespitosa grew showed contamination with Zn, Cd, and
Pb (Table 2).
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Figure 1. A wasteland near a zinc smelter in Bukowno near Olkusz, Poland, colonized by Deschampsia
caespitosa.

Table 2. The concentration of metals in the soil from the D. caespitosa site in Bukowno near Olkusz.

Sample No.
Cu Pb Zn Cd

mg kg−1 in Aqua Regia

1 5.5 114 553 8.0

2 8.0 161 809 13.2

3 4.0 293 766 7.1

4 5.5 376 854 10.9

Mean 5.8 236 745 9.8

Grasses were sown 2 weeks after Zn was applied to the soil. Initially, more seeds
were sown, and after about 2 weeks, 30 individuals per pot for F. rubra, F. pratensis, and L.
perenne, and 60 individuals per pot for D. caespitosa and P. pratensis, were left. One week
after thinning, NPK fertilization was applied at a rate of 50 mg N, 8.5 mg P, and 27.5 mg K
per pot, watering the plants with the fertilizer solution. Plants were harvested 2 months
after sowing. Grass shoots were cut 5 mm above the ground. The roots were removed
from the pots, cleaned of soil, and washed thoroughly with tap water, followed by a 2 h
rinse in distilled water using a rotary stirrer. The shoots and roots were then dried (24 h at
50 ◦C and 3 h at 100 ◦C, respectively), carefully weighed, finely ground, and subjected to
chemical analyses.

2.2. Chemical Analyses

All chemical analyses were performed at the Main Laboratory of the Institute of
Fertilisation and Soil Science in Pulawy, accredited by the Polish Centre for Accreditation
(certificate number AB 339 based on the PN-EN ISO/IEC 17025 [26] standard.
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Soil Zn content was determined by the FAAS method after digestion in aqua regia [27].
Total organic carbon (TOC) content was determined by the Thiurin method using potassium
dichromate [28], pH by the potentiometric method in 1 mol KCl dm−3 [29], and texture
by the aerometric method [30]. In addition, the contents of available phosphorus and
potassium were determined in the soil by the Enger–Riehm method [31,32] and magnesium
by the Schachtschabel method [33].

Zn in the shoots and roots was determined by the FAAS method, after prior dry-ashing
of the material in a muffle furnace and digesting it with 20% nitric acid [34].

2.3. Calculation of the Tolerance Index and Bioaccumulation and Translocation Factors

In order to compare the tolerance of the tested grasses to excess zinc, the tolerance
index (TI) was calculated according to the Wilkins formula [35], in the authors’ modification.
This index expresses the ratio of the biomass on the contaminated treatment to the biomass
of the plants on the control:

TI =
(Zn1 biomass + Zn2 biomass + Zn3 biomass)/3 (g)

Zn0 biomass (g)
× 100

To compare metal accumulation in plants, a bioaccumulation factor (BF) was calculated
for the shoots and roots using the following formulas, according to Melo et al. [36]:

BFshoot =
Zn concentration in shoots

(
mg·kg−1

)
Zn concentration in soil

(
mg·kg−1

)

BFroot =
Zn concentration in roots

(
mg·kg−1

)
Zn concentration in soil

(
mg·kg−1

)
The translocation of metals from roots to above-ground parts was determined based

on the translocation factor (TF), expressed by the following formula [36]:

TF =
Zn concentration in shoots

(
mg·kg−1

)
Zn concentration in roots

(
mg·kg−1

)
2.4. Statistical Calculations

As the results of the spring and autumn experiments were very similar to each other,
it was decided to average them. All results of plant biomass and Zn concentration in the
shoots and roots were given as the means from these two experiments. ANOVA calculations
were performed using Statgraphics v 5.0 software (StatPoint Technologies, Inc., Warrenton,
VA, USA). Multiple comparisons among groups were made with Tukey’s honest significant
difference test (p < 0.05).

3. Results
3.1. Impact of Zinc on Grass Biomass

The plant response to excess Zn in the soil was manifested by a significant reduction
in shoot and root biomass at increasing levels of soil contamination from Zn1 to Zn3.
Depending on the grass species and soil Zn content, this response varied.

