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Abstract

:

The symbiotic association between the roots of a plant and the mycelium of some fungi is identified as mycorrhizae. Symbiosis helps the plant to obtain nutrients from the soil more efficiently, and may favor the phytoremediation capacity of plants such as Lolium perenne, in soils contaminated with mercury. In this study, the morphological and molecular response was evaluated, as well as the variation in mercury accumulation in the different structures of L. perenne when associated with arbuscular mycorrhizal fungi. Association tests were performed to determine the optimal concentration of the biological inoculant and it was found that the best results were given with the proportion of one part of inoculant in three parts of soil (w/w ratio). The differential expression of the glutathione-S-transferase GST gene was evaluated through real-time PCR and the concentration of heavy metals inside and outside the plant was evaluated with inductively coupled plasma atomic emission spectroscopy (ICP). It was found that the plants that were inoculated with mycorrhizae developed longer stems and shorter roots; in the same way, the GST gene had greater expression in the stem than in the root, largely because the roots help the filtration of nutrients to the stem, retaining metals and detoxifying by GST-catalyzed glutathione.
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1. Introduction


Elemental mercury gas comes from volcanic eruptions and anthropogenic processes such as the burning of products derived from oil, coal, and other fossil fuels. Mercury has a residence time of the order of one year in the air [1]. The accumulation and spread of this metal can be evidenced in peat soils [2,3]. When mercury is oxidized to inorganic Hg (II) it is deposited in soils and oceans, then it is transported over a long distance resulting in accumulation in soils and sediments that can exceed pre-industrial concentrations by 2–5 times [2]. The biogeochemistry of mercury is complicated and involves all chemical states, solid, liquid, gaseous, and aqueous. Under oxidation conditions, inorganic Hg with oxidation state +II is predominant. This oxidation state forms complexes dissolved with organic and inorganic ligands, surface complexes with particles, as well as solid phases with main sulfides (α- and β-HgS). Alkylated forms are of greatest concern today and monomethyl mercury (CH3Hg or MeHg) is the most abundant in the environment [4].



In Sweden, 40,000 lakes have MeHg concentrations in fish that exceed the levels established by the health authorities for human consumption [4,5,6]. Conventional treatments to mitigate mercury contamination in soils include solidification, soil washing, stabilization, vitrification, soil vapor extraction, and electrokinetic remediation. These methods are expensive and have great negative impacts on soil properties [7,8].



On the other hand, biological treatments such as bioremediation and phytoremediation may be a potentially viable option in the treatment of contaminated soils [9,10]. Phytoremediation is broadly defined as the use of potential plants (hyperaccumulators) in the removal/extraction of metallic contaminants from contaminated soils [8]. This treatment is highly effective, and environmentally and economically sustainable compared to conventional treatment methods. However, the interaction between the environment and plants has had a constant evolution, determined by biological processes such as photosynthesis, germination, growth, and/or reproduction [11,12]. It is for this reason that these processes must be taken into account when evaluating a plant as a phytoremediator.



Among biotic factors, soil microorganisms are a crucial group that affects plant establishment and development [13]. Mycorrhizal fungi are one of the most outstanding organisms due to their interaction with plant roots [14,15]. These are strict biotrophic fungi, which obtain all their carbohydrates [16] and lipids [17] from their host plants, leading to the incorporation of nutrients from the soil being mainly phosphorus and other minerals [11,16]. Approximately 80% of plant species have this type of association throughout their growth [18,19], and it has been described that 95% of these associations correspond to arbuscular endomycorrhizae, characterized by the absence of a fungal mantle [15,20] and the presence of a branched hyphal shrub in the cells of the root cortex [15,18,20]. There are three families of fungi capable of forming arbuscular endomycorrhizae, which are divided into six genera [18,19]. The most common family is Glomaceae, which is made up of the Glomus and Sclerocystis genera, followed by the Acaulosporaceae family made up of the Acaulospora and Entrophospora genera, and finally, the Gigasporaceae family made up of the Gigaspora and Scutellospora genera [18].



