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Abstract. Human activities can cause enormous damage to agricultural soils through the
accumulation of toxic metals in the soil. The identification of plants capable of accumulating
relatively large amounts of these compounds in plant tissues with the aim of reducing or limiting
soil toxicity is of great interest. Two independent pot experiments were conducted to evaluate the
phytoremediation potential of different varieties of oat (Avena sativa L.) grown in soil
contaminated with cadmium (Cd, 50 mg kg! soil). Eight varieties were cultivated for 21 days in
Cd- contaminated soil. Five varieties of oat were exposed to Cd at the third leaf stage, followed
one week later by exposure to oat powdery mildew (Blumeria graminis f. sp. avenae) for 35 days.
In general, the tested varieties accumulated more Cd in the roots than in the shoots and showed a
high tolerance to Cd. Metal accumulation in shoots was lower after 21 days of cultivation
(8.30—17.27 mg Cd kg!) than after 42 days (13.72-35.20 mg Cd kg™') and was the highest in
tissues of plants infected with B. graminis (48.17-96.20 mg kg™!). In conclusion, our results
indicate a good phytostabilization and remediation potential of oat (varieties Racoon and Vaclav)
for soil contaminated with cadmium.
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INTRODUCTION
Soil contamination by heavy metals is a serious environmental problem due to

industrialization, urbanization, and intensive agricultural practices. Soil detoxification is
quite complicated and technologically difficult. Current remediation methods include
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physicochemical and biological remediation with the aim of reducing the bioavailability
of heavy metals and thus their toxic effects. Physicochemical remediation involves
redox, adsorption, and complexation reactions, but it is expensive and it is not possible
to completely eliminate toxic compounds (Luo & Zhang, 2021). A promising approach
is so-called phytoremediation. Phytoremediation involves the use of plants that
accumulate larger amounts of toxic compounds in their tissues. Plants suitable for soil
phytoremediation should grow rapidly, produce substantial biomass, have accumulation
of toxic elements in their tissues without causing damage, and the overall management
should be done in a simple manner (Raskin et al., 1997; Kasiuliene et al., 2016). Plants
that are able to accumulate large amounts of risk compounds are hyperaccumulators.
However, hyperaccumulators are often not suitable for phytoremediation due to their
slow growth and low biomass production. Therefore, the identification of alternative
plants that are tolerant to toxic compounds and can produce a considerable amount of
biomass with relatively good accumulation potential is of interest.

Cadmium (Cd) is a non-essential element for plants and is considered one of the
most toxic heavy metals due to its high mobility and ability to induce toxicity even at
low concentrations in organisms (Benavides et al., 2005). Agricultural soils in many
parts of the world are contaminated with cadmium as a result of the long-term use of
phosphate fertilizers, various wastes in the form of composts and sludge from wastewater
treatment plants (Nifio-Savala et al., 2019; Tytla, 2019).

Limit for Cd in soil of Slovak Republic is 1.0 mg kg! of dry matter (Decree
No. 59/2013). Cadmium content above 3 mg kg! soil is generally thought to indicate
contaminated soils (Alloway, 1995). The toxic effects of cadmium on plant growth and
metabolism are well documented: Cd inhibits cell division, impairs photosynthesis,
nutrient assimilation, and the activity of various enzymes (Benavides et al., 2005, Lux
et al., 2011; Alle et al., 2019; Pivkova et al., 2022). Previous studies indicate large
differences in metal accumulation among plant species and varieties (Murtic et al.,
2019). Hyperaccumulators of cadmium are plant species that accumulate more than
100 mg Cd kg! dry weight in shoots (Baker & Walker, 1990). However, several studies
with tolerant plants in remediation programs were unsuccessful because the specific
interactions between genotype and environment were not considered.

