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Abstract

:

Chromium is used in many settings, and hence, it can easily enter the natural environment. It exists in several oxidation states. In soil, depending on its oxidation-reduction potential, it can occur in bivalent, trivalent or hexavalent forms. Hexavalent chromium compounds are cancerogenic to humans. The aim of this study was to determine the effect of Cr(VI) on the structure of bacteria and fungi in soil, to find out how this effect is modified by humic acids and to determine the response of Zea mays to this form of chromium. A pot experiment was conducted to answer the above questions. Zea mays was sown in natural soil and soil polluted with Cr(VI) in an amount of 60 mg kg−1 d.m. Both soils were treated with humic acids in the form of HumiAgra preparation. The ecophysiological and genetic diversity of bacteria and fungi was assayed in soil under maize (not sown with Zea mays). In addition, the following were determined: yield of maize, greenness index, index of tolerance to chromium, translocation index and accumulation of chromium in the plant. It has been determined that Cr(VI) significantly distorts the growth and development of Zea mays, while humic acids completely neutralize its toxic effect on the plant. This element had an adverse effect on the development of bacteria of the genera Cellulosimicrobium, Kaistobacter, Rhodanobacter, Rhodoplanes and Nocardioides and fungi of the genera Chaetomium and Humicola. Soil contamination with Cr(VI) significantly diminished the genetic diversity and richness of bacteria and the ecophysiological diversity of fungi. The negative impact of Cr(VI) on the diversity of bacteria and fungi was mollified by Zea mays and the application of humic acids.
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1. Introduction


The presence of heavy metals in the natural environment, including the atmosphere, pedosphere and hydrosphere, is a global problem [1,2,3] which poses a threat to the proper growth of all organisms [4,5,6]. There are over 10 million contaminated sites in the world, covering over 20 million hectares of land, of which over 50% are polluted with heavy metals [7,8]. These pose a serious threat to the environment and the ecological safety of the human population; additionally, they harm the agricultural productivity of soils [9,10,11]. Chromium is a heavy metal that is widespread in the environment [1,2,12]; it is an element that is present naturally in the earth’s crust [5]. It exists in various oxidation states, from −2 to +6 [5,13]. It also exists in various complex ions, such as CrOH2+, CrO42− and CrO33− [13]. Compounds of trivalent and hexavalent chromium are particularly long-lasting [5,14]. Transformations of chromium compounds in soil are among most complex due to the different oxidation states in which this element appears [15,16], depending on the chemical and physical properties of the soil [17]. The oxidation state of chromium is also affected by the soil reaction, its grain-size distribution, redox potential and content of humus [18,19,20], as well as the presence of other metals. For example, Fe2+ contributes to the reduction of hexavalent chromium and Mn6 to the oxidation of trivalent chromium [21,22,23]. According to Xu et al. [21] the change in Cr(VI) content in the soil results from the competition between Cr(III) oxidation and Cr(VI) reduction.



Chromium is classified as an element with low migration activity in soils and lower ability—compared with other elements—to form lasting complexes with organic compounds [8,19,24]. The potential bioavailability of chromium compounds depends mainly on its oxidation state, the adsorption ability on the surface of soil minerals, the organic matter content and the presence of microorganisms [18,19,20]. Cr(III) compounds are easily adsorbed by soil colloids, whereas Cr(VI) is rapidly oxidized and highly soluble and does not undergo biodegradation [15,17,25]. Cr(III) compounds in quantities found naturally in the environment are not toxic because they are characterized by lower solubility and bioavailability to plants and microorganisms than Cr(VI) compounds [26,27]. Cr(III) is absorbed passively by plants, while Cr(VI) is actively absorbed [17,28]. In response to Cr(VI) pressure, plants activate several mechanisms and tolerance strategies that limit the negative impact of metals. One of them is the change in gene expression and protein function modulation, which is to ensure the maintenance of homeostasis of metabolic processes in the plant [29,30]. It has also been hypothesized that the uptake of Cr by roots relies on the HPO42− or SO42 carriers, which explains why ions of sulfates, nitrates, phosphates and iron, by competition, inhibit the accumulation of Cr(VI) [31]. The sequestration and detoxication of heavy metals in plants are also mediated by glutathione (GSH) and metallothionein (MT), the precursor of which is cysteine [29]. Moreover, cysteine participates in the alleviation of the toxic effects of Cr(VI) by reducing the peroxidation of lipids [32].



Chromium enters the natural environment as a consequence of air and water erosion of rocks [33]. Natural sources of air pollution with chromium are forest fires and volcanic eruptions, whereas anthropogenic sources include combustion processes and industrial emissions [34,35]. The largest amounts of this metal enter the environment through anthropogenic activities [36,37]. The main sources are: the mining of chromium ores; the metallurgical industry, i.e., the production of iron, nickel and cobalt alloys; the chemical industry, i.e., the production of catalysts, paints, textiles, fungicides, products used for wood preservation, corrosion inhibitors and battery cells; and the tanning industry [33,37,38]. From an ecological perspective, it is extremely dangerous when chromium accumulates in soil, as soil is the main link in the natural cycle of chemical elements and the first component in the trophic chain: soil–plant–animal–man [7,38,39]. Any distortion of the balance between these components can have consequences in the other components in the system [5,13,40]. Chromium enters the food chain mainly via plants, posing a threat to the health of animals and people [7]. According to the International Agency for Research on Cancer, Cr(VI) compounds are classified in Group 1, i.e., highly carcinogenic substances, [41]. The Agency for Toxic Substances and Disease Registry placed Cr(VI) in the 17th place in a list of substances posing the most severe threat to human health [42]. According to Rahman and Singh [2] and Arshad et al. [43], Cr(VI) is characterized by very high toxicity, i.e., from 100- to 1000-fold more than that of Cr(III) [14,34,44]. Its toxicity is only surpassed by arsenic (As), lead (Pb), mercury(Hg) and cadmium (Cd) [2,42].



In view of the severe risk to the proper functioning of all organisms due to soil contamination with chromium, intensive investigations have been conducted in recent years in order to develop remediation methods that are financially viable, easy to implement, stable, acceptable by society and environmentally friendly, and which will not lead to any disturbances in soil fertility and biodiversity [37,45,46,47]. Such methods include microbiological remediation, bioaugmentation, and biostimulation [15,37,48,49,50]. The toxicity of Cr(VI) means that very few microorganisms in the soil are tolerant to it. However, some microorganisms (Aeromonas, Escherichia, Pseudomonas, Enterobacter, Pannonibacter and Oscillatoria) can perform the enzymatic reduction of this element [37,45,51]. As such, biostimulation methods are based on the stimulation of indigenous microorganisms exhibiting Cr(VI)-reducing capabilities in soil [52]. In comparison with bioaugmentation, biostimulation is less invasive to the environment, more rapid, as it does not require screening tests or acclimatization, and able to limit the scale of disturbances to the microbial assemblages in soil [37]. Restoring the biological equilibrium in soils contaminated with chromium will make it possible to regain the productivity of these soils and ensure food security [7,53].