In general, the associations between plants and fungi are beneficial for both; the fungus obtains photosynthetic products and carbonaceous compounds, while the plant receives mineral nutrients from the symbiote mycelium [16]. In addition to the ease of obtaining nutrients, this association can increase growth and improve the reproductive abilities of the plant since the mycorrhiza generates a direct bridge between the soil and the root, and increases the surface of absorption of water and mineral nutrients [21]. It can also help a plant develop tolerance to different environmental conditions such as soils contaminated by metals and organic compounds, among others. In some plant species it has been found that this association can contribute to the removal and degradation of different pollutants such as heavy metals and light hydrocarbons from the soil [8,21,22,23,24].



One of the main consequences of plant exposure to heavy metals is the generation of reactive oxygen species (ROS), which can cause lipid peroxidation, membrane damage, and enzyme inactivation [25]. To reduce the toxic effects of ROS, plants initiate the ROS elimination systems by increasing the gene expression of some detoxification enzymes such as glutathione-S-transferase [26]. GSTs are a family of enzymes that are notable for their role in phase II detoxification reactions, which are found in all organisms. The GSTs conjugate GSH to an array of electrophilic compounds of exogenous and endogenous origin. In plants, members of the GST family are herbicide tolerant, protecting cells against chemical-induced toxicity and providing tolerance by catalyzing S-conjugation between the thiol group of GSH and the electrophilic moiety in the hydrophobic and toxic substrate [27,28,29]. The identification of genes involved in the mechanisms involved in the growth of certain plants in contaminated soils has emerged as a promising approach both to assess the phytoremediation capacity of some species and their mechanisms of detoxification involved, as well as to establish principles for gene editing, to improve the tolerance of some plant species.



In plants, the phytoaccumulation capacity and the stress generated by the presence of heavy metals can be estimated in different ways. One of these is the quantification of metals absorbed by the different plant structures (stem, root, and leaves), by inductively coupled plasma atomic emission spectroscopy (ICP) [30]. Additionally, the identification of differential gene expression by real-time qPCR or RT-qPCR of genes involved in detoxification allows us to identify the response to stress generated by the presence of metals.



Among the most important metabolites produced to counteract the stress caused by growth in media with past metals is glutathione (α-glutamyl-cysteinyl-glycine), which acts both as a reducing agent, protecting the cell against oxidative stress, and as a nucleophile, protecting against chemical toxicity through phase II detoxification reactions [31]. Coleman et al. [31] argue that homeostatic glutathione concentrations in plant cells are normally maintained through a series of interrelated processes, such as synthesis, degradation, and long-distance transport. Glutathione in its role as nucleophilic scavenger may undergo spontaneous or glutathione-S-transferase (GST) conjugation to a wide range of xenobiotic electrophiles [31].



Perennial ryegrass (Lolium perenne) is a diploid species of external breeding with a strong system of self-compatibility, and for this reason it is one of the most cultivated grasses in temperate regions [25,32,33]. The tolerance of L. perenne to saline conditions and different metals including mercury has been evaluated, but the changes in the gene expression of GST in L. perenne have not been evaluated [25,34,35,36]; similarly, compared to other perennial grass species, it is one of the most widely available sequences of both its genome and messenger RNA, facilitating its study and possible manipulation [37,38]. Therefore, ryegrass could serve as a mercury phytoremediator plant because previous studies have found that this plant is tolerant of growth in cadmium-contaminated media [39,40,41].



This work aimed to evaluate the phytoremediation potential of the symbiosis of L. perenne and mycorrhizal fungi as an alternative to the recovery of soils contaminated with mercury. Further, it aimed to determine the morphological changes and the expression of the GST gene of L. perenne involved in processes of phytotoxicity of metals in the presence of said symbiosis.




2. Materials and Methods


2.1. Materials


The experiment was divided into three stages: (i) association tests (root-fungus), (ii) seeding and sample collection, and (iii) morphological and molecular analysis, involving evaluation of gene expression and determination of the accumulation of heavy metal metals. Certified L. perennial seeds referenced as Rye Grass Bestfort plus (CEBA, Bogotá, Colombia) were used. Before being used they were washed with deionized water and 10% KOH solution.



