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Abstract

:

Trichoderma is a soil-dwelling microorganism that has many benefits for plants and is therefore widely used in agriculture. Among the secondary metabolites produced by Trichoderma, gliotoxin (GT) is one of the most studied. The antagonistic effect of GT on other fungi was first discovered by R. Weindling in 1934. He referred to it as the “lethal principle” of Trichoderma. Despite the long history of studying GT, its impact on the soil microbial community has remained largely unexplored. In our work, we investigated the response of the soil microbial community to different doses of GT (10–500 µM per kg) and different durations (7–56 days) of exposure. We measured microbiological parameters (CO2 emission, microbial biomass (MB)), calculated the eco-physiological indices and determined the activity of soil enzymes involved in the C, N, P and S cycles. We identified three types of microbial responses to GT: inhibition, stress and stimulation. The inhibitory effect developed only by day 56 and in the samples treated with 500 μM GT. The stress effect (increased CO2 emission and decreased MB) of GT on microbial communities was predominant. Soil extracellular enzymes also responded to GT to varying degrees. A stimulating effect of GT on enzyme activity was noted for β-D-1,4-cellobiosidase and β-1,4-glucosidase. The activity of arylsulfatase and leucine aminopeptidase decreased under the influence of GT up to day 28, but by the end of the experiment, there was a restoration of activity. We did not observe any significant changes in the activity of β-1,4-xylosidase, β-1,4-N-acetyl-glucosaminidase or acid phosphatase. The results obtained showed that GT at high, “man-made” doses can inhibit the microbiological activity of soil, but at naturally occurring concentrations, it can have a stimulating effect on soil microbiome functionality.
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1. Introduction


The increasing demand for environmentally friendly agricultural chemicals is driving advances in research to find alternative, natural methods to stimulate plant growth and increase productivity, as well as to protect crops against phytopathogens. Fungal and bacterial microbial inoculants are an important alternative to agrochemicals [1,2].



The extracellular enzymes of the soil microbial community play a crucial role in the cycling of essential nutrients and the overall biogeochemical processes in ecosystems. The use of microbial inoculants is intended to help maintain the health of soil and, in turn, its fertility. However, there is a lack of full understanding of how the use of microbiological products affects the interactions between microorganisms in soils and, consequently, the essential functions of the soil ecosystem. The benefits that plants can experience are realized both indirectly, through increased systemic resistance, and directly, for example, through the bioconversion of essential nutrients into available forms and direct pathogen antagonism. The ability to produce antibiotics is one of the main characteristics of microbial agents taken into account when screening and selecting useful strains [3]. It is worth noting that the action of antibiotics produced by microbial agents affects not only the pathogenic components of the microbiome but also other bacterial and fungal taxa. The fact that secondary metabolites produced by microorganisms in biopesticides may have undesirable effects on non-target organisms is even a reason for criticism and discussion of their use in agriculture [4,5]. To date, there have been no systematic studies on the impact of antibiotics produced by PGP (plant growth-promoting) microorganisms on the structural and functional properties of soils. However, interested readers can refer to a review on the effect of pharmaceutical antibiotics on soil functions [6].



Recently, the ecological role of antibiotics has become a topic of discussion, as it defines the properties of these substances as signaling molecules that influence transcription and translation processes, modulating biochemical activities in natural populations on both intraspecific and interspecific levels [7]. From the perspective of agricultural practices, there is a significant lack of understanding about the fundamental processes that take place in soil when antibiotic-producing microorganisms are present.



Trichoderma is one of the most sought-after PGP microorganisms for use in cropping systems [8]. Trichoderma’s secondary metabolites are not only good fungicides but also plant growth stimulants [9]. Gliotoxin (GT) is one of these well-known secondary metabolites produced by Trichoderma virens as well as other fungi: Aspergillus, Eurotium, Neosartorya, Penicillium and Acremonium [10]. Since the discovery of GT as an antibiotic in 1934, it has been recognized as one of the key factors in determining the effectiveness of antimicrobial preparations based on Trichoderma virens; R. Weindling referred GT as the “lethal principle” of Trichoderma against Rhizoctonia solani [11,12,13,14,15,16,17,18]. In soils, Trichoderma virens has the ability to produce approximately 1 microgram of gliotoxin per gram of soil [19]. In a vermiculite medium, gliotoxin was detected in an amount of 0.42 μg/cm3, in composted mineral soil—0.36 μg/cm3, in clay soil—0.20 μg/cm3 and in sandy soil—0.02 μg/cm3 [20]. GT was found to inhibit the growth of Fusarium solani [21], Phytophthora capsici [22], Macrophomina phaseolina [23], Rhizoctonia solani [24] and Pythium ultimum [25]. Recently, it has been found that GT is active against various types of bacteria and is more effective against those with a Gram-positive cell wall [26]. Trichoderma is one of the most extensively studied fungi with beneficial properties for cultivated plants. More detailed information on the plant-beneficial characteristics of Trichoderma species can be found in review articles [27,28,29]. Since its discovery in the 20th century, the functional and ecological roles of GT have only begun to become clearer. For example, recent research has found that, in addition to its fungicidal and bactericidal properties, GT also induces transcriptomic reprogramming in plants, priming their immune responses and defenses [30]. Today, there is a lack of knowledge regarding the effects of GT on soil microorganisms, the related transformation of nutrients in soil and the associated biochemical processes. This information is essential for understanding how microbial products function.