Oat (Avena sativa L.), which belongs to the Poaceae family, is a multi-purpose
cereal grown in many parts of the world. Oat is an exceptional crop in terms of its use in
crop production, as it is not only an important forage crop, but also a food with high
dietary and nutritional value (Ibrahim et al., 2022). Although several studies indicated a
good accumulation potential of oat for Cd from soils contaminated with heavy metals
(Azizian et al., 2011; Boros-Lajszner et al., 2020), data on the remediation potential of
oat for Cd are scarce. Interesting in this respect is black oat (4vena strigosa Schreb.).
Uraguchi and co-workers (2006) grew black oat seedlings for 4 weeks in hydroponic
culture and then treated them with Cd for four days. 4. strigosa showed high tolerance
to Cd at a dose of 5 mg L!. Long-term Cd treatment of black oat (seedlings were grown
on vermiculite for 2 weeks and then transferred to a hydroponic solution containing
1.1 mg L' Cd for 4 weeks) resulted in the accumulation of 74 mg Cd kg dry weight
(DW) in leaves, 140 mg kg™! DW in stems, and 958 mg kg! DW in roots, placing black
oat among the Cd-hyperaccumulating species (Uraguchi et al., 2009).
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The aim of this study was to evaluate the remediation potential of oat varieties for
soils contaminated with cadmium, of uninfected oats and of oats infected with the fungal
pathogen Blumeria graminis f. sp. avenae in the case of short- and long-term exposure
of oat seedlings to cadmium.

MATERIAL AND METHODS

Ten varieties of oat (4Avena sativa L., Pushinskij, Vok, Valentin, Vaclav, V2 6/19,
Prokop, Racoon, Aragon, Bay Yan 2, and Ivory) were used for the present study.
Varieties Valentin, Vaclav and Prokop are Slovak registered varieties commonly
available in the European Union (EU). The unregistered variety V2 6/19 is a variety bred
in Slovakia, but it is not commonly available in the EU. Other varieties - Russian
Pushkinskij, Chinese Bay Yan 2, German Aragon, German Ivory, Czech Vok and British
Racoon are not commonly available in the EU. The seeds were obtained from the Gene
Bank of the Slovak Republic. The genotypes used in the experiment were selected
according the content of beta-glucans (cell wall polysaccharide of selected Poales with
putative protecting function in the cell) (unpublished data). Another way for genotypes
selection was the availability and possibility of cultivation of these materials.

Pot experiment 1

Seeds of eight oat varieties (Pushinskij, Vok, Valentin, Vaclav, V2 6/19, Prokop,
Racoon, and Aragon) were sown in pots (15 seeds/pot, pot diameter 15 cm) containing
a white peat potting substrate (Klasmann KTS 2, Klasmann-Deilmann GmbH,
Germany, pH KCl 6.7, gravimetric soil water content max. 70%, EC in uS 400, total
cadmium content 1.2 mg kg!, nitrogen content 1.65 g kg™, carbon content (C organic)
81.59 g kg'!, phosphorus content 0.38 g kg!, potassium content 0.43 g kg™!). The plants
were grown in the Fitotronll plant growth chamber under working conditions:
temperature 24 °C, humidity 60%, with a 12/12 hour photoperiod and a light intensity
of 20, 000 lux.

The plants were treated with tap water (control) or with a Cd solution irrigated at a
dose of 50 mg Cd per kg substrate in three biological replicates. Cd was used in the form
of CdClL».2HO. Plants were watered regularly throughout the experiment to maintain the
maximum sorption capacity of the soil.

After three weeks, the seedlings were removed from the substrate and carefully
cleaned from the substrate. The fresh weight (FW) of the roots and shoots of each plant
was determined. The samples were then dried at 60 °C for two days to determine the dry
weight (DW). The shoot tolerance index was calculated: TI (%) = (average biomass
content of Cd treated plants/average biomass content of control plants) x 100.