The reference Tierra Bona (Fercon S.A., Cali, Colombia) was used for the soil and two commercial preparations were used to form the mycorrhizae. The first preparation was “MICORRIZAR Biological Soil Inoculant” (AGROTECNIA LTDA, Bogotá, Colombia), which is roots colonized with a mixture of spores of the genera Glomus sp., Acaulospora sp., Entrophospora sp., and Giaspora sp., (MICO1). The second brand is known as “MICORRIZAS M.A soil inoculant” (SAFER AGROBIOLÓGICOS S.A.S, Bogotá, Colombia), which like the first is colonial roots that contain spores of the genera Glomus sp., Acaulospora sp., Entrophospora sp., and Scutellospora sp. (MICO2).




2.2. Methods


2.2.1. Association Test


In the association test, two commercial brands of commercial mycorrhizal preparations with L. perenne were used, as described above, to verify which of the two developed associations when viewed under a microscope. The mycorrhizae were seeded in 10 cm-diameter Petri dishes, along with the soil in different proportions: 1:1, 1:2, 1:3, 1:4, 1:5, and 1:6 (w/w ratio) for a total of 40 g of mycorrhizal–soil mixture (metals and biological pollutants-free). In each Petri dish, 45 L. perenne seeds were sown and allowed to grow for 15 days with a 12/12-h photoperiod and were irrigated with deionized water. After this time, five seedlings for each rhizobox were randomly collected and a KOH staining was carried out at their roots. Each treatment included a negative control without mycorrhiza. This test was performed in duplicate.



At the end of the association tests, it was obtained that the lowest ratio with which the association between the fungi and the plant occurred was 1:3; therefore, this ratio was the one used for the final sowing.




2.2.2. KOH Staining


For the staining of the roots, the methodology used was proposed by Cepero de García et al. [42] with some modifications that included shorter times in the rinsing and staining phase, since the protocol is designed to stain much thicker roots. This procedure consisted of collecting all the roots and washing them with deionized water to remove all the adhered soil. Subsequently, they underwent a rinsing process for 2 h with 10% KOH. The roots were again washed with deionized water to continue the rinsing process by immersing them in 3% H2O2 for 20 min.



After the rinsing process, the roots were immersed in a 1% HCl solution for 10 min, after which the trypan blue solution staining was made up of 50 parts of glycerol, 50 parts of lactic acid, and 0.05 parts of trypan blue, for 5 min. Stained roots were observed under a microscope at 10×, 40× and 100× magnification.




2.2.3. Soil Contamination


To evaluate the growth of L. perenne in contaminated soils, the soil was contaminated in such a way that it had a final concentration of 1.0 ± 0.2 mg/kg mercury [43], in accordance with the methodology proposed by Pitombeira et al. [44]. In total, 4 kg of soil was contaminated with mercury.



To confirm the final concentration of the contaminated soil, 1.0 g of it was collected, and acid digestion was performed following the EPA-3051A standard [45]. The samples were stored for one week. After that the leachate was analyzed using an ICP-OES Thermo ScientificTM ICAP6500 DUO (Waltham, MA, USA), according to the EPA-6010D method, the recovery percentage of mercury being 98%.




2.2.4. Planting in Contaminated Soil


Four treatments were evaluated in duplicate. Taking into account that the best ratio was one part of mycorrhiza to three parts of soil, the quantities of each are shown in Table 1.



In each rhizobox (with dimensions of 20 cm long, 10 cm wide, and 13 cm high) 200 seeds of L. perenne were sown evenly to obtain enough material for all the analyses to be carried out at the time of harvest at 30 days. The treatments used in the rhizobox culture were control (B), control with mycorrhizae (BM), mercury (H), and mercury with mycorrhizae (HM). During the 30 days of growth the seedlings were irrigated with distilled water (207.5 mL) to maintain humidity at 70%. The watering was done on Mondays and Fridays at 8 am; likewise, the laboratory conditions were a relative humidity of 52%, with an average temperature of 20/16 °C (light/day), and the plants were exposed to a 12 h/12 h photoperiod. Soil properties are summarized in Table 2. After 30 days, when the seedlings were collected, 95% of the plants showed uniformity in growth, and there were two biological samples (n = 2) per modality to carry out the analyses: molecular and heavy metal. Stems, and roots were measured with a PCE-DCP 600N vernier caliper (HOPEX®, Bogotá, Colombia) with an accuracy of 0.01 mm. The stem was separated from the root and each tissue sample was stored in a 1.5 mL Eppendorf tube at −80 °C.