D. caespitosa showed a greater reduction in shoot biomass than in root biomass. There
was a 19%, 34%, and 44% reduction in shoot biomass on Zn1, Zn2, and Zn3, respectively,
compared to the control (Figure 2). The roots, on the other hand, had lower biomass only
on Zn2 and Zn3, where the reduction was 30% at both contamination levels.
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L. perenne reacted differently to excess Zn than D. caespitosa. This grass showed a
much greater reduction in root biomass than in shoot biomass. The Zn1 level caused only
a 6% reduction in shoot biomass, while on Zn2 and Zn3, the reduction was 36 and 51%,
respectively. In contrast, the roots already on Zn1 reduced their mass by 37%, and at
subsequent levels of contamination, root biomass was reduced by 65 and 82% compared to
the control.

The response of the other three grasses to Zn was similar to each other, especially at
Zn2 and Zn3 contamination levels. P. pratensis showed a 21%, 66%, and 86% decrease in
shoot biomass and a 13%, 69%, and 87% decrease in root biomass on Zn1, Zn2, and Zn3,
respectively. F. rubra responded with a 9%, 43%, and 73% decrease in shoot biomass and a
22%, 54%, and 80% decrease in root weight. For F. pratensis, increasing Zn levels reduced
the shoot biomass by 16%, 57%, and 80%, and the roots by 30%, 56%, and 75%, compared
to the control.

The average tolerance index, calculated for the three Zn levels combined, showed that
the least toxic effect of Zn on shoot biomass occurred for D. caespitosa and L. perenne. This
index for the mentioned grasses was 68% and 69%, which means that they produced only
about 30% less biomass of the shoots compared to plants growing on non-contaminated
soil with Zn (Table 3). The other grasses (F. rubra, F. pratensis, and P. pratensis) responded to
Zn by reducing shoot biomass to 58%, 49%, and 42% compared to the control, respectively.
Considering the roots, differences in mean tolerance indices among grasses were bigger
than for the shoots. Index values for the roots ranged from 79% (D. caespitosa) to 39%
(L. perenne).
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Table 3. Tolerance index.

Grass
Shoots Roots Whole Plant

%

D. caespitosa 68 79 70

P. pratensis 42 43 43

L. perenne 69 39 60

F. rubra 58 48 55

F. pratensis 49 47 48

The tolerance index calculated on the basis of the total biomass of the shoots and roots
relative to the corresponding sum on the control allows ranking the grass species tested
from most to least tolerant to excess Zn in the soil: D. caespitosa > L. perenne > F. rubra > F.
pratensis > P. pratensis. The difference between D. caespitosa and P. pratensis in their response
to excess Zn in the soil was already visible during the growing of the plants (Figure 3) and
also when the roots were uprooted from the soil after plant harvest (Figure 4).
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3.2. Zinc Content in Soil and Plants

The soil Zn content after plant harvest was similar for the five grasses tested (Figure 5).
At the Zn1 level, the Zn concentration was 217–254 mg kg−1; at the Zn2 level, it ranged
from 456–553 mg kg−1; and at the Zn3 level, it ranged from 910–1020 mg kg−1. It should
be noted that the Zn content of the soil from the D. caespitosa seed collection site (Bukowno
near Olkusz) oscillated between the Zn2 and Zn3 levels used in our experiments (Table 2,
Figure 5).
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The concentration of Zn in grass shoots increases significantly with the increase in the
level of soil contamination (Figure 6). The smallest Zn increase in the shoots was found for
D. caespitosa. This grass accumulated only 13–28 times more zinc at Zn1−Zn3 levels than
the control. In contrast, F. pratensis showed the greatest increase in shoot Zn concentration.
This grass showed a 33–69-fold increase in Zn concentration at Zn1−Zn3 levels compared
to the control. P. pratensis, L. perenne, and F. rubra showed a 18–46, 23–37, and 23–56-fold
analogous increases in Zn concentration in the shoots, respectively.
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The concentration of Zn in the roots increased significantly with increasing soil con-
tamination with Zn (Figure 7). As with the shoots, the smallest increase was observed in
D. caespitosa. This grass accumulated 11–21 times more Zn in the roots at Zn1–Zn3 levels
compared to the control. This can be followed by P. pratensis and L. perenne, which had
15–36 and 20–37 times higher Zn concentrations in the roots, respectively. The greatest
increase in Zn content in the roots relative to plants growing on uncontaminated soil was
recorded for both species of the genus Festuca. For F. pratensis, 21–48 and for F. rubra,
25–47 times more of this element was found at Zn1–Zn3 levels compared to the control.
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3.3. Bioaccumulation (BF) and Translocation Factors (TF)

BFshoot and BFroot decreased for all tested grasses along with the increase in Zn in
the soil from Zn1 to Zn3, although in a variable manner depending on the grass species
(Table 4). In general, the percentage reduction in both factors within a single species was
similar. For D. caespitosa, the BFshoot value for Zn3 decreased by 54% relative to Zn1,
and BFroot by 56%. For the three cultivated grasses (L. perenne, F. pratensis, and F. rubra),
BFshoot decreased by 63%, 51%, and 40%, and BFroot by 60%, 46%, and 52%, respectively.
P. pratensis showed the weakest response to increasing Zn in soil. The BFshoot and BFroot
of this grass only decreased by 30% on Zn3 compared to Zn1.