Pot experiment 2

Seeds of five oat varieties (Aragon, Bay Yan 2, Ivory, Vaclav, and Racoon) were
sown in plastic pots (diameter 25 cm) filled with 1,250 g Klasmann TS 2 substrate and
grown in the Fitotronll plant growth chamber under working conditions: temperature
15-24 °C, humidity 62—-82%, with a 16/8 hour photoperiod and a light intensity of
20,000 lux, at 10 plants per pot.
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After 22 days of cultivation in the given conditions (at the third leaf stage),
50 mg Cd per kg soil was added to the soil. After a seven-day Cd treatment, some
seedlings were exposed to Cd for another 35 days (total of 42 days of Cd treatment) and
some were also inoculated with the fungal pathogen Blumeria graminis f. sp. avenae for
35 days (variant Cd + Bg). The seedlings were inoculated with spores of B. graminis at
a dose of 1,000-2,500 spores per cm? in a settling tower. The spores were dispersed in
turbulent air in a settling tower, the density of inoculation was determined on Petri dishes
with agar medium placed on the inoculated pots. Control plants were grown under
conditions without Cd and infection. The experiment was performed with three
biological replicates. After 64 days of growth, the roots were separated from the shoots
and the dry matter was determined by drying the biomass at 60 °C for 48 hours.

Detection of cadmium in plant tissue and soil

Plant material and soil sample (0.5 g each) were digested in a mixture of 5 mL
water, 5 mL HNO3; (Merck, Darmstadt, Germany), and 1.5 mL H»O, (30%, Slavus,
Bratislava, Slovakia) using the Mars Xpress microwave oven (CEM Corporation,
Matthews, NC, USA). Cadmium was detected by inductively coupled plasma optical
emission spectroscopy (ICP-OES 725, Varian 725 ES ICP, Melbourne, Australia)
according to Kovacik et al. (2019).

Evaluation of the efficiency of plant uptake

Based on the Cd content in the tissues, the bioaccumulation factor (BAF) was
calculated to measure the relative Cd concentration in the plant organ compared to the
cadmium content in the soil and the translocation factor (TF), which indicates the ability
of the plant to transport Cd from the below-ground parts to the above-ground parts
(Usman et al., 2019): BAF = cadmium content in plant organ/cadmium content in soil;
TF = cadmium content in shoots/cadmium content in roots.

Statistical analyses

The obtained results were statistically analysed using the XLSTAT software. The
basic statistical characteristics (arithmetic mean, standard deviation) were determined.
The differences between the experimental variants were analysed using the t-test or the
Kruskal-Wallis test followed by a Dunn’s post hoc test (p < 0.05).

RESULTS

To evaluate the phytoremediation potential of different varieties of oat (4. sativa L.)
grown in soil contaminated with cadmium (Cd), we conducted two independent
experiments. The results are presented grouped by experiment. The tested oats showed
a high tolerance to 50 mg kg!' Cd in the soil.

As a result of the tested dose of Cd, in the case of the varieties Pushinskij, Vok,
Valentin, Racoon and Aragon, there was even a significant elongation of shoots by 6.9%,
5.6%, 6.8%, 4.7% and 9.0% respectively. An increase in the fresh biomass of the shoots
(by 25.9%, 16.7% and 20%) was observed in Pushinskij, Vok and Aragon varieties.
An increase in dry matter content (by 11.1%) was also observed in the Aragon variety
(Table 1).
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Table 1. Effect of cadmium on shoot growth parameters of oat varieties

Variety Variant of experiment Length (cm) Fresh weight (g) Dry weight (g)
Pushinskij ~ Control 29.46+5.10 0.27 +0.07 0.030+0.010
Cd 31.48 £5.03* 0.34 £ 0.06* 0.037 +£0.009
Vok Control 30.11 +4.76 0.36 £0.05 0.041 + 0.006
Cd 31.79 + 4.68* 0.42+£0.05* 0.043 + 0.005
Valentin Control 29.28 +4.14 0.39 + 0.06 0.039 + 0.006
Cd 31.26 £ 3.95* 0.41 £0.06 0.042 + 0.004
Vaclav Control 31.83+3.95 0.37 £ 0.06 0.041 = 0.006
Cd 30.16 £4.24 0.39+£0.07 0.040 + 0.009
V2 6/19 Control 29.33+£3.23 0.31+£0.08 0.032 +0.008
Cd 2936 +4.17 0.35+£0.06 0.035 + 0.004
Prokop Control 30.29 £4.35 0.37+£0.05 0.038 + 0.006
Cd 30.98 +£5.00 0.35+0.05 0.035 + 0.004
Racoon Control 31.13+£4.48 0.39+0.06 0.040 £ 0.006
Cd 32.59 + 4.64%* 0.41 £0.06 0.039 + 0.005
Aragon Control 30.49 £4.26 0.35+0.05 0.036 £ 0.005
Cd 33.22 + 5.09%* 0.42 £0.06* 0.040 + 0.006*

Data are presented as means + SD of three biological replicates. * the significance level of the differences
compared to the control at p < 0.05 (¢-test).