2.2.5. RNA Isolation


Approximately 100 mg of plant tissue (stem and root) were used. The samples were stored at −80 °C in 1.5 mL Eppendorf tubes to avoid RNA degradation during the two days that the collection of all individuals lasted. For the extraction of RNA, an Agilent Plant RNA Isolation Mini Kit (Agilent Technologies, Santa Clara, CA, USA) was used, and the manufacturer’s recommendations were followed.



The quantification of the RNA was performed utilizing a Nanodrop at a wavelength of 260 nm. In the same way, the integrity of the extracted RNA was evaluated using a 1.5% agarose electrophoresis. Subsequently, the isolated RNA was treated with DNase (Thermo Scientific, Waltham, MA, USA) leaving a final concentration of 20 ng/μL for all the tissues.




2.2.6. Real-Time PCR


The RT-qPCR was performed using the Brilliant III Ultra-Fast SYBR Green RT-qPCR Master Mix Kit (Agilent Technologies, Santa Clara, CA, USA). For each of the reactions, 2 μL of RNA from each sample was used, according to the kit’s requirements. Reactions were carried out in the Stratagene Mx3000p thermal cycler (Agilent Technologies, United States), using the temperature profile 1 cycle 50 °C for 10 min, 1 cycle 95 °C for 3 min, 40 cycles 95 °C for 20 s and 60 °C or 62 °C for 20 s. Finally, to verify the specificity of the amplification, a melting curve was performed at the end of each amplification. The temperature profile was 95 °C for 1 min, 55 °C for 30 s, and 95 °C for 30 s; additionally, the amplicons were run in a 2% agarose electrophoresis. Quantification of the expression of the GST gene was performed using the delta CT (crossing threshold) method, using TBP-1 (which codes for TATA-box-binding protein) as a constitutive gene and a base of 1.8, assuming that the reaction did not have 100% efficiency. The primers used in the amplification process are shown in Table 3. All RT-qPCR reactions were performed in duplicate, and if the obtained CT differed more than 5% this reaction was processed again.




2.2.7. Plant Tissue Quantification


At the end of the 30 days of growth, 0.5 g of soil, root, and stem of the plant were collected in each of the treatments, for a total of 18 samples that underwent acid digestion following the protocol established in the EPA-3051A, to quantify mercury concentration using ICP [45].




2.2.8. Analysis of Data


For the data obtained from the stem and root measurements, the Shapiro–Wilk normality test was applied. From these data it has been found that the data did not present a normal distribution; comparisons of the lengths between treatments were made using the Kruskal–Wallis test. For both cases, a significance level of 0.05 was determined and both tests were carried out with the help of the software Minitab 2019®.






3. Results


3.1. Association Test


After staining with KOH the selected roots of the mycorrhizal treatments, it could be shown that the association between L. perenne and mycorrhizal fungi occurred at all concentrations and with the first commercial (MICO1) preparation tested. The stained roots were observed under a light microscope and the images obtained are seen in Figure 1. For this study, the MICO1 mycorrhiza was chosen, presenting the only association in the roots of the plant and the least amount of inoculant.




3.2. Morphological Results


Figure 2 shows the average lengths in centimeters of the different structures in each of the treatments evaluated. A multiple linear regression was performed in which the association and the metal or its absence were taken as factors (n ≈ 190). It has been found that none was statistically significant with a p-value greater than 0.05 for all the factors.



Both the control (B) and the mercury treatment (H) showed an average stem length that was similar, while in the case of the mercury-mycorrhizal (HM) treatments it was the one that showed an average-length minor stem. In the case of roots, the shortest length was observed in the control-mycorrhiza (BM), while in the other treatments the average length was very similar with a very small variation of millimeters between all.



Statistically it was obtained that the results were not significantly different; so, the length of the roots and stems of the different treatments were not different from those of the control (Figure 2).




