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Abstract
Exogenously-applied auxins can alleviate the toxicity of various metals and improve a plant’s tolerance to stress. Cadmium (Cd) is a toxic metal that has
a wide range of negative effects on plants. The mechanisms that result in the positive effects of auxins on stressed plants are still not fully understood.
In the present study, we found that the application of indole-3-butyric acid (IBA) in concentration 10− 9 M had positive effect on the plants cultivated in
the presence of Cd. IBA caused changes in the growth and morphology of the maize also under non-stress conditions; hence, we were able to select three
concentrations of IBA (10− 7 M as inhibitory, 10− 8 M as non-effective, and 10− 11 M as stimulatory). Cadmium treatment increased the concentration of
H2O2 and the activity of the antioxidant enzymes: superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT), while IBA (10− 9 M)
ameliorated its negative effects. IBA affected the content of macronutrients and micronutrients in roots in relation to the concentration of applied IBA
and the presence of Cd in the solution. The heatmap visualises the differences between the Cd and Cd + IBA effects on all parameters studied, and
indicates the positive effects of IBA (10− 9 M) during Cd stress.

Introduction
Cadmium (Cd) is toxic not only for the plant but also for all living organisms (Asgher et al. 2015; Hernandez-Baranda et al. 2019). The concentration of
Cd in the environment in the last decade is increasing exponentially, mainly due contaminated sewage sludge and waste water leakage, or due to
land�lls (Wagner 1993; Anjum et al. 2015). Also, the excessive usage of nitrogen and phosphate fertilizer might increase the soil acidi�cation which
accelerates the absorption of Cd by plants (Huang et al. 2020). Even the low concentration of Cd in environment can be easily transferred from
contaminated soils to plants, and enhanced accumulation of Cd2+ in the tissues poses a great risk to all living organisms through the food chain
(Clemens et al. 2013). Once absorbed, Cd is retained in the human body and is toxic to kidney, respiratory and digestive systems, and can cause a bone
demineralization and other diseases (Jarup and Åkkeson 2009).

Auxins are a group of plant hormones that affect and control many metabolic processes, including plant growth and plant responses to the environment
(Tognetti et al. 2012). Biosynthesis, polar transport, and the generation of auxin maxima play key roles in the coordination of the plant’s growth. The
crosstalk between auxins and other substances, e.g. ethylene, cytokinins, gibberellin, strigolactones, is also an important part of the regulation of auxin
production and transport in plants. The crosstalk between auxins and reactive oxygen species (ROS) is integrated in a complex hormonal network that
controls diverse aspects of plant growth and development, such as the cell cycle, cell wall plasticity, shoot branching and �owering time, abiotic stress
adaptation, and programmed cell death (Tognetti et al. 2012).

ROS, such as superoxide radicals, hydrogen peroxide, singlet oxygen, and hydroxyl radicals, are present in every plant cell because they are continuously
produced as unwanted by-products of various metabolic pathways, which are mainly localized in mitochondria, chloroplasts, and nitrogen-�xing nodules
(Garg and Manchanda 2009). However, the concentrations of ROS are controlled, reduced and scavenged by antioxidant enzymes (Garg and
Manchanda 2009). Superoxide is converted to hydrogen peroxide (H2O2) and oxygen (O2) by superoxide dismutase (SOD, EC 1.15.1.1), and then H2O2 is
converted to water (H2O) and O2 by ascorbate peroxidase (APX, EC 1.11.1.11), guaiacol peroxidase (EC 1.11.1.7), catalase (CAT, EC 1.11.1.6), and
glutathione reductase (EC 1.8.1.7). All types of ROS are involved in the networks of signalling pathways and in the responses to environmental factors
(Garg and Manchanda 2009).

Exogenously-applied auxins can alleviate Cd toxicity (Bashri and Prasad 2016), but the mechanisms of their action are still not fully understood. Bashri
and Prasad (2016) found that indole-3-acetic acid (IAA) increases the activity of the ascorbate-glutathion cycle. As mentioned above, Cd decreases the
uptake and accumulation of nutrients, which results in decreased plant biomass. One of the possible actions of auxins might be via an improved uptake
of nutrients; however, there is little known about the effects of exogenously-applied auxins on the nutrient status of plants growing in both contaminated
and non-contaminated conditions. Many studies focused on the effects IAA – natural auxin – on the antioxidant defence system and mineral nutrients,
with/without presence of toxic metals (López et al. 2007; Wang et al. 2007; Bashri and Prasad 2016). However, it is not suitable as a component of
fertilizers because it is known that IAA has low stability in solution and quickly degrades (Nordström et al. 1991). Furthermore, only one or non-speci�ed
concentration of auxin was used in available studies (López et al. 2007; Wang et al. 2007; Bashri and Prasad 2016).