The above considerations encouraged us to conduct a study aiming to determine the effect of Cr(VI) on the structure of bacteria and fungi in soil and to determine the possible contributions of Zea mays cultivation and the application of humic acids in restoring the soil microbiological balance. This study will also make it possible to predict the responses of soil microbial communities and plants to such contamination. Moreover, thorough knowledge of the mechanisms through which Cr(VI) affects the biological features of soil will allow us to identify the best ways to detoxify soils polluted with this element, which, in turn, will result in the improved health of soils.




2. Results


2.1. Zea mays Reaction to Soil Contamination with Cr(VI)


Chromium is an element that plants do not need, and Cr(VI) added to soil in a dose of 60 mg kg−1 d.m. of soil (Table 1, Figure S1) proved to be highly toxic to Zea mays. It caused a decrease in the yield of aerial parts by 90% and that of roots by 92%. It also decreased plant height by 49% and lowered the greenness index by 47% and 28% in the Biologische Bundesanstalt, Bundessortenamt and Chemical (BBCH) Scale (14 and 19, respectively). The adverse impact of Cr(VI) was completely alleviated by soil treatment with HumiAgra.



In the chromium-polluted group, there was significantly more of this element in both aerial parts and roots of Zea mays (Table 2). Significantly less of this element was found in all parts of the plants fertilized with HumiAgra. The content of chromium in aerial parts, irrespective of HumiAgra fertilization, ranged from 0.66 to 1.04 mg kg−1 d.m., and in the roots from 1.23 to 17.67 mg kg−1 d.m. Obviously, higher concentrations were noted in Zea mays grown in chromium-polluted soil, and the lower ones in unpolluted soil.



The data presented above had a significant influence on the values of the BF and TF indices (Table 3). They indicated higher bioaccumulation of chromium in roots (BFR) than in aerial parts (BFA). The total bioaccumulation of chromium in Zea mays was relatively small, as suggested by the BF values.



In a maize plant not polluted with chromium, the BF values ranged from 0.100 to 0.265, while in the ones polluted with this element, this index varied from 0.117 to 0.258. Lower values of the BF index were observed in Zea mays grown in soil fertilized with HumiAgra than in maize plants cultivated in soil not treated with this preparation. Low values of the TF index (0.059–0.119) in Zea mays grown in Cr(VI) polluted soil provide further evidence for the dominant concentration of chromium in roots rather than in the aerial organs of this plant. Regardless of the values of these indices, the TI index (0.940) proves that the test plant was highly tolerant to chromium contamination when grown in soil fertilized with HumiAgra.




2.2. Reaction of Bacteria and Fungi to Soil Contamination with Cr(VI)


2.2.1. Breeding Microorganisms


The abundance of microorganisms in soil was modified by Cr(VI), HumiAgra and the cultivation of Zea mays. The impact of chromium on organotrophic bacteria, actinomycetes and fungi was significantly negative, while the influence of HumiAgra and Zea mays on these microorganisms was positive (Table S1). Negative values of IFCr(VI) were observed for all microorganisms, regardless of the date of determination and soil use (Figure 1).



Nevertheless, these values prove that fungi were more tolerant to the negative effect of this element than organotrophic bacteria and actinomycetes. In contrast to Cr(VI), the effect of HumiAgra (IFH) on the analyzed microorganisms was positive. This index, on any test day of the experiment, achieved positive values, and its value was greater whenever the contribution of H to the shaping of counts of microorganisms was larger. The positive IF values noted in the CrH/Cr variable and its higher values in the Cr/C variable prove that HumiAgra reduced the adverse effect of Cr/C on the analyzed groups of microorganisms. The positive influence on soil microorganisms was also affected by Zea mays (Figure 2). The IFZm values were positive in all experimental objects. The IFZm value on day 50 of the experiment implies that Zea mays, through its root system, could more effectively stimulate the multiplication of organotrophic bacteria than actinomycetes or fungi.



The colony development index (CD) of microorganisms describes changes in the succession induced by the tested factors. A CD higher than that determined in the control indicates an increased multiplication of fast-growing (strategy K) microorganisms, while a lower CD indicates the prevalence of slowly reproducing (strategy r) microorganisms.



The data collated in Table S2 show that soil contamination with Cr(VI) intensified the development of strategy K fungi, regardless of the application of HumiAgra, whereas in the series with this preparation, it stimulated the multiplication of strategy r organotrophic bacteria. The multiplication of strategy K fungi induced by the presence of Cr(VI) was accompanied by their decreased ecophysiological diversity (Table S3). The latter was evidenced by the decreased value of the EP index.



Bacteria


The tested soil contained the most numerous populations of bacteria from the phyla Proteobacteria and Actinobacteria (Figure 3).



The average percentage of Proteobacteria in the structure of microorganisms, irrespective of the analyzed objects, was 42.87%, whereas that of Actinobacteria equaled 39.24%. Likewise, the biggest changes caused by the independent variables were determined among bacteria of these two phyla. Chromium in soil unsown with Zea mays decreased the number of Proteobacteria by 4.93% and increased that of Actinobacteria by 13.82%, whereas HumiAgra exerted the opposite effect, i.e., it raised the share of bacteria of the phylum Proteobacteria by 21.46% and lowered that of Actinobacteria by 22.38%. Sowing with Zea mays contributed to an increase in the numbers of Proteobacteria by 9.84%, Bacteroidetes by 4.23% and Acidobacteria by 3.52% while decreasing that of actinobacteria by 21.53%.



In the soil polluted with Cr(VI) and cropped with Zea mays, the bacteria count of the phylum proteobacteria was increased by 18.82%, whereas those of Acidobacteria, Bacteroidetes, Actinobacteria and Chloroflexi were decreased by 7.34%, 4.23%, 3.86% and 3.85%, respectively. In general, it was possible to observe the unambiguously negative impact of Cr(VI), regardless of the type of land use, on bacteria of the phyla Acidobacteria and Chloroflexi. The decrease in the share of bacteria of the former ranged from 4.06% to 7.34%, and that of the latter from 3.85% to 3.98%. In turn, the cultivation of Zea mays on soil fertilized with HumiAgra resulted in an increase in the share of bacteria of the phylum Proteobacteria by 6.14% and a decrease in Bacteroidetes and Acidiobacteria by 3.99% and 3.64%, respectively.



On average, regardless of the experimental setting, bacteria of the genus Kaistobacter (5819 OTU) were the most numerous among the bacteria of the phylum Proteobacteria, followed by Rhodoplanes (1745 OTU), Sphingobium (1266 OTU) and Rhodanobacter (1050 OTU) (Figure 4). The least numerous bacteria of this phylum belonged to the genera Acinetobacter (112 OTU), Sphinopyxis (126 OTU) and Luteobacter (176 OTU). With regard the phylum Actinobacteria, the dominant genera were Cellulosimicrobium (3193 OTU), Arthrobacter (1853 OTU) and Terracoccus (1458 OTU), while the least abundant were the genera Kribbella (351 OTU), Aeromicrobium (415 OTU), Phycicoccus (460 OTU) and Streptomyces (462 OTU). Genera of the bacteria that belonged to remaining phyla were less numerous. Their average OTU number ranged from 208 (Peddobacter) to 536 (Peanibacillus).