The tolerance indexes ranged from 93.50 to 125.43% (for the fresh weight of the
shoots) and 94.53-122.96 (for the dry matter content of the shoots). The highest
tolerance was found in the Pushinskij variety (TIbw = 122.96%) and the lowest in the
Prokop variety (TIpw = 94.53 for the DW) (Fig. 1).
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Figure 1. The tolerance index determined based on the fresh weight (FW) and the dry weight
(DW) of the shoots.

The varieties differed in the amount of Cd accumulated in the tissues. Seedlings
grown for 21 days in the presence of Cd accumulated from 8.3 mg Cd kg™ in the variety
Valentin to 17.27 and 14.67 mg Cd kg! shoot DW in the V2 6/19 and Pushinskij. The
accumulation of cadmium in roots was higher in all samples and ranged from
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28.4 mg Cd kg DW in the variety Vok to 50.45, 49.35, and 48.05 mg Cd kg! DW in
the V2 6/19, Aragon, and Pushinskij, respectively (Fig. 2).
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Figure 2. Cadmium content in shoots and roots of the tested oat varieties exposed to cadmium
(Cd 50 mg kg™ soil) for 21 days. Data are presented as means + SD of three biological replicates.
Control plants (C), cadmium-treated plants (Cd).

To evaluate the remediation potential of oat, the bioaccumulation factor (BAF) and
translocation factor (TF) were determined. The BAF expresses the efficiency of metal
accumulation in the plant tissue in relation to the amount in the soil and the TF expresses
the ability of the plants to translocate the metal into the shoots. The BAF values reflect
the amount of Cd in the tissues. BAF values for roots were higher (0.57—1.00) than for
shoots (0.18-0.29). The highest values of BAF for roots were achieved by the varieties
V2 6/19 (1.00), Aragon (0.99), Pushinskij and Racoon (0.96), the lowest by the varieties
Vok (0.57) and Valentin (0.77). The highest values of BAF for shoots were achieved by
the varieties Pushinskij (0.29), Vaclav and Aragon (0.25), the lowest by the varieties
Vok (0.18) and Valentin (0.19).

Relatively low TF values (0.21-0.35) also indicate low metal transport from roots
to shoots (Table 2). The most efficient Cd transport to the shoot was shown by the
varieties V2 6/19 (0.35), Vok (0.32) and Pushinskij (0.30).
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Table 2. Bioaccumulation factor (BAF) and translocation factor (TF) for the tested oat varieties

(Experiment 1)

Variety BAF for roots BAF for shoots TF shoots/roots
Pushinskij 0.96 +0.01 @ 0.29+0.022 0.30 +0.02 <
Vok 0.57+0.03 ¢ 0.18+£0.02° 0.32+0.06 ®
Valentin 0.77 £0.03 <4 0.19+£0.02° 0.22+0.05<
Vaclav 0.85 +0.05 b« 0.25+0.07 % 0.29 +0.06 24
V2 6/19 1.00+0.04 2 0.22 +0.09 ® 0.35+0.012
Prokop 0.86 + 0.06 >« 0.22+0.01 % 0.26 +0.01 bd
Racoon 0.96 + 0.02 @< 0.21+0.06° 0.21+0.03 ¢
Aragon 0.99 £ 0.05 = 0.25+0.03 ® 0.25 £ 0.04 bd

Data are given as means = SD of three biological replicates. Differences between varieties were determined
using the Kruskal-Wallis test followed by the Dunn’s post-hoc test for multiple comparisons. Different
letters indicate a significant difference (p < 0.05) between varieties for each parameter tested.