The aims of this study were to investigate the effects of the exogenously-applied auxin indole-3-butyric acid (IBA) on the morphology and physiology of
maize plants cultivated with or without Cd. Maize is a staple food that is grown and distributed worldwide. It is grown on different soils around the world
including those that are contaminated with toxic elements. For that reason, it is necessary to study the methods that could improve the growth and
quality of this crop. In our experiments we chose IBA because it has higher stability in solution that IAA (Nordström et al. 1991), and also because IBA in
the cells is converted to IAA in the process of β-oxidation. We determined the concentration of H2O2, the activity of antioxidant enzymes, and the
changes in the uptake of mineral nutrients in these treatments: Cd treatment, one stimulatory concentration of IBA in the presence of Cd, and in three
other IBA concentrations with different effects on the growth of the maize roots cultivated without Cd.

Materials And Methods
2.1. Plant material and cultivation

Maize grains (Zea mays L., hybrid Almansa) were obtained from RWA Slovakia s. r. o. Bratislava, Slovakia. We prepared and cultivated the plant material
according to our previous research (Šípošová et al. 2019). The grains were grown in Hoagland solution, or in Hoagland solution supplemented with IBA
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in concentrations ranging from 10-12 M to 10-7 M, and with/without Cd(NO3)2 at a concentration of 50 mM, at pH 6.2, under controlled conditions

(photosynthetic photon �ux of 130 – 140 µmol m-2 s-1, 25/20 °C temperature, 16-hour photoperiod, and 70% humidity) for 10 days.

2.2. Measurement of the growth parameters

After 10 days of cultivation, the plants were harvested. The elongation of the primary roots (PR) (the difference between the �nal length and the initial
length of PR), the branching of the PR (the length of the branched part of the PR), the number of lateral roots (LR), and the fresh and dry weight were
determined. The roots were frozen in liquid nitrogen and stored at - 70 °C until enzyme extraction. The roots used for elementary analyses were dried for
72 hours at 105 °C.

2.3 Determination of H2O2

The hydrogen peroxide (H2O2) concentration was determined according to the modi�ed method of Velikova et al. (2000). The maize roots (500 mg) were
homogenized in a cold 50 mM sodium phosphate buffer (pH 7.0), then centrifuged at 5300 g for 10 min at 4° C. The supernatant was diluted with 1 mM
potassium iodide in the ratio 1:2. The absorbance was measured spectrophotometrically at 390 nm and the concentration of H2O2 was calculated based
on a standard curve.

2.4. Determination of antioxidant enzymes activity

The frozen roots (2.7 g fresh weight) were homogenised in liquid nitrogen and suspended in a 50 mM sodium phosphate buffer (7 ml, pH 7.8),
containing 50 mM EDTA and protease inhibitor cocktail tablets (Roche Diagnostics GmbH, Germany). The homogenate was centrifuged at 3800 g for 30
min at 4 °C, and a supernatant was used to determine both the activity of the antioxidant enzymes and the concentration of soluble proteins. The latter
was determined by the Bradford method, using bovine serum albumin as a standard (Bradford 1976).

The activity of SOD was determined according to Madamanchi et al. (1994) and was measured spectrophotometrically at 560 nm. The reaction mixture
contained a 50 mM sodium phosphate buffer (1.8 ml, pH 7.8), 0.15 mM MTT (150 µl), 13 mM methionine (600 µl), 1 mM EDTA (150 µl), and 2 µM
ribo�avin (150 µl). The mixture was placed in sample tubes under �uorescent light (50 µmol m-2 s-1) for 15 minutes.

The activity of APX was determined according to Nakano and Asada (1981) and was measured spectrophotometrically at 290 nm. The reaction mixture
contained a 50 mM sodium phosphate buffer (pH 7.0), 1 mM EDTA (300 µl), 0.5 mM ascorbate (300 µl), and 0.1 mM H2O2 (300 µl).

The activity of CAT was determined according to Hodges et al. (1997) and was measured spectrophotometrically at 240 nm. The reaction mixture
contained a 50 mM sodium phosphate buffer (2 ml, pH 7.8) and 3% H2O2 (150 µl). Speci�c CAT activity was calculated according to Claiborne (1985).

2.5. Determination of selected mineral nutrients

Dried maize roots (250 mg) were dissolved in concentrated HNO3 (4 ml) and H2O2 (2 ml), and the solution was heated at 220 °C under pressure at 60 bar
for 20 min. Measurements of the concentrations of macro- (Ca, K, Mg, P), micronutrients (Fe, Mn, Cu, and Zn), and Cd were carried out by �ame atomic
absorption spectrometry (AAS Perkin Elmer 1100 and 4100) and by inductively-coupled plasma mass spectrometry (ICP-MS, Thermo iCap Q) at the
Institute of Laboratory Research on Geomaterials, Faculty of Natural Sciences, Comenius University in Bratislava, Slovakia. The concentrations of the
macronutrients N and S were estimated by gas chromatography, using a FLASH 2000 Organic elemental analyser (CHNS-O) from Thermo Fisher
Scienti�c, USA, at the Analytical Department, Institute of Chemistry SAS, Bratislava, Slovakia. To analyse the uptake and accumulation of mineral
nutrients and Cd to the maize roots we calculated the content of selected nutrients and Cd per one plant.