BFshoot, calculated as averages of the three levels of Zn in the soil, allowed all grasses
to be ranked according to the amount of metal accumulation in the shoots, as follows: D.
caespitosa < P. pratensis < F. rubra < L. perenne < F. pratensis (Table 4). According to similarly
calculated BFroot values, the grasses accumulated Zn in the roots in the following order: F.
rubra < D. caespitosa < P. pratensis < L. perenne < F. pratensis.

The grasses tested differed in Zn distribution between the roots and shoots, as evi-
denced by different translocation factors (TFs) (Table 4). Some grasses reduced Zn transport
from the roots to shoots as Zn1 to Zn3 contamination increased. Thus, for L. perenne and
F. pratensis, a reduction in TF was observed from 0.46 at the Zn1 level to 0.42 at the Zn3
level. For other grasses, an increase in the TF value for Zn3 compared to Zn1 was observed.
For F. rubra, the TF value increased from 0.39 to 0.49. At the same time, D. caespitosa and P.
pratensis showed relatively stable TF. For both grasses, the increase in the TF value for Zn3
compared to Zn1 was small, ranging from 0.28 to 0.29 and 0.37 to 0.39, respectively.
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Table 4. Bioaccumulation (BF) and translocation factors (TF).

Grass Zn Level BFshoot BFroot TF

D. caespitosa

Zn1 4.3 15.5 0.28
Zn2 4.1 11.0 0.37
Zn3 2.0 6.8 0.29

Mean 3.5 11.1 0.31

P. pratensis

Zn1 4.9 13.1 0.37
Zn2 4.5 13.3 0.34
Zn3 3.4 8.8 0.39

Mean 4.3 11.7 0.36

L. perenne

Zn1 8.1 17.6 0.46
Zn2 5.0 11.2 0.45
Zn3 3.0 7.1 0.42

Mean 5.4 12.0 0.45

F. rubra

Zn1 5.6 14.3 0.39
Zn2 5.1 11.0 0.46
Zn3 3.4 6.9 0.49

Mean 4.7 10.7 0.44

F. pratensis

Zn1 8.3 17.9 0.46
Zn2 5.2 12.2 0.43
Zn3 4.1 9.7 0.42

Mean 5.9 13.3 0.44

The mean TF calculated for the three levels of Zn in the soil showed that D. caespitosa
translocated the least Zn from the roots to shoots among the five grasses tested (Table 4).
This grass contained 31% Zn in the shoots compared to the amount accumulated in the
roots (TF = 0.31). In contrast, TF values for the cultivated grasses ranged from 0.36 to 0.45.
The ranking of the grasses in order from least to most Zn translocation from the roots to
shoots was as follows: D. caespitosa > P. pratensis > F. rubra = F. pratensis > L. perenne.

4. Discussion

In general, there is a belief among researchers that native plant species are better used
for phytoremediation than foreign or altered species through breeding [37–40]. This is
because native species are adapted to the climatic and soil conditions of the area to be
cleaned. In recent years, many studies have been performed on the suitability of different
native plant species for the phytoremediation of heavy metal-contaminated areas [25,41,
42]. Most studies have focused on grasses, which are pioneers in colonizing devastated
areas [43–46]. In our study, we compared the suitability of wild grass (D. caespitosa) and
four cultivated grasses for the phytoremediation of Zn-contaminated soil.