In this work, we focused on studying the effect of GT on soil microorganisms by assessing the key functional indicators of soil health, such as the respiratory activity of soil microbiota, microbial biomass and enzymatic activity. This study presents an evaluation of the ecological and physiological state of the microbial community in response to GT. We hypothesize that (1) gliotoxin will act as an external inducer of physiological activity (including as an energy source), promoting an increase in the content of microbial biomass and its respiratory activity; (2) the activity of soil enzymes will increase under the influence of GT; (3) over time, the stimulating effect will weaken due to the degradation of GT in soils and the adaptation of the microbial community to new conditions. In soils with a low dose of GT, the return to initial indicators or near-control conditions will occur more rapidly. Additionally, it is possible that high doses of GT may have a stress-inducing effect and lead to a reduction in microbial biomass and enzyme activity in the soil.




2. Materials and Methods


2.1. Soil Sample Preparation and Experimental Design


GT was obtained by cultivating Aspergillus fumigatus UTMN in liquid Weindling broth, as described in the work [31]. The soil for the experiment was collected using the “checkerboard” method (four points at the corners and one in the center) from the surface (0–15 cm) of the agrocenosis (coordinates: 57.0912, 65.3738). The collected soil was delivered to the laboratory in polyethylene bags (“zip” bags).



In the laboratory, soil samples were cleared of visible plant debris and stones and mixed into one sample. The mixed sample was then thoroughly mixed and sifted through a sieve with a pore diameter of 2 mm. For each GT concentration (10, 50 and 500 μM kg−1 soil), five replicate microcosms were prepared by transferring carefully prepared soil into plastic containers with multiple holes of 1–2 mm in diameter (Figure S1). Each soil sample was mixed with different concentrations of GT diluted in distilled water. The control soils were mixed with water. All soil samples were then homogenized by mixing thoroughly for 5 min to ensure the uniform distribution of GT and water. The water-holding capacity of the soils was adjusted to 60%. Containers with GT-treated soils were placed at a depth of 0–5 cm in the agrocenosis (where the soil was initially collected). Soil samples were collected from each microcosm after 7, 14, 28 and 56 days of incubation. The experimental period was June–August 2023 (Table S1).




2.2. Chemical Analysis


For basic soil parameters, the soil pHKCl and pHH2O were measured potentiometrically using an Orion Star A 111 pH meter (Thermo Scientific, Waltham, MA, USA) according to the international standard ISO 10390 [32]. The total carbon (TC) and total nitrogen (TN) contents were determined in triplicate using a Vario EL III elemental analyzer (Elementar, Langenselbold, Germany). The soil was gray (Luvic Phaeozems, according to the WRB classification) with a loamy texture (clay 28.5%, silt 27.7%, sand 43.8%), pHH2O 6.2 and pHKCl 5.6. The content of TC determined in this way was considered equal to the SOC content, since carbonates are absent from the studied Luvic Phaeozems.




2.3. Extraction and Detection of GT in Soil


GT residues were quantified using chloroform extraction. To perform this, 500 mg of soil was taken from each microcosm and placed in a test tube (2 mL). The soil was then mixed with 1 mL of chloroform solvent. The tubes were shaken for 1 h at 150 rpm in a shaker–incubator. After that, the samples were centrifuged for 10 min at 13,000 rpm. This extraction procedure was repeated three times in order to maximize the amount of GT extracted from the soil. The extracts were combined, and then the solvent was removed by evaporation on a vacuum rotary evaporator (Heidolph Hei-VAP Expert Control, Schwabach, Germany). The dry residue was redissolved in DMSO (1 mL) and applied to a 6 mL C18 column for solid-phase extraction (Phenomenex, Torrance, CA, USA). The resulting extract was lyophilized, redissolved again in DMSO (1.5 mL) and analyzed by high-performance liquid chromatography (HPLC) (Agilent 1260 Infinity II, Agilent Technologies, Santa Clara, CA, USA) using the analytical standard of gliotoxin.