3.3. Heavy Metal Analysis


Heavy metal tests were applied to the 18 samples collected after the phytoremediation process applied to mercury in soil by L. perenne. In Table 4, it is shown that when the plant was not in association with mycorrhiza, it was the stem structure that absorbed most contaminant, while when the plant was in symbiosis with the mycorrhiza, the root was the one that most absorbed the contaminant. However, the above behavior does not imply that the stem had higher growth; on the contrary, while the root was absorbing the pollutant, the growth of the stem was inhibited by almost 0.25 cm on average. While the root length in the two mycorrhiza treatments (H and HM) was similar, the absorption of the contaminant was higher in HM, which may be due to the fact that it was the mycorrhizae that were absorbing the metal.



As a result of the phytoremediation process carried out in soil contaminated with mercury, the following reduction in content was reached for each treatment: for H, from 1.19 to 0.29 mg/kg dry mass (75.6%), and for HM, from 1.20 to 0.41 mg/kg dry mass (65.8%). This was observed for 30 days of testing. The amount of mercury left in the soil without mycorrhiza (H) was 0.18 mg, taking into account that the amount of mercury was 0.73 mg. Therefore, the mercury exported to the plant were 0.55 mg. For the treatment with mycorrhiza, the plant exported 0.48 mg of mercury and 0.25 mg remained in the soil.




3.4. Molecular Analysis


CT quantification for the GST gene was performed and compared with the CT of the selected constitutive gene. Samples were run in duplicate (n = 2). It was found, descriptively, that in the case of the control there was a decrease in the expression of the root when it presented an association with mycorrhiza; however, the expression levels were similar in the stem. On the other hand, in the case of mercury, increases were found in the levels of expression in both root and stem when there was the presence of an association with mycorrhiza. Figure 3 shows the level of expression for the different treatments.





4. Discussion


The association test was carried out to establish under which conditions mycorrhizal formed, and it was shown that this occurred both in the target and in the treatment with mercury. However, it could not be determined if the colonization rate was different between treatments since only two biological replicates were used; however, for future experiments the evaluation of the rate may be relevant for colonized roots in the presence and absence of heavy metals.



The establishment of micro-curls in the presence of heavy metals could occur since mycorrhizal fungi have various extracellular and intracellular defense mechanisms, such as the growth mechanism of vegetal tissue and biological nitrogen fixation mechanisms [20]. On the other hand, some authors argue that mycorrhizae possess antioxidant detoxification systems that aim to counteract the accumulation of reactive oxygen species (ROS) and mechanisms that focus on the repair of metal-damaged biomolecules [22,46,47]. According to the results of root growth and metal absorption, the comparison between plant-mycorrhizal symbiosis and plant alone can be explained taking into account that in arbuscular mycorrhizae, the mycelium extends from the roots of the plants through areas of depletion of poorly mobile nutrients, the most important being phosphorus [20]. Further, according to Smith and Read [16] the absorption surface area is considerably increased by the hypha network in the rhizosphere, acquiring nutrients and water more efficiently. Such behavior can be evidenced in the present work where even a higher absorption of metal in the root was observed when the plant was in symbiosis with mycorrhiza.



In the two treatments with and without mycorrhiza, a very similar longitudinal growth was observed, but in the absorption of the metal, it was observed that the highest percentage of absorption occurred in the treatment with mycorrhizae, and this behavior can be explained since the arbuscular mycorrhizae, with its extraradical mycelium that surrounds the roots of plants, not only extends the volume of the soil but also makes the absorption of nutritious minerals more efficient, also favoring the absorption of mercury [24,48,49,50]. This higher percentage of absorption in the root may be due to extracellular mechanisms, among which are chelation and binding to the cell wall, which focuses on the entry of metals. However, intracellular mechanisms, including non-protein thiol binding and transport to intracellular compartments, reduce the concentration of metals in the cytosol mechanisms [20]. According to the results shown in Table 4 and Figure 2, it can be suggested that the plant can absorb metals and also survive, developing properly and in a similar way to plants in soil without contamination.