2.6. Heatmap

The heatmap is a two-dimensional graphic representation of the data set in which similar values are depicted by similar colours (Sun and Li 2013). In
order to create a heatmap and compare the parameters (elongation of PR, branching of PR, number of lateral roots, fresh and dry weight, activity of
enzymes: APX, CAT, SOD, concentration of H2O2, content of nutrients: Ca, K, Mg, P, N, S, Fe, Mn, Cu, Zn), we recalculated the data and expressed every
value of every parameter as a percentage of its corresponding control (control = 100%). The dendrograms sort the parameters and the treatments
(control, IBA (10-11 M), IBA (10-8 M), IBA (10-7 M), Cd, Cd+IBA) according to their similarity. The heatmap was made by using function heatmap.2. from
gplots package (Warnes et al. 2020) in R software 3.6.3 (2020-02-29) (R Core Team, 2020).

2.7. Statistical analyses

The data are displayed as mean values ± standard error (SE). Statistical analyses followed the analysis of variance (ANOVA) and Tukey test at P  0.05
with R software 3.6.3 (2020-02-29). To analyse the growth parameters, the number of analysed values was 45 (3 repetitions of 15 samples) for every
treatment. To analyse the enzyme activity and the concentration of H2O2, the number of analysed values was 15 (3 repetitions of 5 samples) for every
treatment. To determine the selected mineral nutrients, the number of analysed values was 9 (3 repetitions of 3 samples) for every treatment.

Results



Page 4/13

3.1 Effects of IBA on the growth parameters of maize roots in the absence and presence of Cd

We tested the effects of IBA in different concentrations (range from 10-12 M to 10-7 M) and determined their effects on the growth parameters (Fig. 1,
Tab. 1). IBA in concentrations of 10-12 M, 10-11 M, 10-10 M stimulated root growth compared to the control (elongation growth of PR, branching of PR –
the length of the branched part of PR, and number of LR). The elongation of PR increased with decreasing auxin concentration. The highest number of
LR was determined in the plants treated with IBA in concentration of 10-11 M (by 83.2%) compared to the control. Only IBA in concentration of 10-11 M
increased the fresh weight of the roots signi�cantly (by 21.9%) and none of the concentrations affected their dry weights to any great extent. The
concentration 10- 9 M had only a small stimulatory effect on branching of PR as well as on formation of lateral roots. IBA in the 10-8 M concentration
had minimal effects on the growth parameters. IBA in the 10-7 M concentration negatively affected plant growth: inhibited the elongation of PR (by
73.2%), decreased the number of LR (by 34.5%), fresh and dry weight (by about 27%) compared to the control. In the light of these results, we selected
three concentrations of IBA which had different effects on maize root growth: 10- 11 M as stimulatory, 10-8 M as non-effective, and 10-7 M as inhibitory.

We ascertained that Cd in the 50 mM concentration in the substrate negatively affected plant growth (Fig. 2, Tab. 2). Cd strongly inhibited elongation of
PR (by 60.8%), and decreased the number of LR (by 52.1%) and the fresh weight (by 48.8%) and the dry weight (by 46.3%), when compared to the
control. However, Cd stimulated branching of the primary root (by 8.1%).

We tested the effects of IBA in the same concentrations as above (ranging from 10-12 M to 10-7 M) on plants growing in the presence of Cd (Fig.2, Tab.
2). Contrary to the non-stress conditions, IBA in the 10-9 M concentration had the most signi�cant stimulatory effects on plants under Cd stress. IBA in
this concentration stimulated the elongation of PR (by 31.8%), the number of LR (by 30.7%), and both the fresh weight (by 52.1%) and the dry weight (by
57.8%), compared to the Cd treatment. Concentrations which were lower or higher than 10-9 M did not signi�cantly positively affect plant growth and we
concluded that these concentrations were not suitable to be e�cient in the alleviation of Cd toxicity.

3.2 Effects of IBA and Cd on the concentrations of H2O2 and on the activity of antioxidant enzymes in maize roots

In our following experiments, we determined the changes in the concentration of H2O2 and the activities of three antioxidant enzymes (SOD, CAT, APX) in

the plants that were treated with three different concentrations of IBA (10-11 M – stimulatory, 10-8 M – non-effective and 10-7 M – inhibitory), Cd in a 50
µM concentration, and a combination of Cd and the most effective concentration of IBA (10-9 M) in alleviating the toxicity of Cd (Cd+IBA treatment).

The highest concentration of H2O2 was detected in the roots that had the most severe inhibition of root growth when compared to control (Fig. 3A). The

application of only Cd resulted in the highest increase in the concentration of H2O2 (by 136.5%), while the IBA (10- 7 M) treatment increased the
concentration by 40.6%. Even though, the concentration of H2O2 was reduced considerably in the Cd+IBA treatment (2.5 times lower than in the Cd
treatment), it was still higher (by 55.5%) than in the control. We did not determine any signi�cant differences between the control and the plants treated
with other concentrations of IBA.

In plants treated only with auxin, the highest activity of all the enzymes studied was ascertained in the IBA (10-7 M) treatment (Fig. 3B, C, D). The activity
of SOD, CAT, and APX increased by almost 15.3%, 34.1%, and 22.0%, respectively, when compared to control. The IBA (10-11 M) treatment resulted in a
decrease in the activity of SOD (by 34.2%). Our results indicate that the effects of IBA on enzyme activity depend on the concentration used.