2.4. Microbiological Analysis


Basal respiration (BR) was determined by the emission of CO2 from the soil of the microcosms with and without GT using a LI-830 gas analyzer (LI-COR Biosciences, Lincoln, NE, USA). The procedure for determining BR is described in [26,33]. The substrate-induced respiration (SIR) method was used to determine the microbial biomass carbon content (MBSIR). The procedure for determining SIR and MBSIR is described in [26,33]. CO2 emission measured by the SIR method was recorded using an LI-830 gas analyzer. BR and SIR values were expressed in CO2 g−1 soil h−1 [34]. MBSIR was expressed in μg C g−1 soil. Measurements of BR, SIR and, respectively, MBSIR were performed in 3-fold replicates on the 7th, 14th, 28th and 56th days after the introduction of GT into the microcosms.



The ecological and physiological functioning of the microbial community in the presence of GT and without it was assessed using the following indicators: QR, qCO2, MBSIR/SOC and qCO2/SOC. The description of eco-physiological indicators is presented in detail in the work [26].




2.5. Enzymatic Analysis


The activities of β-D-1,4-cellobiosidase (CB), β-1,4-glucosidase (βG), β-1,4-xylosidase (βX), β-1,4-N-acetyl-glucosaminidase (NAG), L-leucine aminopeptidase (LAP), acid phosphatase (AP) and arylsulfatase (ARS) were determined fluorimetrically using fluorogenically labeled substrates [35]. Measurements were performed in 96-well black plates. Standard (4-MUB and AMC) and substrate solutions were prepared in defined concentrations. A one-gram soil sample was mixed with 50 mL of sterile water. The soil suspension was homogenized using ultrasound and shaken on a horizontal shaker. The enzyme assay protocol is detailed in [36]. The fluorescence of solutions in microplates was measured at the moment of substrate addition after 30, 60, 120 and 180 min. The excitation wavelength was 360 nm, and the emission wavelength was 450 nm. Measurements were carried out on days 7, 14, 28 and 56 of incubation after treatment with GT. For each microcosm, we calculated 6 analytical replicates (wells of the microplate). The activity was calculated using the formulas presented in the works [37,38].




2.6. Statistical Processing


The obtained results were statistically manipulated using Origin 2021 (OriginLab Corporation, Northampton, MA, USA) software. The Shapiro–Wilk test was used to assess the normal distribution of values. In the presence of a normal distribution, the two-sample t-test was used, whereas if normality was rejected, the Mann–Whitney test was used. Two-way ANOVA analysis was used to assess the impacts of co-incubation time (sampling time), applied GT concentrations and their interaction on soil enzyme activities. Tukey’s comparison test was used to assess the significance within and between groups. Differences were considered significant at p-values < 0.05. The correlation between gliotoxin dose and metabolic/respiratory quotients was calculated by correlation–regression analysis using MS Excel (2016).





3. Results


3.1. Soil Organic Carbon


In the soil, the organic carbon (SOC) content was 17.4 ± 0.07 g kg−1, and the TN content was 1.99 ± 0.11 g kg−1. The SOC was also measured in the samples with different doses of GT and at different times of co-incubation (Table 1). On the 7th day of incubation, there was a 41.3% increase in SOC content in microcosms treated with 500 μM GT (p < 0.005). The decrease in SOC in microcosms with 50 μM GT was not statistically significant (p > 0.05). In samples treated with a low concentration of GT (10 μM), there was no change in SOC content (p > 0.05). A significant increase in the SOC was observed in samples with 50 μM GT after 14 days of co-incubation (by 19.4%), and the SOC content in samples with 500 μM GT remained quite high compared to that of the control (32.3%). The changes recorded on day 28 were not statistically significant. However, at the end of the experiment, in samples with 50 μM of GT, there was a significant increase in SOC of 22.2% compared to that in the control group (p < 0.05).