In the bare, chromium-polluted soil, the most numerous bacteria were from the genera Cellulosimicrobium, Kaistobacter, Rhodanobacter, Rhodoplanes and Nocardioides. Soil contamination with Cr(VI) significantly decreased the counts of these genera. In turn, bacteria of the genera Terracoccus, Paenibacillus, Phyciococcus, Agrobacterium, Arthrobacter, Kribbela, Devosia, Burkholderia and Ramibacter found better conditions for their development in soil polluted with this element. Fertilization with HumiAgra contributed to changes in the counts of some bacterial genera. This preparation applied to soil not polluted with Cr(VI) caused an increase in the abundance of the bacteria Rhodoplanes, Arthrobacter, Rhodanobacter, Terracoccus, Devosia and Pseudomonas while decreasing the counts of Kaistobacter, Cellulosimicrobium and Nocardioides. The cultivation of Zea mays also modified the development of some genera of soil bacteria. This plant had a positive effect on the genera Burkholderia, Sphinghobium, Arthrobacter, Sphingomonas, Streptomyces and Acinetobacter, while having an adverse effect on Kaistobacter, Cellulosimicrobium, Rhodoplanes and Rhodanobacter. Soil pollution with Cr(VI) caused changes in the abundance of some genera of bacteria dwelling in soil under maize. It stimulated the multiplication of Kaistobacter, Celllosimicrobium, Devosia, Aeromicrobium, Ramilibacter, Pseudomonas and Pedobacter, while inhibiting the development of Arthrobacter, Terracoccus, Sphingomonas, Rhodoplanes, Sphingobium, Burkhokderia and Streptomyces. While Cr(VI) had a positive effect on some bacterial genera and a negative one on others, HumiAgra applied to soil cropped with Zea mays positively affected the vast majority of the bacterial genera. This was evidenced by the highest total number of OTU (32,584) obtained in the ZmH object.



The composition of the key bacterial assemblages, which create the core and unique bacteriome, was identified (Figure 5).



Kaistobacter, Terracoccus and Cellulosimicrobium were omnipresent in the core bacteriome in both soil cropped and uncropped with maize, irrespective of the soil pollution with Cr(VI) or its fertilization with HumiAgra. The core bacteriome in soil sown with maize was richer in Sphingobium, Arthrobacter, Burkholderia, Rhodoplanes, Sphingomonas and Phycicoccus, in addition to the genera mentioned above. The higher number of bacterial genera composing the core bacteriome in the soil under maize evidences the greater stability of bacteria on the genus level in the cropped soil.



The contamination of soil with Cr(VI) significantly decreased the diversity and richness of bacteria, irrespective of the soil use, whereas the HumiAgra added to soil unsown with maize caused an increase in the diversity of both phyla and genera and in the richness of genera (Figure 6). Cultivation of Zea mays significantly increased the diversity of both phyla and genera as well as the richness of bacteria. The adverse effect of Cr(VI) on the diversity and richness of bacteria was alleviated by the application of HumiAgra to soil (CrHZm variant).




Fungi


The analyzed soil, regardless of the tested variables, was dominated by fungi of the phyla Ascomycota, Basidiomycota and Mortierellomycota (Figure 7), whose average per cent share in the structure, irrespective of an experimental variant, was 63.35%, 29.34% and 6.39%, respectively. The contamination of bare soil with Cr(VI) contributed to a decrease in the abundance of Ascomycota by 6.73% and Mortierellomycota by 2.93% while inducing a rise in the number of Basidiomycota bacteria by 10.92%. The effect of HumiAgra was contrary to the above, as the substance added to soil increased the share of Ascomycota fungi by 6.28% and Mortierellomycota fungi by 3.38% while lowering the percentage of Basidiomycota fungi by 8.35%.



The response of fungi to the sowing of soil with Zea mays was similar to that caused by HumiAgra, as the cultivation of maize resulted in an increase in the count of Ascomycota by 10.69% and Mortierellomycota by 11.41%, while the percentage of Basidiomycota decreased by 21.22%. The response of the fungal phyla to the pollution of soil under maize with Cr(VI) was analogous to what was observed in Cr(VI) polluted bare soil. The former resulted in a decrease in the abundance of the phylum Ascomycota by 16.21% and Mortierellomycota by 13.21%, while raising the share of Basidiomycota by 26.63%. When soil fertilized with HumiAgra was seeded with Zea mays, the abundance of the phylum Mortierellomycota in the total structure of fungi decreased by 8.92% and that of Basidiomycota was lowered by 4.59%.



Nineteen genera of fungi were identified within the phylum Ascomycota, four from the phylum Basidiomycota and one from the phylum Mortierellomycota (Figure 8).



The phylum Ascomycota was dominated by Humicola (on average 11,257 OTU), Penicillium (9288 OTU), Chaetomium (6598 OTU), Fusarium (5614 OTU) and Trichoderma (4652 OTU). The phylum Basidiomycota was dominated by Vishniacozyma (24,763 OTU), and the phylum Mortierellomycota by Mortierella (4393 OTU). The OTU number of the remaining genera varied from 161 (Cladorrhinum) to 2123 (Fusicolla). In the soil not cropped with Zea mays and not contaminated with Cr(VI), the most numerous fungus belonged to the genus Vishniacozyma (40,873 OTU) from the phylum Basidiomycota, followed by the phylum Ascomycota and the genera Chaetomium (26,947 OTU), Humicola (25,820 OTU) and Trichoderma (4004 OTU), as well as Mortierella (3239 OTU) from the phylum Mortierellamycota. Other quite numerous fungi were Penicillium (1635 OTU) and Fusarium (1585 OTU) from the phylum Ascomycota. The pollution of bare soil with Cr(VI) induced significant changes in the abundance of fungal genera.



Under the influence of this element, the OTU of Trichoderma rose from 4004 to 11,279, Penicillium from 1635 to 10,179, Sarocladium from 3 to 7703, Tallaromyces from 87 to 2439, Trichocladium from 354 to 1771, Didmella from 269 to 1448, Malassezia from 891 to 1235, Plenodomus from 32 to 1008 and Endophoma from 73 to 995, while the OTU of Chaetomium and Humicola decreased drastically from 26,947 to 52 and from 25,820 to 51, respectively. When soil was sown with Zea mays, an increase was observed in the OTU of fungi from the genera Minimedusa, Mortierella, Penicillium, Fusarium, Fusicolla, Neopestalotiopsis and Exophiala, while the OTU of Trichoderma, Vishniacozyma, Malassezia and Chaetomium decreased. A positive effect of chromium on some genera of fungi, e.g., Vishniacozyma, Pseudeurotium, Trichoderma and Plenodomus, was observed in the soil under Zea mays polluted with Cr(VI). Its negative influence was detected in the same experimental variant on other fungal genera, such as Humicola, Mortierella, Chaetomium and Minimedusa. The direction of the effect produced by HumiAgra on genera of fungi in bare soil and in soil under maize was not always the same. Namely, a very positive effect of this fertilizer was observed in both soils on the development of Botryotrichum, Didymella, Exophiala and Endophoma. Moreover, in the soil not cropped with maize, HumiAgra stimulated the development of Cladorrhinum, Neopestalotiopsis and Fusarium, whereas in soil under maize, it positively affected the development of Vishniacozyma and Fusicolla. Furthermore, this preparation, irrespective of the soil use, decreased the OTU of Chaetomium and Humicola and caused the same effect on the genera Vishniacozyma and Trichoderma in the soil not sown with Zea mays. The Venn diagram shown in Figure 9 indicates that the core of the soil mycobiome in soils not sown with Zea mays and under this plant, regardless of the Cr(VI) pollution or the application of HumiAgra, was composed of fungi of the genera Vishniacozyma, Penicillium and Fusarium.