In the plants that grew in the presence of Cd, the highest enzyme activity was observed in the Cd treatment (Fig. 3B, C, D). The activity of SOD, CAT, and
APX increased by 69.2%, 34.2%, and 89.0%, respectively, when compared to the control. The Cd+IBA treatment decreased the activity of SOD (by 36.4%),
CAT (by 25.1%), and APX (by 25.0%) when compared to the Cd treatment. The activity of the enzymes in the Cd+IBA treatment reached the levels found
in the control.

3.3 Effect of IBA on the content of Cd

In our study, exogenously-applied auxin did not affect the content of Cd in the roots (162 µg per roots of one plant) when compared to the Cd treatment
(168 µg per roots of one plant) (Fig. 4).

3.4 Effects of IBA and Cd on the content of mineral nutrients

The three IBA concentrations tested caused various changes in the content of macro- and micronutrients in roots (Tab. 3, 4). The IBA (10- 11 M) treatment
increased the content of all selected nutrients compared to the control. The content of macronutrients increased in the range between 6.3 – 32.6% and
micronutrients in the range between 7.8 – 19.3%. The IBA (10-8 M and 10-7 M) treatments decreased the content of all nutrients, except of N in the 10-8 M
treatment. The content of macronutrients in the IBA (10- 8 M and 10-7 M) treatments decreased in the range between 7.9 – 21.9% and 19.5 – 30.5%,
respectively and the content of micronutrients in the range between 13.7 – 52.6% and 25.0 – 37.3%, respectively.

The content of all the selected macro- and micronutrients in the maize roots decreased in the Cd treatment (Tab. 3, 4). The content of Mn was the most
affected, as it was decreased by 87.0% when compared to control. Other nutrients that were greatly in�uenced were K, Ca, S, and Zn. The application of
Cd decreased their content in roots by almost 66.5% when compared to control. On the other hand, in the combined Cd+IBA treatment the content of all
above-mentioned nutrients increased in comparison to Cd treatment. The exogenously-applied IBA (10-9 M) in the Cd+IBA treatment increased the
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content of Mn, S, and Zn by 24.6%, 98.4%, and 49.4%; respectively, while the content of both K and Ca increased by 75.8%, when compared to Cd
treatment.

3.5 Heatmap analysis

A heatmap with dendrograms was used to analyse and visualise the data from the study (Fig. 5). The dendrograms sort the treatments used in our study
(control, IBA (10-11 M), IBA (10-8 M), IBA (10-7 M), Cd, Cd+IBA), as well as the parameters studied (growth parameters, activity of antioxidant enzymes,
concentration of H2O2, content of nutrients) according to their similarity. The colouring clearly shows the increased activity of the antioxidant enzymes,
the decreased growth parameters (except for primary root branching) and the content of nutrients in the Cd and Cd+IBA treatments, when compared to
the control. The most sensitive nutrient in the Cd and Cd+IBA treatments was Mn.

The lateral dendrogram reveals the similarity between the treatments: control, IBA (10- 8 M), IBA (10-7 M), and Cd+IBA, which are grouped in one big
cluster. The control and the IBA (10-8 M) treatment are grouped in one smaller cluster, which con�rms that IBA in 10-8 M concentration may be termed a
non-effective concentration. Second smaller cluster is formed by the IBA (10-7 M) and Cd+IBA treatments, which share common features: the increase in
the activity of antioxidant enzymes, decrease in the growth parameters and content of nutrients in comparison with the control. The IBA (10-11 M) and
Cd treatments are placed separately in the dendrogram from other treatments. The heatmap colouring indicates that the IBA (10-11 M) treatment is
characterized by the stimulation of maize growth and uptake of nutrients, and the decrease in the activity of antioxidant enzymes in comparison with
the control. The heatmap shows that the Cd treatment negatively in�uenced the growth parameters, nutrients and caused an increase in the activity of
antioxidant enzymes. It is noteworthy that there is a closer relationship between IBA (10-7 M) and Cd+IBA treatments than between the Cd+IBA and Cd
treatments. Heatmap highlights the differences between the effects of Cd+IBA treatment and Cd treatment on the maize roots.

The upper dendrogram con�rms the relationships between H2O2 and activity of three antioxidant enzymes (APX, CAT, SOD), since they are all grouped in
one big cluster. The strong correlation was detected between APX and H2O2 as well as between CAT and SOD. The PR branching is the only parameter
which remained practically without changes in all of the treatments, therefore it has a separate position in this cluster. The second big cluster is divided
to three smaller clusters, and groups growth parameters and the content of nutrients. The �rst smaller cluster groups nutrients – Mn, Cu, and Zn – in
which the closest relationships is between Cu and Zn. The second small cluster groups the PR elongation and LR number, which are both the highest in
the IBA (10-11 M) treatment. The third small cluster shows a correlation among fresh and dry weight, P, Mg, K, Ca, S, Fe, and N. Heatmap highlights the
differences between the effects of Cd+IBA treatment and Cd treatment on the maize roots.