3.2. GT Residues in Soils


Using HPLC, we assessed the residual amounts of GT in the microcosms during incubation. It was found that, on the 7th day of co-incubation, approximately 10% of the introduced concentrations of GT could be identified in all microcosms. On the 14th day, GT in the microcosms with 10 and 50 μM was not detected, and in the microcosms with 500 μM GT, about 7% of the initial dose was detected. The following day, GT was detected in microcosms at a level of 0.5% of the initial 500 μM (Figure 1).




3.3. Microbial Activity of Soil under the Influence of GT


During the experiment, there were changes in microbial activity (Figure 2). On the 7th day, all samples treated with GT showed an increase in respiratory activity compared to the control samples, which suggests that GT had an effect on the microorganisms (p < 0.001) (Figure 2a).



After 14 days, in samples with 10 μM GT, basal respiration decreased by 37.3% (p < 0.005). In samples with 50 and 500 μM GT, a decrease in the respiratory activity of microbial communities was also observed, but when compared with the control samples, these changes were not significant (p > 0.05). On the 28th day of incubation, a further increase in microbial respiration was observed in the 10 and 50 µM GT samples. By the 56th day, in the 10 µM GT group, BR was 49.9% higher than that in the control (p < 0.005), while in the 50 μM group, it was 103.5% higher (p < 0.001). In the soil samples treated with 500 μM GT, after the stimulation period on day 7, the basal respiration decreased and reached a steady state on day 28. On day 56, the BR value corresponded to that on day 28.



The MBSIR index in soils treated with 10, 50 and 500 μM of GT decreased by 25.7%, 49.6% and 63.7% on the 7th day of incubation, respectively (p < 0.001) (Figure 2b). On the 14th and 28th days, there was a slight increase in microbial biomass compared to that at the initial point. However, these values continued to remain below those of the control group (p < 0.001). At the end of the incubation period, the difference in MBSIR between the treated samples (10, 50 and 500 μM) and the control was 8.1% (p < 0.01), 34.7% (p < 0.001) and 38.9% (p < 0.05), respectively.




3.4. Eco-Physiological Changes in Soils under the Influence of GT


Soils treated with GT showed higher QR and qCO2 values than controls (Figure 2c,d). The QR and qCO2 values were highest on the 7th day and then decreased. Also, on the 7th and 14th days of the experiment, it was found that as the concentration of GT increased, as did the values of QR and qCO2 (R2 = 0.6, R2 = 0.8). In the following days, we did not observe strong relationships between the concentration of GT and the eco-physiological parameters (day 28—R2 = 0.01, day 56—R2 = 0.02).



The microbial biomass carbon-to-soil organic carbon ratio (MBSIR/SOC) was significantly lower in GT-treated soil compared to that in control soil (p < 0.005). On the contrary, qCO2/SOC values in the soils with GT were higher than those in the control samples (p < 0.01) (Figure 2e,f). The increase in qCO2/SOC in samples with 500 μM GT on the 14th and 56th days was not significant (p > 0.05).




3.5. Enzymatic Activity of Soil under the Influence of Gliotoxin


The activities of extracellular soil enzymes responded differently to the introduction of varying doses of GT during the experiment.



Activity of C-cycle enzymes. In soil samples with 10 μM GT, a significant increase (by 1.2 times) in the activity of β-D-1,4-cellobiosidase (CB) was observed on the 56th day of incubation compared to that in the control (p < 0.05) (Figure 3a). In the samples with 50 μM of GT, on day 7, CB activity decreased by a factor of 1.1 (p < 0.005). On days 14 and 28, CB activity increased by factors of 1.1 and 1.3, respectively (p < 0.005). By the end of the incubation period, the CB activity levels were similar to those of the control samples. We did not observe a significant effect of the 500 μM GT treatment on the cells on the 7th day of the experiment (p > 0.05). On the 14th day, enzyme activity increased 1.2-fold compared to that in the control group (p < 0.001) and remained at this level until the end of the incubation period (p < 0.05).



GT significantly reduced the activity of β-1,4-glucosidase (βG) on the 7th day of incubation in samples with 50 μM GT (p < 0.005) and 500 μM GT (p < 0.05) (Figure 3b). A dose of 10 µM GT did not have a significant effect on βG activity over the course of the 7-day experiment (p > 0.05). However, on the 14th day of the experiment, the activity of βG significantly increased in all studied samples compared to the control group (p < 0.001). At the end of the incubation period (day 56), high βG activity was only observed in the 10 μM GT and 500 μM GT samples (p < 0.05). In samples with 50 μM GT, activity was 1.2 times lower than that in the control group (p < 0.005).