The unique mycobiome in soils exposed to Cr(VI) was noteworthy; in unsown soils, mycobiome was represented by fungi of the genus: Malassezia, Talaromyces, Trichocladium, Plenodomus and Sarocladium, whereas only one of these genera, namely Plenodomus, was also detected in the mycobiome of soils not cropped with Zea mays.



The values of the Shannon-Wiener diversity (H’) and richness (R) indices demonstrated that Cr(VI) only very slightly modified the diversity of fungi (Figure 10), and these modifications only concerned genera. Under the impact of this element in the bare soil, the Shannon-Wiener diversity index was higher, while the richness index decreased. The values of both indices increased for phyla and genera in response to maize cultivation. On the other hand, Cr(VI) and HumiAgra in bare soil increased the diversity of fungi but reduced the richness of genera.







3. Discussion


3.1. Zea mays Reaction to Soil Contamination with Cr(VI)


No convincing evidence has been obtained so far to confirm that chromium is an essential element for plants, including maize. Studies carried out over the past thirty years unquestionably emphasize the toxic effect of chromate oxyanion Cr(VI) on the growth and development of plants as a result of oxidative stress [54]. Thus, it could be predicted that the pressure of Cr(VI) applied to soil would be reflected in a decrease in the yield of both the aerial parts and roots of maize. These observations correspond to the findings of Mohammed et al. [55], who reported that oxyanion decreased the germination rate, root biomass and dry matter of shoots. In an experiment conducted by Polti [56], plants growing in the presence of Cr(VI) demonstrated macroscopic damage, such as 25%, 73% and 80% shorter lengths of roots, stems and leaves, respectively, relative to control. Among other key physico-biochemical responses linked to the phytotoxicity of Cr ions, the chlorosis of leaves, necrosis, withering, retarded development of lateral roots and the desynchronization of the antioxidant defense system resulting in the disruption of the morphophysiological processes of cultivated plants are worth mentioning [57,58]. To some extent, this is a consequence of delayed germination of seeds due to the inhibited activity of α and β-amylase [59], responsible for the hydrolysis of starch, which induces this stage in the development of maize [58]. It is also important to mention that the value of the Zea mays greenness index decreases due to the damage to the plant’s photosynthetic apparatus and resultant inhibition of the synthesis of chlorophyll a and b [60], as well as some damage in the structure of chloroplasts [61]. According to Rodriguez et al. [62] and Sharma et al. [39], exposure to Cr(VI) induces the overproduction of reactive oxygen species (ROS) which inhibits the expression of genes engaged in photorespiratory pathways and disturbs the activity of δ-aminovolulic acid dehydratase, which is significant in the synthesis of chlorophyll. Inhibition of photosynthesis is also caused by the binding of Cr ions with the cytochrome hem group, blocking the transport of electrons by changing the Fe and Cu redox state [63]. Higher bioaccumulation of chromium in roots (BFR) than in aerial organs of plants (BFA) arises from the fact that a first structure, i.e., the hypocotyl, is the first target of the toxicity of Cr(VI), which accumulates preferentially in the root tip, inhibiting mitosis and elongation of cells [58]. It is worth underlining that the growth of the primary root and adventitious roots, i.e., those produced in response to stress conditions, is controlled by the Solitary Root transcription factor [54]. However, this factor does not protect the root against the toxic effect of Cr(VI), which, as reported by Singh et al. [64], adversely affects the formation of capillaries and the division of root cells, while the excessive generation of ROS leads to the peroxidation of membrane lipids. Toxicity of Cr(VI) is correlated with the accumulation of H2O2 in maize roots [32]. The lower mobility of Cr(VI) is noteworthy, as it results in the accumulation of this metal in plant roots. Meanwhile, Cr(III) is transported from roots to shoots and other aerial parts of plants. The mechanism is based on the reduction of Cr(VI) to Cr(III) induced by the apoplast system during transport to xylem. As a consequence, excess amounts of Cr(III) are precipitated in the cell and eventually undergo complexation with ligands, such as carboxylates, as a result of which small concentrations of Cr may be found in the aerial organs of plants [65]. Unfortunately, this does not protect the plant from the effects of Cr exposure caused by excessive production of ROS, which include disruption of chromosome aberrations, DNA strand breaks, or inhibition of cell division, eventually leading to cell death [58]. In a study by Terzi and Yıldız [32], 46 proteins with varied expression were identified. Among them, 41.3%, including peroxyredoxine-5 (Prx%), glutathione peroxidase (GTS), superoxide dismutase [Mn] (MSD) and S-glutathione transferase (GTS), participated in the biological pathways responsible for plant stress response. Plants are also protected from oxidative damage by auxin, ethylene and jasmonic acid [54]. According to Mohammed et al. [55], higher Cr toxicity also induces an increase in the amounts of proline and phenols.



A significant role in preventing Cr(VI) retention is also using amino acids and organic acids [66]. Hence, the application of HumiAgra resulted in higher values of the translocation factor (TF) achieved by maize and alleviated the inhibitory effect of Cr(VI) on plant growth and development. This effect is explained by the formation of humic acid chelates with metal ions, which decrease the bioavailability of this pool of xenobiotics, an effect which carboxylic groups, inter alia, are responsible for [67,68].