Plants used for phytoremediation should generally have a high tolerance to con-
tamination, as measured by the tolerance index (TI). In addition, plants suitable for the
phytoextraction of metals from the soil should be characterized by high biomass and high
bioaccumulation of metals in the shoots (BFshoot > 1). In contrast, plants intended for
phytostabilization should be characterized by high bioaccumulation of metal in the roots
(BFroot > 1). At the same time, they should show a weak transfer of metal from the roots to
the above-ground part, which is expressed by the low translocation factor (TF < 1) [47–49].
In our study, all the grasses tested showed high Zn accumulation in the shoots. The BFshoot
ranged from 3.5 to 5.9, classifying these grasses as useful for the phytoextraction of Zn
from the soil. It is not possible to fully assess their suitability for this purpose, as no data
on the final biomass of the grasses were obtained (plants were cut 2 months after sowing).
However, the suitability of the tested grasses for phytostabilization can be assessed on the
basis of the tolerance index (TI), BFroots, and TF. Depending on the species, BFroots ranged
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from 10.7 to 13.3 and TF ranged from 0.31 to 0.45. At the same time, the grasses differed
significantly in terms of adaptation to Zn stress, as expressed by the variation in TI.

The highest tolerance index (TI = 70) on Zn-contaminated soil was shown by D.
caespitosa. This fact proves the lowest loss of biomass of this wild grass, and thus its best
adaptation to the excess of Zn among the 4 tested cultivated grasses. Few studies by other
authors comparing the behavior of native plant species from metal-contaminated sites with
non-native species confirm the greater tolerance of native species [42].

Of the grasses tested, D. caespitosa also showed the lowest Zn concentration in the
shoots and the lowest BFshoot and TF. This implies that the defense strategy of D. caespitosa
relied mainly on the adequate distribution of this metal in the plant. Zn taken from the soil
was mainly accumulated in the roots and, to a small extent, transferred to the shoots, thus
protecting the photosynthetic apparatus from damage.

L. perenne and F. rubra showed the highest tolerance among the cultivated grasses.
These grasses had similar TIs (60 and 55), so the decrease in biomass under excess Zn was
similar for them. However, the grasses differed in the concentration of Zn in the shoots
and roots, and thus in BFshoot and BFroot. Although both grasses had a very similar
Zn tolerance, L. perenne accumulated more Zn in the tissues compared to F. rubra. The
BFshoot for L. perenne was 5.4 and for F. rubra it was 4.7. The BFroot was 12.0 and 10.7,
respectively. At the same time, L. perenne had the highest translocation factor (TF = 0.45) of
all grasses. Nevertheless, L. perenne grew best under Zn soil contamination compared to
other cultivated grasses. This implies that it activated other additional defense mechanisms
than reducing Zn uptake by the roots and limiting the transfer of this metal to the shoots.
In a study by Elekes [45], L. perenne showed the highest Zn accumulation capacity among
several grasses tested and was selected for a subsequent phytoremediation experiment
near a metallurgical plant.

The next two grasses, F. pratensis and P. pratensis, showed the lowest tolerance to excess
Zn among the four cultivated grasses tested. TI values for them were only 48 and 43,
respectively. At the same time, F. pratensis accumulated the most Zn in the shoot tissues
(BFshoot = 5.9) and roots (BFroot = 13.3) among all grasses. Its defense mechanism against
Zn stress was probably weaker than that of other grasses. In contrast, P. pratensis had the
lowest BFshoot (4.3) and TF (0.36) among the cultivated grasses, indicating a reduction in
Zn transport to the shoots and accumulation in the roots. In view of the low tolerance of
this grass to excess Zn in the soil, it seems that this mechanism was not sufficient to defend
against Zn stress. The high BFshoot and BFroot for F. pratensis and P. pratensis are favorable
for the use of these grasses for phytostabilization. However, too low of a TI indicates
their poor adaptation to stress conditions and prevents their use for phytoremediation.
Additionally, in a study by Atabayeva [43], Poa pratensis was the least tolerant grass to the
presence of Zn in the soil.

The tolerance of grasses used for phytoremediation of Zn-contaminated soils could be
improved by modifying soil properties that affect the immobilization of metals and thus
limit metal uptake by plants [50]. In recent years, many studies have confirmed the increase
in plant tolerance to HM as a result of the exogenous supply of SA [51,52].

5. Summary

Of the five grasses tested, the highest phytoremediation potential was shown by the
wild grass D. caespitosa, the seed of which came from zinc-contaminated areas. This grass
had a significantly higher tolerance to Zn and a lower transfer of Zn from the roots to
shoots than the other cultivated grasses tested.

All four tested cultivated grasses accumulated Zn mainly in the roots and limited
its translocation to the shoots (BFroot > 1 and TF < 1), which could make them useful for
phytostabilization. However, considering the tolerance of grasses to excess zinc in the
soil, L. perenne and F. rubra were shown to be more suitable for phytostabilization than F.
pratensis and P. pratensis. F. pratensis and P. pratensis showed the lowest tolerance to Zn
stress among all the grasses tested.
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