No significant changes in β-1,4-xylosidase (βX) activity were observed depending on the dose of GT over the 28-day period of the experiment (Figure 3c). However, on the 56th day, there was a 1.2-fold increase in βX activity compared to that in the control, which was statistically significant (p < 0.001).



Activity of P-cycle enzymes. During 4 weeks of incubation, the differences in acid phosphatase (AP) activity observed between the soils treated with GT and the control group were not statistically significant (p > 0.1) (Figure 3d). Toward the end of the incubation period, AP activity increased slightly in samples with 10 and 500 μM of GT (p < 0.001).



Activity of N-cycle enzymes. On the 7th day of incubation, the activity of L-leucine aminopeptidase (LAP) was lower than the control value in all experimental samples (p < 0.05) (Figure 3e). Differences in LAP activity on days 14 and 28 between the control and GT-treated samples were not significant (p > 0.2). The end of the incubation period was characterized by an increase in LAP activity in the 50 μM GT and 500 μM GT samples (p < 0.005).



No significant changes in β-1,4-N-acetyl-glucosaminidase (NAG) activity were observed (Figure 3f). The maximum NAG activity was only observed in 500 μM GT samples on the 7th and 28th days of incubation (3.5% and 9.8% higher than the control, respectively, p < 0.001 and p < 0.05).



Activity of S-cycle enzymes. On the 7th day of the experiment, arylsulfatase (ARS) activity in samples containing 10 μM of GT increased (p < 0.001) (Figure 3g). In samples with 50 μM, it decreased (p < 0.05). And in samples with 500 μM, the activity was similar to that in the control group. The opposite trend was noted on the 14th day of the experiment. The greatest inhibition of ARS activity was observed on the 28th day of the experiment. In the 10 μM sample, GT was 1.9 times lower than in the control. In the 50 and 500 μM samples, GT was also 1.5 times lower compared to the control (p < 0.001). By the end of the incubation period, enzyme activity was restored and was significantly higher than that in the controls in samples containing 10 µM (p < 0.01) and 500 µM (p < 0.001).



The interaction between sampling time and used GT concentration had a significant impact on βG, βX, AP, NAG and LAP activities but did not significantly affect CB and ARS activities (Table 2).





4. Discussion


The ability of the soil to mineralize organic compounds and cycle nutrients is a crucial function of its microbial community. The stability of this microbiome therefore determines the productivity of plants and hence the yield. When investigating natural biological compounds (or microbial agents) for possible use in agronomy, it is important to understand their impact on the indigenous soil microbiota. The effects of the biopreparation (positive, negative or neutral) will depend on the physical and chemical properties of the soil (soil texture, aggregates, pH, organic matter, humidity, seasonality, temperature, etc.) [38,39]. Previously, we conducted a laboratory experiment in which we assessed the effect of GT on the structural and functional properties of the soil microbiome [36]. We continued our study by changing the controlled conditions of the laboratory to the uncontrolled conditions of a real agricultural system.



When evaluating the obtained results, we interpreted the positive responses for both respiration and biomass as a stimulating effect of GT on the microbial community. A positive respiration response and a negative biomass response indicated that the microbial community was under stress. Negative responses to both respiration and biomass suggested an inhibitory effect. A negative respiration response and a positive biomass response could indicate a dormant or maintenance state of the microbial community [40].



4.1. Effect of GT on Soil Microbial Activity


The first reaction of the microbial community to the treatment of soils with different concentrations of GT (7th day of the experiment) was a surge in respiratory activity. We believe that GT, consisting mainly of carbon, oxygen, nitrogen, hydrogen and sulfur, acted as an easily accessible substrate for the physiological and metabolic needs of microorganisms [41], contributing to the increased mineralization of carbon sources to CO2 in soils. Various studies have convincingly demonstrated the possibility of microorganisms using antibiotics, pesticides and other chemicals as sources of carbon and nitrogen [42,43,44,45,46,47]. There is also a possibility that the release of available carbon occurred as a result of the death of microbial cells [48,49]. Our previous laboratory study showed that introducing GT into soil leads to changes in the structure of both bacterial and fungal communities within the soil microbiome. GT-resistant bacteria and fungi begin to dominate [36]. We believe that the restructuring of the microbial community will lead to a decrease in microbial biomass against the background of increased CO2 production. Under stressful conditions, microbial communities use energy from the consumed substrate to maintain cellular functions and their functional state within the system. They also use this energy to adapt to new conditions and not to convert carbon into biomass (i.e., not for growth) [50,51,52,53,54]. This is confirmed by the MBSIR/SOC and qCO2/SOC indicators, which are used to assess the availability of soil organic carbon, its “quality” and the efficiency of its utilization by microorganisms [55,56,57,58].