3.2. Reaction of Bacteria and Fungi to Soil Contamination with Cr(VI)


3.2.1. Breeding Microorganisms


The resistance of microorganisms to Cr(VI) is an intricate issue. It is associated with the biological availability of xenobiotics, as well as the environmental conditions that significantly moderate Cr(VI) toxicity. These include temperature, pH and the availability of electron donors, such as lactate, glucose, sucrose, formate or NADH [69,70]. However, considering the generally accepted paradigm of Cr(VI) toxicity, it was to be expected that this metal ion would have an inhibitory effect on the groups of microorganisms analyzed in this experiment. It is known that chromium compounds cause genotoxic effects, including chromosomal aberration and the transformation of cells [71]. Cr(VI) is highly soluble and mobile in the environment [72], and its toxic effect is linked to the high oxidative potential of chromates [CrO42−], which leads to the generation of free radicals during the reduction of Cr(VI) to Cr(III) [73]. Thus, a negative effect of Cr(VI) on counts of organotrophic bacteria, actinomycetes and, to a lesser extent, fungi was noted in our research. In view of the fact that Cr(III), as the most thermodynamically stable form of chromium in soil, precipitated to chromium hydroxide [Cr(OH)3], considered to be less toxic [74,75], the response of microorganisms might not have been too obvious. In a study by Wyszkowska et al. [76], it was demonstrated that Cr(VI) significantly inhibited actinomycetes and Azotobacter sp. and moderately inhibited the population of fungi. Nevertheless, it stimulated the proliferation of oligotrophic, copiotrophic, ammonifying and nitrogen immobilizing bacteria. Several enzymes inducing respiratory process that can reduce Cr(VI) to Cr (III) were identified in these microorganisms; these include intracellular Cr(VI) reductases, such as AzoR, Frp, YcnD, NfoR, ChrR, YieF, FerB, NfsA and NfsB, NemA and CsrF [77]. However, Wang and Cui [78] reported that absorption of Cr(III) on the surface of a bacterial cell may result in a change in the cell’s protein composition, manifested by topological protrusions after the interaction of chromium with bacteria. According to Ramirez-Dias et al. [79], Cr(III) may also be responsible for mutagenesis and changes in the structure and activity of enzymes resulting from their reaction with other carboxyl or thiol groups. To identify the causes of the adverse impact of Cr(VI) on the counts of the microorganisms detected in this study, we should also take into account the fact that the biosorption of this element on the surface of bacterial cells is a physicochemical process, while bioreduction with the participation of cytosolic molecules is a purely chemical process, and its kinetics increase with increasing temperatures [70]. This tendency may have contributed to the elimination of mesophilic microorganisms by intensifying the efficiency of thermophilic bacteria [80]. The elevation of temperature might have also caused inactivation of Cr(VI) reductase [81]. In an analysis of the present study results, it is also appropriate to refer to the importance of pH as a factor moderating the biosorption of Cr(VI) on the surface of bacterial cells. Lower pH intensifies the biosorption of chromium present as HCrO4− and CrO27− through an increase in the protonation of carboxyl and amine groups. In turn, an increase in pH due to the deprotonation of functional groups, and therefore, electrostatic repulsion between negatively charged Cr(III) and Cr(VI) and the surface of a cell, slows down this process [82,83]. The importance of this parameter extends to the functions of humic acids, which are strongly dependent on pH. Humic acids, as reservoirs of electron donors/acceptors, also contribute to the reduction of inorganic pollutants, including Cr(VI) [84,85,86], which, in our study, translated into the alleviation of the inhibitory effect of this element on breeding microorganisms following the application of HumiAgra. In a study by Zaborowska et al. [87], humic acid was also found to stimulate the multiplication of organotrophic bacteria.



The negative response of actinomycetes to the application of Cr(VI) to soil was a controversial finding. Considering the results of a study completed by Polti et al. [88], in which a strain Streptomyces sp. MC1 was shown to be able to reduce the bioavailability of Cr(VI) by 90% in soil polluted with 50 mg Cr kg−1 d.m. of soil, and the report of Laxman and More [89] regarding the reducing potential of Streptomyces griseus (therefore participating in the conversion of Cr(VI) to Cr(III)), one would expect stimulated proliferation of this group of microorganisms. Yet, this was only observed in soil cropped with Zea mays. This dependence was confirmed by the observations reported by Polti et al. [90], who documented both the stimulation of the growth of roots and biomass of Zea mays by Streptomyces sp. MC1, as well as decreased accumulation of this element in the plant.



The fact that exposure to Cr(VI) in our study enhanced the development of strategy K fungi can be explained by the ability of this group of microorganisms to adsorb inorganic pollutants on the surface of the cell wall in a way corresponding to its composition [91]. Positively charged groups, including amine, sulfhydryl, carboxyl and hydroxyl ones, are responsible for the binding of metals [92]. According to Canton et al. [93], the mechanism of detoxication of fungi, beside adsorption and Cr(VI) reduction, also involves cytoplasmic chelation, subcellular deisolation and repair of damaged biomolecules.




3.2.2. Bacteria and Fungi Identified by the NGS Method


Actinobacteria and Acidobacteria, as well as Proteobacteria, are the most frequently mentioned representatives of the soil bacterial phyla [94,95,96]. Actinobacteria and Proteobacteria were the dominant phyla in the analyzed soil, although Cr(VI) moderated the structure of bacteria, decreasing the number of the Proteobacteria cells while stimulating an increase in the abundance of Actinobacteria in bare soil. In the soil sown with Zea mays, Cr(VI) induced an increase in the abundance of OTU of Proteobacteria. The results of this research show that the soil treatment with 60 mg Cr(VI) kg−1 d.m. of soil promoted the multiplication of bacteria, including the genera Terracoccus, Agrobacterium of the phylum Proteobacteria, and the genus Arthrobacter representing the phylum Actinobacteria. The observed tendencies may be attributed to the bioremediation potential of the bacteria assigned to these taxa, which are distinguished by the highest diversity and abundance of genes resistant to heavy metals, including Cr(VI) [97]. This bioremediation potential also relies on several mechanisms of tolerance to this element, including the absorption and effect of Cr(VI), detoxication of free radicals (ROS) and DNA repair systems [98]. The inhibitory effect of Cr(VI) on Pseudomonas and Cellulosimicrobium in bare soil was surprising, because the dominance of these genera in soil polluted with Cr(VI) and sown with Zea mays was observed. According to Karthik et al. [99], in response to the toxicity of this element, Cellulosimicrobium funkei AR8 employs both extracellular and intracellular reduction. Its bioreduction potential toward Cr(VI) was also confirmed by Bharagava and Mishra [100]. Numerous studies have shown that bacteria of the genus Pseudomonas have a high capacity for adsorption, bioreduction and influence on Cr(VI) [101,102,103]. The effective conversion of Cr(VI) to Cr(III) catalyzes several reductases, which Pseudomonas bacteria are equipped with. These include flavin reductases, NAD(P)H-dependent reductases or ferric reductase [104]. It is also worth underlining that an increased efflux of Cr(VI) in Pseudomonas aeruginosa is linked to the overexpression of the CHrA efflux protein, located on plasmids or chromosomes, and of the ChrB and ChrE proteins [105,106]. Whereas it is true that deletion of the ChrA gene inactivates the efflux system [107], the highest metabolic capability of Cr(VI) was demonstrated in the case of the co-expressed chRAB gene [108]. The efflux mechanism can be distorted by sulfate or molybdate—due to the fact that their structures are similar to that of chromate—and the resultant competition for the ChrA protein [109]. A significant mechanism of resistance of Arthrobacter and Agrobacterium to Cr(VI) is the production of exopolysaccharide (EPS) [110,111], which forms an extracellular complex with Cr(III), owing to the negatively charged carboxyl and hydroxyl groups [112]. In turn, the positive response of Terracoccus to the soil application of Cr(VI) can be attributed to the high content of anion polymers in the cell wall of Gram-positive bacteria and the affinity between ligands of the cell surface, such as phosphoryl, SO32−, RNH2 or R2NH, and chromium cations [113]. The high biosorption potential of Cr(VI) by the Gram-negative bacteria identified in this study is most probably a consequence of the increased release of negatively charged lipopolysaccharides that facilitate the binding of chromium on the cell surface [114]. Sowing the soil with Zea mays stimulated the abundance of OTU of the vast majority of bacteria. Endocrine chelates in the plant roots are responsible for the formation of insoluble compounds which bind Cr(VI) with vacuoles and the cell wall. This process reduces the toxicity of chromium toward bacteria [64]. According to Wang et al. [115], fibrinolytic enzymes, β-1,4-xylosidase (BX) and cellobiohydrolase (CBH) are significant coadjutants alleviating the negative impact of Cr(VI) on rhizosphere bacteria. Their activity, however, is correlated with the content of soil organic matter (SOM). SOM comprises humic acids, which, owing to the presence of carboxyl, carbonyl, phenolic, hydroxyl and quinone functional groups joined by carbon chains, aspire to be effective chromium sorbents.