In experiment 2, as in experiment 1, higher Cd accumulation was observed in the
roots compared to the shoots (Fig. 3), with the roots of infected plants accumulating
slightly more Cd (151.00-307.33 mg kg' DW) than those of uninfected plants (63.52—
308.85 mg kg'! DW). Ivory and Racoon varieties accumulated the most Cd (Fig. 3).
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Figure 3. Cadmium (Cd) content in shoots and roots of the tested oat varieties grown in pots for
22 days and then exposed to Cd for 42 days or to Cd for 42 days plus Blumeria graminis (Bg) for
35 days. Data are presented as means + SD of three biological replicates. Control plants (C),
cadmium-treated plants (Cd), cadmium plus Blumeria graminis (Cd + Bg).
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The Cd accumulation in the shoots also differed significantly depending on the type of
exposure. 1.69-5.14 times more Cd was accumulated in the shoots of infected plants
than in plants exposed to Cd only. Cadmium accumulated most in shoots of the
Cd-exposed variety Racoon (35.20 mg kg! DW) and in infected shoots with the fungus
B. graminis in the variety Ivory (96.20 mg kg' DW) (Fig. 3). In the experiment 2, the
growth parameters were not evaluated, the infected variants showed signs of chlorosis
and infection (white growth mycelium).

The accumulated Cd amounts in the tissues also reflect the BAF and TF values
(Table 3). BAF for roots reached values of 1.27-6.18 for the Cd variant and 3.02-6.15
for the Cd + Bg variant. BAF values for shoots were lower, 0.27-0.70 for the Cd variant
and 0.96—-1.92 for the Cd + Bg variant. Thus, translocation of Cd from roots to shoots was
higher for the Cd + Bg variant (TF = 0.31-0.38) than for the Cd variant (TF = 0.08-0.22)
(Table 3).

Table 3. Bioaccumulation factor (BAF) and translocation factor (TF) for the tested oat varieties
(Experiment 2)

Variety BAF for roots BAF for shoots TF shoot/root
Cd
Ivory 5.63+£0.54 % 0.42 £ 0.02 0.08 +0.01 ¢
Bay Yan 2 1.63+£0.10 % 0.27+0.01¢ 0.17£0.01¢<
Vaclav 3.28 £0.16 bede 0.57 £ .05 bede 0.17 £ 0.02 bd
Racoon 6.18+0.332 0.70 £ 0.05 bede 0.11£0.0114
Aragon 1.27+0.09 © 0.28 +0.02 % 0.22 £ 0.06 acd
Cd + Bg
Ivory 6.15+0.042 1.92+0.59* 0.31 +0.09 2
Bay Yan 2 3.70 £ 0.04 2bed 1.41£0.07 % 0.38+0.022
Vaclav 3.02£0.02 e 0.96 £ 0.26 <d 0.32£0.08 ¢
Racoon 4.29 4+ 0.03 ab¢ 1.524+0.48 @ 0.35+0.11%
Aragon 3.35+£0.05 bede 1.20 £0.19 2¢ 0.36+0.052

Data are presented as means + SD of three biological replicates. Differences between varieties/variants were
determined using the Kruskal-Wallis test followed by the Dunn’s post-hoc test for multiple comparisons.
Different letters indicate a significant difference (p < 0.05) between the varieties/variants for each parameter
tested. Cadmium-treated plants (Cd), cadmium plus Blumeria graminis (Cd + Bg).

DISCUSSION

The aim of this study was to evaluate and compare the remediation potential of
selected oat varieties within different experimental approaches to abiotic and biotic stress.