In our study, the decrease in MBSIR/SOC and increase in qCO2 indicate that most of the carbon from organic substrates was directed to catabolic processes. Therefore, it can be argued that under stress, microorganisms use organic carbon “poorly” and “inefficiently”. The increase in the qCO2/SOC index values in samples treated with GT, especially at concentrations of 500 μM and 50 μM, indicates a decreased efficiency in carbon utilization. This is not beneficial for soil microbial communities, as it means that the carbon needed for their growth is being lost. On the contrary, the higher the MBSIR/SOC ratio and the lower the qCO2 (in the control samples and samples with 10 μM GT), the greater the proportion of carbon from organic substrates that is directed toward anabolic processes, leading to the accumulation of microbial biomass carbon. Lower qCO2/SOC index values indicate higher carbon use efficiency due to the presence of stable biomass in the control soils and in the samples treated with 10 μM of GT.



The values of the metabolic (qCO2) and respiratory (QR) coefficients [51,59] confirm the high energy costs of microbial communities to maintain their vital activity in tests with GT. By the end of the incubation period (day 56), the content of microbial biomass in soil samples at 10 μM increased relative to the control value. Lower GT concentrations probably affect the physiology of microorganisms, but to a lesser extent; microbial communities under these conditions return to their original functional state more quickly. The effect of concentrations of 50 μM GT and 500 μM GT was more significant. In samples with 50 μM GT, the microbial communities remained under stress (with low microbial biomass and high values for BR and qCO2). In samples with 500 μM GT, at the end of the experiment, not only had the microbial biomass not recovered (it corresponded to the level on day 7), but the respiratory activity of the microbial communities was also lower than that in the control group. It turns out that the stress effect on soils with 500 μM GT not only did not weaken over time, but signs of the inhibition of the microbial community also appeared. It can be assumed that the observed effects (weakening effect, inhibitory effect) of the influence of GT by the end of the experiment are associated with its decomposition in the soil environment.



In our previous study it was shown that in soils with pHH2O 7.3 and pHKCl 6.26, by the 14th day, even in samples with a high concentration (500 μM), GT is not detected [36]. This result is supported by another study showing that in alkaline soils with a pH of 7.4, GT was completely degraded within 5 days [23]. In acidic soils, it took 10 days for complete degradation [23]. The relationship between pH and GT stability was also shown in earlier studies examining the effect of pH on the fungistatic activity of aqueous solutions of GT [60,61]. In our study, in soil samples (pHH2O 6.2, pHKCl 5.6) with GT concentrations of 10 and 50 μM, GT was already not detected on the 14th day of the experiment. In samples with a concentration of 500 μM, GT was detected even on the 56th day.



It turns out that the direct effect of GT on the soil microbial community lasts for approximately seven days. After that, we see the consequences of stress exposure, which is known as the post-antibiotic effect [62]. We associate the low rate of GT decomposition in the 500 μM GT samples with the predominance of clay and silt fractions in these soils (clay 28.5%, silt 27.7%, respectively). Due to the strong bond with clay minerals, GT becomes less accessible to microorganisms. Consequently, microbial communities are under the inhibitory influence of GT for a long time, and their activity begins to be suppressed. The influence of clay minerals on the rate of decomposition of various substances (antibiotics, secondary metabolites, biopesticides, etc.) is shown in the works [20,63,64]. Microbial communities in the control soils were the most energetically efficient (“slow metabolism”); their functioning was more stable throughout the experiment (low qCO2 and QR values). In the control samples, we added only water at a level of 60% of the total moisture capacity. This level of water is considered optimal for the vital activity of microorganisms and therefore for determining the overall potential of these soils. In such a “stable” system, the energy expenditure of microorganisms is not only used for maintaining their vital activities but also for growth processes. A certain balance between microbial biomass and mineralization processes is evident in the samples. It is likely that, in control samples compared to those with GT, microorganisms with a K strategy predominate. These microorganisms are represented by a greater variety of species that are more effective at assimilating the substrate through anabolic processes. Therefore, the “slow metabolism” of microbial communities in control soils indicates the physical and chemical stability of soil properties and functions, as well as the overall ecological balance.