A significant reduction of the contaminant in the soil with L. perenne was evidenced, in which a reduction was found for H of 75% and for HM 68%, approximately. These results agree with those of other authors for both L. perenne and other species, which shows that L. perenne could be said to be a hyperaccumulating plant [34,35,51].



There is evidence that arbuscular mycorrhizae play an important role in increasing the tolerance of some plants to toxic metal contamination by developing tolerance to fungal metals and binding of metals to polyphosphates within the fungal hyphae involved [19,23,52]. Preliminarily, it can be inferred that despite the bioaccumulative capacity of L. perenne, it is possible that part of the metals present in the soil as well as in the solution used for irrigation was captured by the different genus of fungi present in the mixture of mycorrhizae used.



Regarding the expression results of the GST gene, it was found that it was differentially regulated for Hg2+ when an association with mycorrhiza was present, which may be related to regulatory molecular activities to repair the damage, conferring tolerance to heavy metals. According to Shri et al. [53], heavy metal (oid) exposure to plants increases GSH content, which has been correlated with the feedback induction and increased expression of genes encoding members of GST and glutathione peroxidases (GPX) gene families under as stress. Collectively, the combined positive regulation of the gene and the association with mycorrhizae may contribute to a superior ability to adapt to Hg2+ in L. perenne [25], which can be observed morphologically in the elongation of early structures (Table 2). This behavior could take place by cause of the glutathione-S-transferase (GST) gene found in plants in the cytosol, being homo or heterodimeric enzymes that exist as multiple isoenzymes with species-specific activity for a wide spectrum of electrophilic compounds. These enzymes can also catalyze the conjugation between various xenobiotic compounds with electrophilic centers, such as those produced by Hg2+ metal ions, and the nucleophile glutathione (GSH), thus marking the xenobiotic for vacuolar sequestration [54,55]. The resulting GSHu conjugates are generally less toxic and more soluble in water than the original xenobiotics [56,57].



According to the results, it can be inferred that mercury was detoxified by the conjugation of glutathione catalyzed by GST. Consequently, in this study, it can be seen that the activity of the GST protein was blocked, which could have led to an accumulation of unconjugated electrophiles in the cell, or in this case, as expressed by other authors, they can find cytosolic enzymes which could be causing the conversion to toxic metabolites [28,31,58]. In the same way, treatment with mycorrhiza could help the proper development of the plant because a large fraction of the metal is accumulated in the roots and mycelia of arbuscular mycorrhizae, so the elimination of conjugates from the cytoplasm and its compartmentalization and immobilization in the cell is critical for effective detoxification.



In the phytoremediation process, toxic substances present in the soil can be retained or metabolized by the plant. In the case of L. perenne, if it is exposed to heavy metals, these can accumulate within the root or aerial structures such as leaves or stems [26]. There are plant species that are capable of volatilizing metals such as Se, Hg, and As that have accumulated in the aerial tissues [27]. However, there is not enough information to confirm that this is the case with L. perenne; although according to the metal balance test performed it can be stated that in the 30 days of treatment the metal was not volatilized by the plant.



From the treatment of contaminated soil without mycorrhizae, the greatest accumulation occurred in the stem; the concentration of the metal was greater than the concentration present in the soil. In the case of mycorrhizal treatments, a different trend was seen, since the greatest accumulation was seen in the root. The fact that mercury concentrations were higher inside the plant and the root than in the soil indicates that a process of phytoremediation took place. It is necessary to continue evaluating the plant-mycorrhizal symbiosis to determine how much the mycorrhiza helps the development of the plant and the absorption of a greater amount of metal, or whether this symbiosis is not necessary, because it was not evaluated whether the colonization rate was lower in these treatments concerning the treatment of control with mycorrhizae. However, it can be seen from the results that the symbiosis does affect the way the plant assimilates the contaminant.