Discussion
Cadmium is highly toxic pollutant at very low concentration for all organisms, including plants (Hernandez-Baranda et al. 2019). It is non-degradable in
the soil and its presence in plant cells results in the alterations of their growth, morphology, and development.

Some exogenous organic and inorganic substances have been recognized as alleviators of cadmium toxicity (Gangwar et al. 2004; Hernandez-Baranda
et al. 2019). In the last years, phytohormones, mainly auxins, are promising substances that might reduce Cd toxicity and improve plant viability (Bali et
al. 2019; Li et al. 2020; Zhang et al. 2020) because auxins control growth of the plant organs (Majda and Robert 2018). Endogenous auxin (IAA)
activates ATPases in the plasma membrane, induces the e�ux of H+ to the cell wall, and causes extracellular acidi�cation and the activation of
enzymes such as expansins, endotransglucosylases/hydrolases and cell wall-loosening enzymes (Perrot-Rechenmann 2010; Lehman et al. 2017).

The exogenous application of auxins affects plant growth via endogenous IAA levels by modifying the metabolism of IAA and changing their
conjugations with other molecules (Štefančič et al. 2007). The effects of auxins are highly dependent on their concentration. Very low concentrations of
exogenous auxins do not cause these modi�cations. On the other hand, high concentrations of exogenous auxins do induce an increase in the internal
levels of IAA (Nordström et al. 1991), which in turn increase the production of ethylene (Çakmakçı et al. 2020). High concentrations of ethylene stop
plant cell division and slow cell expansion (Çakmakçı et al. 2020) by alkalization of the apoplast, which subsequently decreases the enzyme activity in
the cell wall (Majda and Robert 2018). Similarly, we observed that a high concentration of IBA (10− 7 M) inhibited maize growth while a low concentration
(10− 11 M) had a stimulating effect.

As mentioned above, exogenously-applied auxins also alleviate the toxic effects of Cd (Bashri and Prasad 2016) and improve the tolerance of plants to
stress (Demescová and Tamás 2019; Singh et al. 2021). The presence of Cd in plant cells has a damaging effects on biomolecules, which are important
for many physiological processes such as plant growth and development, photosynthesis, respiration, and nutrient uptake (Rizwan et al. 2016). Cd in
short term, as well as in long term treatments (Zhu et al. 2013; Demecsová and Tamás 2019) decreases the internal level of auxin (IAA) because it
induces IAA degradation by stimulating the activity of IAA-oxidase (Bashri and Prasad 2016). Cd also alters the expression of several important auxin
biosynthetic and catabolic genes (Asgher et al. 2015). Thus, the negative effects of Cd on root growth determined in our experiment might also be
connected to these processes. In our study, exogenously-applied IBA might have increased the internal level of auxin (previously reduced under the Cd
treatment), which resulted in stimulation of the plant growth. The need to increase the internal level of auxin concentrations in the roots might explain
the differences between the most e�cient concentration of IBA under non-stress conditions (10− 11 M) and the most e�cient concentration of IBA under
Cd stress (10− 9 M).
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The molecules of H2O2 are non-radical reactive oxygen species (ROS) and they originate from the process of cell respiration in the mitochondria (Černý
et al. 2018). The low concentrations of H2O2 in the root cells act as signalling molecules and regulators of the expression of some genes, and in many
aspects resemble phytohormones. A rise in the concentration of H2O2 damages cell membranes, as well as the processes of respiration, and indicates
oxidative stress in plants (Bashri and Prasad 2016; Černý et al. 2018). Oxidative stress occurs in plants exposed to suboptimal growth conditions, e.g.
the presence of pollutants.

Auxins have a close association with ROS (including H2O2) because these molecules are able to interact with each other (Mishra et al. 2017). This
crosstalk is easily disturbed by changes in the concentrations of auxins or ROS, and can result in an impairment of plant growth and development. In our
study, the highest concentration of exogenously-applied auxin inhibited root growth and increased not only the concentration of H2O2 but also the
activities of APX and CAT. Similarly, Bashri and Prasad (2016) observed a higher concentration of H2O2 and elevated antioxidant enzyme activity after
treatment of Trigonellafoenum-graecum L. seedlings with IAA in a concentration which inhibited their growth. Externally-applied auxin probably
increases the internal level of auxin and subsequently changes the cellular oxidative status of the plant (Mishra et al. 2017), resulting in an increase in
ROS production (Tyburski et al. 2009; Bashri and Prasad 2016). Hence, the balance between produced-ROS and scavenged-ROS is disturbed and the root
cells activate antioxidant enzymes (Demecsová and Tamás 2019). In our experiment, the stimulatory concentration of IBA (10− 11 M) did not affect the
concentration of H2O2 and decreased the activity of all the enzymes studied. El-Gaied et al. (2013) also observed a decrease in SOD, CAT and TPX gene
expression after treatment with IAA and IBA in stimulatory concentrations. On the other hand, Bashri and Prasad (2016) observed an increase in the
activities of SOD, APX, and CAT despite a reduction in the concentration of H2O2. The effects of auxin on the activity of antioxidant enzymes depended
not only on the concentrations used, but also on the type of the auxin used (El-Gaied et al. 2013), and the age of the plants (Wang et al. 2007). Various
activities were also found in the different zones of the primary root (Tyburski et al. 2009). The plant species, its phenotype, and its defence mechanisms
possibly play an important role in the reaction of antioxidant enzymes to the exogenously-applied auxin.