Exposure to Cr(VI) has an effect on the biodiversity of fungi. Regardless of the type of soil used, at the phylum level, an escalation of Basidiomycota OTU abundance and a decrease in Ascomycota and Mortierellomycota OTU values were noted. In turn, at the taxonomic level of genera, soil contamination with chromium led to the highest share of Trichoderma and Penicillium. These results were confirmed by the study of Benila Smily and Sumithra, [116], where Trichoderma sp. BSCRO2 demonstrated the ability of Cr(VI) biosorption, and the observations of Saranya et al. [117], revealing the reducing potential of Trichoderma asperellum. Cr(VI) binding sites on the surface of Trichoderma sp. cells were determined to be carboxyl and amine groups [118]. Arevalo et al. [119] also demonstrated the bioregeneration potential of Penicillium sp., effectively reducing Cr(VI) to Cr(III). Like with bacteria, Penicillium janthinellum P1 was determined to contain the chrA gene, encoding the ChRA protein. This protein acts as a chemoosmotic pump, inducing a strategy of chromate efflux from the cytoplasm or periplasm into the extracellular matrix [120]. It should also be mentioned that the tolerance of Penicillium is a consequence of the activation of cellular transporters eliminating Cr(VI) from the cell membrane of fungi. Apart from the ChRA protein, these include SEC23 and SEC24 transport proteins. The positive response of the genera of fungi identified in our study can also be attributed to the mechanism of the removal of Cr(VI) from the plasma membrane by cells chelating the sequestration of this element, i.e., metallothioneins [121].






4. Materials and Methods


4.1. Soil Characteristics


The soil used in this pot experiment was taken from the topsoil (0–0.20 m) of an agriculturally used field, situated in the northern part of the Olsztyn Lake District, which lies on the East European Plain (NE Poland, 53,72° N, 20,42° E). According to the grain-size classification of the International Union of Soil Sciences and the United States Department of Agriculture [122], the soil represented sandy loam. The soil sampled was transported to a university greenhouse, passed through a 0.5 mesh sieve, and used to start pot experiments. In parallel, some of the soil was sifted through a 2 mm mesh sieve and submitted to basic physicochemical analyses. The characteristics of the soil and a basic description of the design of the experiment are shown in Table 4.




4.2. Study Design


Pot experiments were carried out in a greenhouse. First, 3.5 kg batches of sandy loam were placed in polyethylene pots. Zea mays, a crop which is cultivated worldwide [123], was selected as a phytoremediation plant. Maize is now one of the two most popular crops in the world [124]. AL-Huqail and El-Bondkly [125] and Meers et al. [126] draw attention to its usefulness for the phytoremediation of heavy metals from polluted soils. The biomass thus harvested could be used for alternative energy generation [127,128]. In order to gain a better understanding of the effect of Cr(VI) on the soil microbiome, the whole experiment was divided into two series: bare soil and soil sown with Zea mays. The following experimental variants were included in each series: (1) unpolluted soil, (2) soil polluted with Cr(VI), (3) soil fertilized with HumiAgra and (4) soil polluted with Cr(VI) and fertilized with HumiAgra. In all experimental variants, an identical N, P, K and Mg fertilization regime was maintained. Soil in variants 2 and 4 was contaminated with K2Cr2O7 in an amount of 60 mg Cr(VI) kg−1 d.m. of soil. Chromium in the form of Cr(VI) was chosen for the study, as it is one of the most toxic metals in the environment [129,130]. Cr(VI) is one of the highest priority pollutants [129,130]. In order to limit the negative effect of Cr(VI) on the yields of Zea mays and to biostimulate the natural soil microbiota, humic acids in the form of the preparation HumiAgra (AgraPlant, Kielce, Poland) were applied to soil. Mineral fertilizers were applied once, prior to placing the soil in pots. In the four-leaf stage (BBCH 14) and the nine-leaf stage (BBCH 19), the Soil and Plant Analysis Development (SPAD) leaf greenness index was determined in eight replicates. The measurements were made with a SPAD 502 Chlorophyll Meter 2900P (KONICA MINOLTA, Inc. Chiyoda, Japan). In the stage BBCH 51 (beginning of tassel emergence), the yields of aerial parts and roots of maize were determined. At harvest, the height of the plants was measured, and the yield of aerial parts and roots was determined. The plants were dried at 60 °C for four days.




4.3. Methods of Soil Microbiological Analyses


Breeding microorganisms. Counts of organotrophic bacteria [131], actinomycetes [132] and fungi [133] were determined in four replicates in fresh, moist soil passed through a 2 mm mesh sieve, using the serial dilution method. The culture conditions and the exact procedure for the isolation of microorganisms were described in our earlier paper [134]. Colony forming units (cfu) of microorganisms are presented per 1 kg d.m. of soil.



Bacteria and fungi identified with the NGS method. The isolation of DNA from soil was performed with a Genomic Mini AX Bacteria+” kit (A&A Biotechnology). Universal starters 1055F (5′-ATGGCTGTCGTCAGCT-3′) and 1392R (5′-ACGGGCGGTGTGTAC-3′) amplifying a fragment of the bacterial gene 16S rRNA and ITS were used in the reaction [135]. The sequencing of the Bacteria and Archaea amplicons was conducted on the basis of the hypervariable region V3-V4 of the gene 16S rRNA, while that of fungal amplicons was based on the ITS1 region. Specific sequences of primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 785R (5′-GACTACHVGGGTATCTAATCC-3′) served to amplify bacteria, while ITS1FI2 (5′-GAACCWGCGGARGGATCA-3′) and 5.8S (5′-CGCTGCGTTCTTCATCG-3′) were used for the amplification of fungi.