5. Conclusions


Taking all the results into account, it can be concluded that L. perenne may be a good alternative to remove mercury from the soil. From the morphological results it can be concluded that the symbiosis of L. perenne and arbuscular mycorrhizal fungi reduces root development and stimulates stem growth, although other species and families of arbuscular mycorrhizal fungi could be evaluated to determine if they are better than those evaluated in this study, such as Rhizoglomus intraradices, Glomus macrocarpum, and the Basidiomycetes family. At the molecular level, it was observed that for the GST gene, there was a differential response for mycorrhizal treatments, which is important because this gene encodes proteins that help eliminate toxins in the plant. However, in the case of Hg2+, it is possible that an accumulation of glutathione could have occurred in the cells without the possibility of expulsion and consequently it could also have resulted in a toxic effect. It is necessary then, to continue studying L. perenne as a mercury phytoremediator plant, including or considering more genes that can determine how the plant’s structures can be affected by the remediation of metals such as mercury. Likewise, we should evaluate other enzymes such as CAT, pAPX, Hsp70, Hsp90, and GPX. Errors in the mercury mass balance may be due to sampling and equipment accuracy that may have caused an error of approximately 1.17%.
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Figure 1. KOH staining results: (a) colonization hypha in the treatment of mercury with mycorrhizae (100×); (b) vesicles in the control treatment with mycorrhizae (40×); (c) colonization in the treatment of mercury with mycorrhizae (100×); (d) vesicles in the treatment of mercury with mycorrhizas (40×); (e) root without colonization of the control treatment. 
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Figure 2. Interval plot of length 95% CI of the mean (individual standard deviations are used to calculate the intervals). 
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Figure 3. CT quantification for glutathione-S-transferase (GST) gene in comparison to CT of the selected constitutive gene (n = 2). 
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Table 1. Treatments used for the mercury phytoremediation process.
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	Treatment
	Amount of Soil (g)
	Amount of Mycorrhiza (g)





	B (control)
	1000 *
	-



	BM (control with mycorrhizae)
	667
	333



	H (mercury)
	1000
	-



	HM (mercury with mycorrhizae)
	667
	333







* Rhizobox capacity.
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Table 2. Soil physicochemical properties.
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	Parameter
	Result





	Aluminum (mg/kg wb)
	43,351



	Barium (mg/kg wb)
	240



	Calcium (mg/kg wb)
	7490



	Zinc (mg/kg wb)
	61.5



	Iron (mg/kg wb)
	19,573



	Magnesium (mg/kg wb)
	1795



	Manganese (mg/kg wb)
	778



	Potassium (mg/kg wb)
	1457



	Sodium (mg/kg wb)
	322



	pH (mg/kg wb)
	6.07



	Electrical conductivity (μS/cm)
	4.3



	Field capacity (%)
	85



	Organic total carbon (TOC) (%)
	24.5



	Moisture content (%)
	63



	Particle size (μm)
	150–300



	Nitrogen (% db)
	0.054



	Bulk density (g/cm3)
	1.26
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Table 3. Selected gene initiators used in qPCR reactions.






Table 3. Selected gene initiators used in qPCR reactions.





	
Name

	
Direction

	
Sequence

	
Size (pb)

	
Temperature Annealing (°C)






	
GST

	
(5’-3’)

	
CTACAGAGCCACGCCGTCATCG

	
193

	
62




	
(3’-5’)

	
CAGCGTGGATCTGGGGTGCT




	
TBP-1

	
(5’-3’)

	
GCAGATATTCTTGATCCCGCTTT

	
69

	
60




	
(3’-5’)

	
CGGATGAGGGAACTCAATCTTT
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Table 4. Concentrations absorbed by mercury plant and soil structures.
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	Treatment
	Matrix
	Concentration Initial
	Concentration Final
	Units





	B
	S
	<0.10
	<0.10
	mg/kg



	B
	T
	
	<0.10
	mg/kg



	B
	R
	
	<0.10
	mg/kg



	BM
	S
	<0.10
	<0.10
	mg/kg



	BM
	T
	
	<0.10
	mg/kg



	BM
	R
	
	<0.10
	mg/kg



	H
	S
	1.19
	0.29
	mg/kg



	H
	T
	
	0.75
	mg/kg



	H
	R
	
	0.12
	mg/kg



	HM
	S
	1.20
	0.41
	mg/kg



	HM
	T
	
	0.28
	mg/kg



	HM
	R
	
	0.49
	mg/kg







Detection limits (DL) 0.10 mg/kg. Acronyms: S = soil, T = stem, R = root.
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