4.2. Changes in Enzymatic Activity


Another key soil parameter is the activity of soil enzymes, which are very sensitive to external factors [65,66]. In our study, we found that, depending on the dose, GT can act as a stressor for soil microbiota to a greater or lesser extent. The restructuring of the soil microbiome and its metabolic activity was an immediate response to exposure to GT [36,67]. The higher the metabolic activity of soil microbial communities, the more enzymes are enriched in the soil, which is necessary for acquiring carbon [68,69]. The fact that enzyme activity is linked to the metabolic activity of soil microorganisms is indicated by higher CO2 emissions in soils treated with GT compared to control soils [69]. On the other hand, the activity of C-cycle enzymes, especially βG, may increase as labile carbon reserves are depleted [70,71]. βG intensively catalyzes the hydrolysis of disaccharides in soil, converting them into glucose. This process provides energy sources for soil microbial communities and stimulates their activity [72]. This is indicated by an increase in mineralization activity, which occurs against the background of a decrease in microbial biomass.



It should also be noted that, in soils with a high proportion of clay and silt, extracellular enzymes remain active and stable for a longer period. Enzymes that are bound to clay particles are effectively incorporated and participate in catalytic processes, providing energy for the soil microbiome when it is under stress or when there is a lack of biomass availability [73,74,75].



We also expected that soil treatment with GT, which affects microbial communities and the activity of C-cycle enzymes, would lead to changes in phosphatase activity. However, the hypothesis proposed was not fully supported. The increase in phosphatase activity was only observed on the 56th day of the experiment, and it was by a factor of 1.06. It turns out that GT did not act as a driver of phosphatase activity. Perhaps the enzymes were stabilized by the clay part of the soil (clay 28.5%, silt 27.7%) against the background of sufficiently available phosphorus for the soil microbiome [76,77]. Alternatively, the loss of easily accessible carbon in the soil, which began after the addition of GT, led to a decrease in enzyme abundance, such that the activity corresponded with that of control soils at the early stages of incubation [78]. The increase in phosphatase activity in the soil toward the end of the experiment may have been due to the stimulation of fungi and bacteria, which could have altered their quantity and composition under the influence of GT.



Among Thermoleophilia, there are species in which functional genes are associated with not only the C cycle but also the P cycle, and they determine phosphatase activity [79,80]. In the assimilation and cycling of phosphorus, a significant role is played by the bacteria Actinobacteria, Acidobacteria, Chloroflexi, Methylomirabilota and Bdellovibrionota, as well as the fungi Ascomycota and Basidiomycota [80]. There is evidence that some species of the Mortierella family are involved in soil carbon cycling, phosphorus solubilization and mobilization, lipid metabolism, chitin degradation and even soil bioremediation [81,82,83,84]. There is evidence that these bacteria and fungi listed are predominant in soils supplemented with GT [36]. The absence of an effect of antibiotics on phosphatase activity was demonstrated in the works [85,86,87].



Soil N-acquisition enzymes, including NAG and LAP, can serve as indicators of energy N demand [64,86]. The resource allocation model suggests that N enrichment should decrease the activities of N-acquisition enzymes due to the decreased N demand under high N availability [88,89,90,91]. This model explains the activity of LAP, which we described in samples treated with GT. The activity did not decrease significantly by the 7th day of the experiment. After that, the enzyme levels did not differ significantly from those in the control group. NAG activity, on the contrary, increased, especially in samples with a high dose of GT. NAG activity can be determined by the bacterial community: Acidobacteria, Proteobacteria, Chloroflexi, Planctomycetota and Armatimonadota [80], as well as Solicoccozyma fungi [92]. In a study by Liu et al., the relationship between Bacteroidetes, Chloroflexi, Bdellovibrionota, the number of symbiotic fungi and LAP activity was also investigated [80]. The lower the number of fungi, the lower the LAP activity [80]. The presence of bacteria and fungi responsible for nitrogen cycling was also demonstrated in our previous work [34].



Arylsulfatase (ARS) accelerates sulfur mineralization and catalyzes the conversion of organic sulfide to inorganic sulfur, which is of great importance for the geochemical cycle of sulfur [93]. Microbial ARS production is stimulated by low S conditions and is often directly linked to the microbial biomass [94]. This enzyme may indicate the presence of fungi in the soil, as only fungi contain ether sulfates, which are the substrate for ARS [95]. In our recent study [36], we found that GT favors bacteria that oxidize thiosulfate, such as Thiobacillus spp. These bacteria are obligate autotrophs that use elemental sulfur, thiosulfate or polythionates as energy sources [96,97]. We can speculate that if bacteria of this genus are present in our samples, they could use GT as a source of energy.