Detailed PCR conditions were described in our previous articles [87,136]. The sequencing was done in the company Genomed SA (Warsaw, Poland). In order to classify the readings of bacteria to the level of particular taxonomic classes, a bioinformatics analysis was run in the Quantitative Insights Into Microbial Ecology (QIIME) software package, according to the GreenGenes reference sequences database (version 13.8), and UNITE for the classification of fungi. The article presents results of relative abundances of the identified sequences at the two taxonomic levels (phylum and genus) where OTU exceeded 1%. Data on the sequencing of bacteria and fungi were deposited in the GenBank NCBI (https://www.ncbi.nlm.nih.gov/under access numbers: Prokaryotic 16S rRNA https://www.ncbi.nlm.nih.gov/nuccore/?term=OP832646:OP834010[accn] (accessed on 20 November 2022), Eukaryotic Nuclear rRNA/ITS: https://www.ncbi.nlm.nih.gov/nuccore/?term=OP798782:OP799344[accn] (accessed on 13 November 2022).




4.4. Physicochemical and Chemical Analyses of Soil


Prior to the experiment, the grain-size distribution of the soil was assessed with the aerometric method, and the physicochemical and chemical properties of the soil were determined. All determinations were made based on three replicates. The physicochemical analyses included: determination of pH in 1 mol KCl dm−3, as well as hydrolytic acidity (HAC) and sum of exchangeable base cations (EBC). Cation exchange capacity (CEC) and alkaline cation saturation (ACS) were computed from the values of HAC and EBC. Other determinations were: content of total nitrogen (Ntot), organic carbon (Corg), assimilable P, K and Mg, and exchangeable cations, i.e., Ca2+, Mg2+, K+ and Na+. All these determinations were made with standard methods, as described in our earlier papers [87,137]. In addition, both before the experiment and after harvest, the concentrations of chromium in soil and in the aerial parts and roots of Zea mays were determined with flame atomic absorption spectrometry [138,139] using an Agilent Technologies, type: AA-280 (Agilent Technologies, Santa Clara, CA, USA) atomic absorption spectrophotometer. Samples for the determination of the chromium content were mineralized in aqua regia.




4.5. Data Analysis and Statistical Elaboration


By taking into account the yield of Zea mays aerial organs and roots, as well as the content of chromium in soil and plant, the uptake of chromium by maize (D) and parameters evaluating the usefulness of Zea mays for remediation of Cr(VI) polluted soil, such as tolerance index (TI), translocation index (TI), bioaccumulation in aerial parts (BFA), bioaccumulation in roots (BFR) and accumulation factors (BF) were calculated. For this purpose, the formulas described in our previous articles were used [6,50]. Moreover, using the formulas proposed by Wyszkowska et al. [136], the influence of Cr(VI) and humic acids on breeding microorganisms was assessed. By counting colony forming units of these microorganisms daily for ten days, we were able to determine the colony development index (CD) and ecophysiological diversity index (EP) [140] of bacteria, actinomycetes and fungi. By taking the determined values of OTU of bacteria and fungi at the levels of phylum and genus, values of the following indicators related to diversity of microorganisms were calculated: the Shannon-Wiener (H’) and the richness (R) indices [141].



All results were processed statistically, with the help of a Statistica 13.3 package [142] R v1.2.5033 software [143] with supplementary R v3.6.2 [144] and the gplots library [145]. In order to determine the impact of Cr(VI) and humic acids on the yield and height of plants, the SPAD greenness index, the number of cultured microorganisms, the CD and EP index, an analysis of variance (ANOVA) was performed at the significance level of p = 0.05. Homogenous groups were counted with the help of the Tukey’s post-hoc test. Of all microorganisms identified with the NGS method, the ones with OTU ≥ 1% were selected for further analysis. The gathered metagenomic data of the bacterial and fungal phyla were compared statistically using the G-test (w/Yates’) + Fisher’s, with the help of STAMP 2.1.3. software [146]. In turn, the genera of the microorganisms were visualized on heat maps using the R application, with a dendrogram showing their similarities [143,144,145]. The composition of the key assemblages of bacteria and fungi, composing the core microbiome defining the unique characteristics of unsown soils and soils sown with Zea mays, was presented using InteractiVenn [147].





5. Conclusions


Soil contamination with Cr(VI) at a dose of 60 mg kg−1 d.m. significantly inhibited the growth and development of Zea mays, which, as a consequence of this pollution, scored lower on the leaf greenness index and yield mass parameter. The quality of maize also deteriorated due to the elevated accumulation of chromium in both aerial organs and roots. Chromium also decreased the abundance of breeding microorganisms and distorted the proportions between strategy r and strategy K microorganisms, as well as the ecophysiological diversity of fungi. The adverse influence of Cr(VI) on Zea mays and on breeding microorganisms was significantly reduced by the application of HumiAgra to soil contaminated with this metal. Fungi were more tolerant to the effect of Cr(VI) than organotrophic bacteria and actinomycetes. Chromium (VI) also effected changes in the structure of assemblages of bacteria and fungi, as determined using the NGS method. The metal modified the genetic diversity of bacteria more than that of fungi. This element had an unambiguously negative effect on bacteria Cellulosimicrobium, Kaistobacter, Rhodanobacter, Rhodoplanes and Nocardioides and fungi Chaetomium and Humicola. In contrast, it promoted the development of bacteria of the genera Terracoccus, Paenibacillus, Phyciococcus, Agrobacterium, Arthrobacter, Kribbela, Devosia, Burkholderia and Ramibacter and fungi Trichoderma, Penicillium, Sarocladium, Tallaromyces, Trichocladium, Didmella, Malassezia, Plenodomus and Endophoma. The adverse effect of Cr(VI) on the diversity of bacteria and fungi was moderated by the cultivation of Zea mays and the application of HumiAgra. The core microbiome shared by all the experimental objects was composed of bacteria of the genera Kaistobacter, Terracoccus and Cellulosimicrobium and fungi of the genera Vishniacozyma, Penicillium and Fusarium. The research results suggest that Zea mays and HumiAgra can be helpful for the amelioration of soil contaminated with Cr(VI).
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Figure 1. Index of the influence (IF) of Cr (VI) and HumiAgra (H) on the number of microorganisms. C—unpolluted unsown soil; C—soil polluted with Cr(VI); H—soil with the addition of HumiAgra; u—unsown soil; Zm—soil sown with Zea mays; I—25th day of research, II—50th day of research. 
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Figure 2. Index of the influence of maize (IFZm) on the number of microorganisms. C—unpolluted unsown soil; Cr—soil polluted with Cr(VI); H—soil with the addition of HumiAgra; Zm—soil sown with Zea mays; I—25th day of the research, II—50th day of the research. 
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Figure 3. Effect of Cr(VI), Zea mays and HumiAgra on the relative abundance of the dominant types of bacteria. C—unpolluted unsown soil; Cr—soil polluted with chromium (VI); H—soil with the addition of HumiAgra; Zm—soil sown with Zea mays. 
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Figure 4. Effect of Cr(VI), Zea mays and HumiAgra on the relative abundance of dominant bacterial genus. C—unpolluted unsown soil; Cr—soil polluted with chromium (VI); H—soil with the addition of HumiAgra; Zm—soil sown with Zea mays. 
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Figure 5. Venn diagram showing unique and common types of bacteria in unsown and sown Zea mays soil. C—unpolluted unsown soil; Cr—soil polluted with chromium (VI); H—soil with the addition of HumiAgra, CrZm—soil polluted with chromium and sown with Zea mays (VI); HZm—soil sown with Zea mays with HumiAgra. 
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Figure 6. Shannon-Wiener index (H‘) and the richness (R) of bacteria in the soil. C—unpolluted unsown soil; Cr—soil polluted with Cr(VI); H—soil with the addition of HumiAgra; u—unsown soil; Zm—the soil sown with Zea mays. 
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Figure 7. Effect of Cr (VI), Zea mays and HumiAgra on the relative abundance of dominant fungi phylum. C—unpolluted unsown soil; Cr—soil polluted with chromium (VI); H—soil with the addition of HumiAgra; Zm—soil sown with Zea mays. 
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Figure 8. Effect of Cr(VI), Zea mays and HumiAgra on the relative abundance of dominant fungal genus. C—unpolluted unsown soil; Cr—soil polluted with chromium (VI); H—soil with the addition of HumiAgra; Zm—soil sown with Zea mays. 
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Figure 9. Venn diagram showing unique and common types of fungi in unsown and sown Zea mays soil. C—unpolluted unsown soil; Cr—soil polluted with Cr (VI); H—soil with the addition of HumiAgra, CrZm—soil sown with Zea Mays contaminated with Cr (VI); HZm—soil sown with Zea Mays with HumiAgra. 
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Figure 10. Shannon-Wiener index (H’) and the richness (R) of fungi in the soil. C—unpolluted unsown soil; Cr—soil polluted with Cr (VI); H—soil with the addition of HumiAgra; Zm—soil sown with Zea mays. 
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Table 1. Yield of Zea mays (g d.w. pot−1), greenness index (SPAD) and plant height (cm).
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Dose of Cr(VI),