In our experiments, the presence of Cd in the maize roots increased the concentration of H2O2 and subsequently the activity of antioxidant enzymes:
SOD, CAT, and APX. The same results were ascertained in plants treated with toxic metals (Singh et al. 2010). All three enzymes are the �rst line of
defence against oxidative stress (Mittler 2002) because they are responsible for the maintenance of the steady-state level of superoxide radicals and
H2O2 (Mittler 2002).

In our experiments, the presence of IBA in combination with Cd in the substrate decreased the concentration of H2O2, as well as the activity of SOD, CAT,
and APX, when compared to the Cd treatment. The addition of IBA to the medium might have alleviated the toxicity of Cd in two possible ways. The �rst
way is that IBA could have scavenged the Cd in the cytoplasm. It is known that exogenous auxin can act as a chelating agent (Singh et al. 2021)
because auxin occurs in a deprotonated form in the cytoplasm, which has a high a�nity to Cd. The second way is that exogenously-applied auxin
probably supplements the reduced internal levels of auxin, which can be involved in the signalling pathways of the defence mechanisms (Demecsová
and Tamás 2019). The transport and localization of auxin are important for the biosynthesis of metal-binding ligands, phytochelatins, and glutathione
(Singh et al. 2021). The theory about enhanced immobilization of free Cd is also supported by our results. Even though that the exogenously-applied IBA
did not affect the accumulation of Cd in the roots, the Cd + IBA treated plants were signi�cantly more viable than the Cd treated plants. Similar effects of
IBA on the Cd accumulation in Stellaria media roots was observed by Lin et al. (2018). In addition to the concentration of auxin used (Lin et al. 2018; Ran
et al. 2020), the effects of auxin on the accumulation of Cd in the plant roots depend also on its type. Natural auxin, IAA, in plants of wheat Triticum
aestivum L. (Agami and Mohamed 2013) and Cyphomandra betacea (Li et al. 2020) decreased Cd concentration. On the other hand, the synthetic auxin
1-naphthaleneacetic acid (NAA) increased the concentration of Cd in Arabidopsis thaliana (Zhu et al. 2013).

Auxin can signi�cantly affect the uptake and the content of some nutrients by affecting proton pump ATPase (San-Francisco et al. 2005). In our study,
the IBA in the stimulatory concentration (10− 11 M) induced the uptake and accumulation of all mineral nutrients as opposed to the IBA in the non-
effective (10− 8 M) and inhibitory (10− 7 M) concentrations, which decreased their content in roots. The changes in the uptake and accumulation of
mineral nutrients in the roots after IAA treatment were also ascertained in Capsicum annuum, Medicago sativa and Zea mays (San-Francisco et al. 2005;
López et al. 2007; Wang et al. 2007). In all three plants they observed signi�cant changes, mainly in the concentrations of K, Ca, Mg, Mn, and Zn. They
have not detected any changes in the content of N, P, S, and Fe. Auxin probably in�uences mainly the elements that are involved in the growth of roots or
the biosynthesis of auxin. The change in the uptake of these elements caused by auxins might depend on the plant species and/or duration of auxin
exposure. The effects of IBA on the accumulation of mineral nutrients in the roots have not yet been studied.

The present study con�rms that Cd affects the uptake of macro- and micronutrients. We ascertained that Cd treatment caused an exceptionally high
decrease in the content of Mn compared to the control. Furthermore, the content of the nutrients S, Zn, Ca, and K was also highly reduced. The
reductions in the content of N, Cu, Fe, P, and Mg were lower. Cd enters the root cell through essential nutrient transporters (for more information, see
Huang et al. 2020). Higher concentrations of Cd in the soil increase the competition with essential nutrients for transporters present at the root surface,
thus decreasing their uptake. Our results also show that the Cd + IBA treatment increased the uptake and accumulation of all nutrients. Changes in the
uptake of mineral nutrients in the stressed plants of Medicago sativa, and of Zea mays after IAA treatments, were also studied by López et al. (2007)
and Wang et al. (2007). López et al. (2007) did not determine any signi�cant changes caused by the IAA treatment in the plants stressed by Pb. Wang et
al. (2007) found that exogenously-applied auxin decreased the concentrations of K and Mn after long treatment with auxin. The effects of auxin depend
not only on the concentration used and the period of the exposure (Wang et al. 2007), but also on the concentration of the toxic metal (López et al.
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2007). In both mentioned studies, the effects of IAA (in the used concentration) were not linked with growth parameters as opposed to our study, in
which the effects of both stimulatory and inhibitory concentrations of IBA are supported by the results of maize growth.