5. Conclusions


GT, when introduced into the soil, has different effects on the assessed parameters during the incubation period. In the presence of GT, microbial communities become more metabolically active. The greatest changes in microbial biomass, respiration and enzyme activity were observed when the soil was treated with GT at a concentration of 500 μM. Over time, the effect of GT weakens, and an indirect post-antibiotic effect develops. The development of microbial community response scenarios, including enzymatic activity in response to “stress”, is determined by the antibiotic dose and the properties of the soil itself. Therefore, it is essential to understand the interplay between various soil properties, such as soil type, texture, moisture content, acidity, organic matter content and others, as well as the dosage of the preparation and its spatial and temporal variability in relation to microbiological parameters and the enzymatic activity of soil. This knowledge will be crucial in determining how GT or GT-producing fungi can be utilized in agricultural practice. This work serves as a starting point for further studies on (1) the impact of gliotoxin on microbial properties in different soil types; (2) the influence of gliotoxin in the rhizosphere of soil; and (3) how soil texture affects the behavior of gliotoxin and its capacity to determine microbial properties.
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Figure 1. Available gliotoxin in soil as a function of time was determined by HPLC detection of residual quantities. Data are presented as mean ± standard deviation. 
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Figure 2. Response of the soil microbial community to the application of various doses of gliotoxin. (a) Basal (microbial) respiration; (b) microbial biomass; (c) coefficient of microbial respiration, QR; (d) metabolic coefficient or specific respiration of microbial biomass, qCO2, μg CO2 mg−1 MBSIR h−1; (e) share of microbial biomass carbon in organic carbon, MBSIR/SOC, %; (f) qCO2/SOC, μg CO2 mg−1 and MBSIR h−1 (gSOCg−1 soil)−1. Data are presented as mean ± standard deviation. 
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Figure 3. Changes in soil enzymatic activity under the influence of different doses of gliotoxin. Data are presented as mean ± standard deviation. 
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Table 1. Soil organic carbon content in samples with different doses of GT and different incubation periods.
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GT Dose, µM kg−1 Soil

	
Soil Organic Carbon, g kg−1




	
Incubation Time, Days




	
7

	
14

	
28

	
56






	
Control

	
15.5 ± 0.58

	
15.5 ± 0.43

	
15.7 ± 1.36

	
14.9 ± 0.74




	
10

	
15.8 ± 1.38

	
16.9 ± 0.02

	
17.5 ± 1.23

	
16.9 ± 1.21




	
50

	
13.9 ± 1.11

	
18.5 ± 0.92 *

	
17.9 ± 2.13

	
18.2 ± 1.19 *




	
500

	
21.9 ± 1.63 **

	
20.5 ± 0.62 ***

	
18.4 ± 2.49

	
18.1 ± 2.47








* p < 0.05, ** p < 0.005, *** p < 0.001 (t-test). Data are presented as mean ± standard deviation.













 





Table 2. Two-way ANOVA analysis of the effect of experimental conditions on soil enzymatic activity.
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Enzymes

	
Statistics

	
Factors




	
Sampling Time (A)

	
GT Concentration (B)

	
A × B






	
βG

	
F

	
52.63

	
13.60

	
33.11




	
p-value

	
3.21 × 10−18

	
3.86 × 10−7

	
5.80 × 10−19




	
CB

	
F

	
1.23

	
1.41

	
1.32




	
p-value

	
0.31

	
0.25

	
0.26




	
βX

	
F

	
9.59

	
7.82

	
8.70




	
p-value

	
2.04 × 10−5

	
1.35 × 10−4

	
3.75 × 10−7




	
AP

	
F

	
22.34

	
6.12

	
14.23




	
p-value

	
2.30 × 10−10

	
9.01 × 10−4

	
1.16 × 10−10




	
NAG

	
F

	
246.10

	
7.11

	
126.60




	
p-value

	
4.41 × 10−38

	
2.97 × 10−4

	
1.57 × 10−36




	
LAP

	
F

	
103.24

	
2.86

	
53.05




	
p-value

	
3.38 × 10−26

	
0.04284

	
1.17 × 10−24




	
ARS

	
F

	
5.90

	
1.11

	
3.51




	
p-value

	
0.00116

	
0.35101

	
0.00421
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