mg kg−1 d.m.

of Soil

	
Yield,

(d.m. g Pot−1)

	
SPAD

BBCH Zea mays

	
Plant Height, cm




	
Aerial Parts

	
Roots

	
14

	
19

	






	
Control




	
0

	
44.923 b

	
16.324 a

	
32.394 a

	
27.129 b

	
138.800 b




	
60

	
4.363 c

	
1.359 c

	
17.156 c

	
19.446 c

	
70.500 c




	
HumiAgra




	
0

	
52.567 a

	
15.242 ab

	
32.598 a

	
27.838 b

	
162.818 a




	
60

	
49.624 a

	
14.088 b

	
32.481 a

	
33.136 a

	
146.750 b








Homogeneous groups according to yield, SPAD and plant height are marked with identical letters (a–c).
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Table 2. Chromium content, mg kg−1 d.m.
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Dose of Cr(VI),

mg kg−1 d.m. of Soil

	
Soil Use

	
Aerial Parts

	
Roots




	
Unsown

	
Sown with

Zea mays






	
Control




	
0

	
12.375 d

	
15.075 d

	
0.830 c

	
3.170 c




	
60

	
69.825 b

	
72.525 b

	
1.040 a

	
17.670 a




	
HumiAgra




	
0

	
19.500 c

	
18.900 c

	
0.660 d

	
1.230 d




	
60

	
76.950 a

	
76.350 a

	
0.950 b

	
8.010 b








Homogeneous groups according to chromium content in soil, aerial parts and roots are marked with identical letters (a–d).
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Table 3. Chromium uptake by Zea mays (D), tolerance index (TI) and chromium translocation factors (TF), aerial bioaccumulation (BFA), root bioaccumulation (BFR) and accumulation (BF).
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Dose of Cr(VI),

mg kg−1 d.m. of Soil

	
D

µg pot−1

	
TI

	
TF

	
BFA

	
BFR

	
BF






	

	
Control




	
0

	
89.033 b

	
-

	
0.262 b

	
0.055 a

	
0.210 b

	
0.265 a




	
60

	
28.549 d

	
0.093

	
0.059 d

	
0.014 c

	
0.244 a

	
0.258 a




	

	
HumiAgra




	
0

	
53.441 c

	
-

	
0.537 a

	
0.035 b

	
0.065 d

	
0.100 c




	
60

	
159.989 a

	
0.940

	
0.119 c

	
0.012 c

	
0.105 c

	
0.117 b








Homogeneous groups according to uptake and each index are marked with identical letters (a–d).
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Table 4. Design of the greenhouse experiments with Zea mays.
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Location

	
University of Warmia and Mazury in Olsztyn, Poland






	
An experimental plant

	
Zea mays L. variety LG 32.58 (variety registered in European Union), eight seeds were sown in a pot; after emergence, four plants were left in the pot




	
Soil

	
Sandy loam: clay < 0.002 mm–3.71%, silt 0.02–0.05 mm–32.68% and sand–0.0–2.0 mm–63.61%.




	
Physicochemical properties:




	
pHKCl–4.40

HAC–26.10

EBC–63.60

CEC–89.70

	
 [image: Ijms 24 00178 i001]

	
mmol (+) kg−1 d.m.




	
ACS–70.90%

	




	
Exchangeable cations:




	
K+ 168.00

Ca2+ 1190.50

Na+ 10.00

Mg2+ 82.10

	
 [image: Ijms 24 00178 i002]

	
mg kg−1 d.m.




	
Chemical properties per 1 kg d.m:

Ntot 0.83 g, Corg 10.00 g, Pav 81.10 mg, Kav 145.25 mg, Mgav 71.00 mg, Crtot 12.37 mg




	
Mineral fertilisation

	
mg kg−1 of d.m. soil:

N 140 [CO(NH2)2], P 50 [KH2PO4], K 140 [ KH2PO4 + KCl], Mg 20 [MgSO4 × 7H2O]

The form of fertilizer is given in parentheses




	
Soil contamination with Cr(VI)

	
60 mg Cr(VI) kg−1 d.m. of soil in form of K2Cr2O7




	
Use of biostimulation

	
HumiAgra (AgraPlant, Kielce, Poland) is an ecological product, contains 90% humic acids (50% humic acids and 50% fulvic acids). Dark brown powder, pH 8–10. Contains 8% K2O and 3% S.

HumiAgra was used in the amount of 3 g C kg−1 of d.m. soil




	
The duration of the experiment

	
Total: 50 days




	
Number repetitions

	
Vases were with five repetitions per treatment, arranged in random, with complete blocks on tables in the same vegetation hall




	
Conditions in the vegetation hall

	
June–July 2021: day length ranged from 15 h 5 min to 17 h 5 min; the average temperature was 16.5 °C, and the average humidity was 77.5%. Natural light was used, watering up to 60% m.w.c. deionized water








HAC—hydrolytic acidity, EBC—sum of exchangeable base cations, CEC—cation exchange capacity, ACS—alkaline cation saturation, tot—total, org—organic, av—available.
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