The heatmap shows the differences between the effects of Cd, Cd + IBA and IBA (10–11 M). The negative effects of Cd on the growth parameters might
be associated with a strong increase in the concentration of H2O2, the activation of antioxidant enzymes, and a decrease in the content of micro- and
macronutrients. On the other hand, the positive effects of Cd + IBA can be linked with increased content of mineral nutrients and decreased activity of
antioxidant enzymes. Moreover, the positive effect of IBA (10–11 M) on the growth parameters and content of nutrients in comparison with the control is
clearly visible.

Although Cd emissions to the environment had been considerably reduced in the last few years, the excess of Cd in soils and water sources still persists.
Multiple health and environmental agencies had classi�ed Cd and its compounds as carcinogenic, toxic and highlighted the importance of its study for
the society. Different important crops still grow on sites with elevated risk of Cd-exposure; hence, WHO (World Health Organisation) has considered Cd as
food pollutant. In the present study, we investigated the effects of a possible environmental-friendly biostimulant – auxin – on the maize that grew in the
presence of Cd. The important results of our study show, that IBA stimulates plant growth during Cd-stress via the activation of antioxidant enzymes and
preservation of nutrient homeostasis in the roots. Treatment with a stimulatory concentration of IBA ameliorated the negative effects of Cd on the tissue
and increased the production of biomass. However, the overall concentration of Cd in the root tissue was not in�uenced, which suggests that auxins
in�uence the compartmentalization of this heavy metal in the cells. These results will aid in the selection of the appropriate green stimulant used for the
elevation of plant growth in soils with different concentrations of toxic elements. It seems that usage of auxins is more suitable for the removal of Cd
from the soils than for the restriction of Cd uptake to the root.

Conclusion
Our results show, that exogenously-applied IBA can alleviate Cd toxicity in maize plants. The presence of Cd in the substrate decreased the root growth
parameters and the content of all selected nutrients; however, it increased the activity of selected antioxidant enzymes. Only the application of IBA in 10− 

9 M concentration ameliorated the toxic effects of Cd in the plants. The positive effect of IBA during Cd stress might be connected to the decreased
concentration of H2O2 and to the decreased activity of selected antioxidant enzymes, and increased uptake of essential nutrients. Effect of sole IBA
application on plants depends on the concentration used, because it may act as inhibitor of plant growth and inducer of oxidative stress (IBA in the
concentration 10− 7 M) or as stimulator of growth (IBA in the concentrations 10− 9 M, 10− 10 M, and 10− 11 M). IBA in the 10− 8 M concentration did not
affect any of the observed growth parameters and did not induce oxidative stress, but it decreased content of mineral nutrients. The heatmap clearly
showed the strong stimulatory effects of IBA (10− 11 M) on maize growth and ameliorative effect of IBA in 10− 9 M concentration on plant growth and
other measured parameters compared to the Cd treatment.
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Tables
Table 1

Growth parameters of maize plants cultivated in Hoagland solution (control) and in the same medium supplemented with IBA in various concentrations
(10-12 – 10-7 M). The data are presented as means ± standard error (n=45). PR – primary roots, LR – lateral roots. Different letters denote statistically
signi�cant differences in the parameters between the treatments at P < 0.05 according to Tukey test.
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  Elongation of PR [cm] Branching of PR   [%] Number of LR Fresh weight [mg] Dry weight      [mg]

Control  19.9 ± 1.0bc 66.5 ± 0.9a   116.0 ± 4.9b    795.0 ± 27b  41.0 ± 1cd

10-12 M IBA 35.0 ± 0.7e 80.5 ± 0.6d 195.7 ± 6.3de    766.6 ± 34b   39.9 ± 1bcd

10-11 M IBA 32.0 ± 1.2e 80.6 ± 1.1d   212.5 ± 4.8e  1023.9 ± 34c 46.5 ± 2d

10-10 M IBA 25.9 ± 1.3d 80.0 ± 0.8d   190.2 ± 6.6d     937.3 ± 42bc  41.4 ± 1cd

10-9  M IBA  23.0 ± 0.7cd 75.2 ± 0.8c   141.4 ± 5.1c    834.2 ± 54b   39.0 ± 1bc

10-8  M IBA     18.1 ± 0.8b 71.1 ± 1.4b   112.8 ± 4.7b    749.3 ± 43b   34.3 ± 2ab

10-7   M IBA   5.4 ± 0.2a 64.8 ± 0.8a   76.1 ± 4.3a    572.4 ± 20a      30.7 ± 1a

 

 Table 2

Growth parameters of maize plants cultivated in Hoagland solution (control) and in the same medium supplemented with Cd (50 mM) or Cd and IBA in
various concentrations (10-12 – 10-7 M). The data are presented as means ± standard error (n=45). PR – primary roots, LR – lateral roots. Different
letters denote statistically signi�cant differences in the parameters between the treatments at P < 0.05 according to Tukey test.