The eight tested oat varieties showed high tolerance after 21 days of growth in
contaminated soil (Tables 1, 2). The plants exposed to the metal for 42 days (experiment 2)
also showed no visible symptoms of toxicity. Data evaluating the tolerance of oat to Cd
ions are relatively sparse and controversial. High tolerance to Cd up to 20 mg kg™! soil
is indicated, for example, by Ciecko et al. (2004), Uraguchi et al. (2009), Ttima et al.
(2014), and Marchel et al. (2018). On the other hand, growth inhibition, a decrease in
photosynthetic pigment content and lower yield were already at doses of 10 mg kg soil
(Rolka, 2015; Boros-Lajszner et al., 2020). Astolfi et al. (2004) recorded a 32% and 33%
decrease in fresh shoot biomass content and dry matter content of oat shoots exposed to
a Cd dose of 0.154 mg kg™! soil for 21 days. A significant reduction in fresh shoot biomass

234



was also observed after 10 days of growth in soils with a Cd dose of 6.25 mg kg™ soil
(da Rosa Corréa et al., 2006).

The amount of accumulated Cd in plant tissues was dependent on both genotype
and experimental conditions, with plants preferentially accumulating Cd in roots, in
agreement with other studies (Uraguchi et al., 2009; Ttima et al., 2014; Kasiuliene et al.,
2016; Boros-Lajszner et al., 2020). Metal accumulation in the tissues was lower after
21 days of cultivation (experimentl) than after 42 days (experiment 2) and was higher
in the tissues of infected plants (Figs 1, 2). Thus, the highest remediation potential was
achieved by infected plants, while the Cd content in the shoots of some varieties (Ivory
& Racoon) approached that of the hyperaccumulating species (96.20 and 75.83 mg kg™!
DW). These varieties also reached relatively high BAF values (0.42 and 0.70) after
42 days of cultivation in Cd-contaminated soil.

The higher accumulation of Cd in the shoots of infected plants is probably the result
of the failure of defense mechanisms that help to prevent the transport of Cd to higher
parts of the plant. Oats accumulated relatively high levels of Cd in the roots,
28.40-50.45 mg kg! DW after 21 days of cultivation, 63.52-308.85 mg kg' DW after
42 days of Cd exposure, and 151.00-307.33 mg kg! DW in the case of infected plants
(Figs 1, 2).

The higher BAF values also correspond to the given data (Tables 3, 4). Comparable
levels of Cd were also found in the tissues of oat (variety Moozart) at a dose of
53.61 mg kg! soil (Azizian et al., 2011). Tima et al. (2014), on the other hand, measured
11.37mgkg! Cd in younger leaves, 55.97 mgkg! Cd in older leaves, and
235.33 mg kg Cd inroots at a dose of 20 mg Cd on 1 kg soil. The present results suggest
genotypic variability in Cd accumulation. It is also interesting to note that Cd
translocation from roots to shoots was comparable in infected plants (TF = 0.31-0.36)
and in plants cultivated in Cd-contaminated soil for 21 days (0.21-0.34), but was
generally slightly lower in plants exposed to Cd for 42 days (TF = 0.08-0.22). Relatively
low values of TF (0.072) at a dose of 16 mg kg™ soil were also found by Boros-Lajszner
et al. (2020) for oat shoots. Our study shows that the remediation potential of oat is
significantly determined by genotype, time of Cd exposure, and other environmental
factors. The preferential and significant accumulation of Cd in the roots indicates a high
phytostabilization potential of this plant species. The choice of varieties for remediation
or phytostabilization of contaminated soils requires a complex approach and
optimization of the methodology applied, taking into account the possible effects of
different environmental factors.

CONCLUSION

The presented study showed that the tested oat varieties had a high tolerance to
cadmium and accumulated Cd preferentially in the roots. Metal accumulation in tissues
was lower after 21 days of cultivation than after 42 days and was higher in tissues of
plants infected with B. graminis. Thus, the remediation potential of oat was the highest
in infected plants which were simultaneously exposed to the metal for 42 days (BAF for
shoots = 0.96-1.92). In non-infected plants, the BAF after 42 days of Cd exposure
reached the highest values in the varieties Vaclav and Racoon (BAF = 0.57 and 0.70,
respectively). The high tolerance of the tested oat genotypes to Cd and at the same time,
the high accumulation potential of the roots both indicate the possibility of using these
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oat varieties for phytostabilization of Cd-contaminated soils. A more detailed
investigation of the mechanisms of Cd tolerance of oat may help to increase the
accumulation and remediation potential of oat.
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