 

  Elongation of PR [mm] Branching of PR   [%] Number of LR Fresh weight [mg] Dry weight       [mg]

Control   20.9 ± 0.8c  66.6 ± 0.5a   115.5 ± 8.1c 800.2 ± 45d 40.6 ± 2d

Cd      8.2 ± 0.2a  72.0 ± 0.5b  55.3 ± 1.0a  409.6 ± 37ab     21.8 ± 2ab

Cd + 10-12 M IBA  8.5 ± 0.2a  78.4 ± 1.5c  57.0 ± 1.3a 433.8 ± 23b    26.5 ± 1b

Cd + 10-11 M IBA  7.8 ± 0.2a  78.2 ± 1.4c   61.8 ± 0.6ab 460.5 ± 25b  26.2 ± 1bc

Cd + 10-10 M IBA  8.1 ± 0.2a  71.2 ± 1.0b   60.5 ± 1.5ab   454.2 ± 12abc     25.0 ± 1ab

Cd + 10-9  M IBA    10.8 ± 0.5b  66.2 ± 1.1a  72.3 ± 1.0b 623.0 ± 29c     34.4 ± 1cd

Cd + 10-8  M IBA  7.9 ± 0.2a   73.8 ± 0.8bc  56.8 ± 0.8a 306.5 ± 18a  21.1 ± 1ab

Cd + 10-7   M IBA  7.3 ± 0.2a  72.4 ± 0.4b  55.4 ± 0.7a  347.8 ± 34ab 17.7 ± 1a

 

 Table 3

The content of macronutrients in maize roots of one plant treated without/with Cd. The data are presented as means ± standard error (n=9). Different
letters denote statistically signi�cant differences in the parameters between the treatments at P < 0.05 according to Tukey test.

 

  N [mg] P [µg] K [mg] Ca [µg] S [µg] Mg [µg]

Control 2.03 ± 0.02d 470.54 ± 2.12e 1.90 ± 0.02e 716.50 ± 3.90d 217.74 ± 10.23d 267.27 ± 1.73e

10-11M
IBA

2.38 ± 0.12e 531.50 ± 3.22f 2.52 ± 0.01f 761.59 ± 2.75e 252.97 ± 4.97e 305.27 ± 1.61f

10-8 M
IBA

1.83 ± 0.07d 398.75 ± 21.03d 1.75 ± 0.02d 564.51 ± 26.2c 171.99 ± 7.71c 208.68 ± 3.39c

10-7 M
IBA

1.59 ± 0.06c 367.38 ± 3.71cd 1.53 ± 0.02c 544.36 ± 9.11c 156.21 ± 9.20bc 185.79 ± 0.55b

Cd 0.80 ± 0.01a 237.57 ± 0.97a 0.66 ± 0.01a 247.65 ± 2.55a 68.46 ± 3.05a 144.51 ± 1.77a

Cd+10-9

M IBA
1.23 ± 0.02b 356.50 ± 4.19b 1.16 ± 0.01b 435.58 ± 2.26b 135.82 ± 3.13b 224.71 ± 2.81d
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Table 4

The content of micronutrients in maize roots of one plant treated without/with Cd. The data are presented as means ± standard error (n=9). Different
letters denote statistically signi�cant differences in the parameters between the treatments at P < 0.05 according to Tukey test.

 

  Fe [µg] Mn [µg] Zn [µg] Cu [µg]

Control 689.26 ± 11.82e 115.48 ± 0.34d 12.04 ± 0.05e 3.78 ± 0.02d

10-11M IBA 767.99 ± 12.08f 124.47 ± 0.55e 14.36 ± 0.16f 4.08 ± 0.02e

10-8 M IBA 595.11 ± 2.32d 76.10 ± 1.32c 6.43 ± 0.09c 1.79 ± 0.02b

10-7 M IBA 506.35 ± 2.57c 75.42 ± 0.27c 9.03 ± 0.16d 2.37 ± 0.02c

Cd 295.03 ± 4.90a 14.98 ± 0.14a 4.01 ± 0.03a 1.47 ± 0.01a

Cd+10-9 M IBA 455.11 ± 0.93b 18.66 ± 0.24b 5.99 ± 0.05b 2.31 ± 0.03c

 

Figures

Figure 1

The effects of IBA on the root morphology of plants. Scale bar is 10 cm.
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Figure 2

The effects of IBA on the root morphology of plants treated with Cd. Scale bar is 10 cm.

Figure 3

The concentration of H2O2 (A) and the activities of antioxidant enzymes SOD (B), CAT (C), APX (D) in the plants treated without/with Cd. The data are
presented as means ± standard error (n=15). Different letters denote statistically signi�cant differences in the parameters between the treatments at P <
0.05 according to Tukey test.
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Figure 4

The content of Cd in maize roots of one plant treated without/with IBA. The data are presented as means ± standard error (n=5). Different letters denote
statistically signi�cant differences in the parameters between the treatments at P < 0.05 according to Tukey test.

Figure 5

The heatmap analysis of the parameters studied in the treatments: control, IBA (10-11 M), IBA (10-8 M), IBA (10-7 M), Cd, Cd+IBA. The same colour
indicates a similar value of the parameter. Every value of every parameter is expressed as a percentage of its corresponding control. PR elongation –
elongation of primary root; PR branching – branching of primary root; LR number – number of lateral roots; fresh weight – root fresh weight; dry weight
– root dry weight.


