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Abstract

:

The purpose of this research is to investigate the interactions among wheat varieties and microorganisms within rhizosphere and how conventional agriculture affects these dynamics during the growing season. Indeed, little is known about how commercial bread varieties modulate root exudates and how agrochemicals affect the microbiological processes. Therefore, this study investigated the changes in soil microbiological features such as enzyme activities (β-glucosidase, xylosidase, glucoronidase, chitinase, leucine-aminopeptidase, acid and alkaline phosphomonoesterases, inositol phosphatase, phosphodiesterase, pyrophosphatase–phosphodiesterase, arylsulphatase) and microbial biomass as a function of treatment (fungicides and plant growth regulator—PGR) and wheat varieties (Skyfall, SY Moisson, Aquilante, Bandera, Tintoretto, Antille, and Bologna) at the sowing, heading, and harvesting stage. A total of 168 samples (2 treatments × 7 varieties × 3 field replicates × 4 sub-samples taken in each plot) were collected in each period and analyzed. We found that soil microbial biomass was a sensible indicator in the fungicide/PGR application, with reduced values in treated plots at the heading. At this stage, the soil enzymatic activities were in general more expressed, confirming that the microbial processes are more proactive due to the growth of plants. Overall, the soil enzymatic activities responded differently according to the wheat varieties, highlighting specific capabilities to interact with microbes.
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1. Introduction


The rhizosphere, the area close to the plant root [1,2,3], is a dynamic environment in which the key actors are the root system and the microbial community. The former, the below-ground body of the plant, supporting the entire corpus, is responsible for the uptake of water and nutrients and for releasing chemical signals that interact with the rhizosphere microbiota [4]. The latter, bacteria, fungi, nematodes, protists, and invertebrates, plays a role in ecological processes such as nutrient cycling, competition, and symbiosis.



The microbiome within the rhizosphere, notably bacteria and fungi, directly depends on climate and soil type but also on the root system (architecture and morphology) [5,6] and plant metabolites [7,8,9]. Focusing on plant effect, the root tip develops in the soil and responds to environmental stimuli, altering the carbon allocation. The highest numbers of active bacteria are associated with the root tip [10] compared with other root tissues (elongation and mature zone). This area is colonized by different bacteria that suggest different plant–microbe interactions [11]. One trait influencing the differential microbial colonization of root tissue could be the differential exudation profiles of the distinct root parts [12,13] and also the root type (seminal or nodal) and the position along the roots (apex or base) [14].



The exudates released by roots contain a range of inorganic compounds like ions, inorganic acids, oxygen, and water. However, most of the root exudates are made up of organic materials with low-molecular-weight compounds (amino acids, organic acids, sugars, phenolic compounds, fatty acids, and an array of secondary metabolites) and high-molecular-weight compounds (mucilage and proteins).



The root exudates differ both in quality and quantity depending on the type, nutrition status, and growth stage of plant [15,16] and on environmental stresses including deficits in water, phosphate, iron, and nitrogen or the toxicity of aluminum and the colonization by pathogens [13,17,18,19]. Some plants enhance the secretion of citrate, malate, or oxalate to enrich the rhizosphere with organic carbon that attracts beneficial microorganisms such as plant growth-promoting rhizobacteria (PGPR) and mycorrhiza that promote nutrient accessibility and protection against abiotic and abiotic stresses [7,8,20]. In Arabidopsis, under iron-limiting conditions or colonization by Pseudomonias simiae WCS417, the high expression of the root-specific transcription factor MYB72 regulates the excretion of the coumarin scopoletin, an iron-mobilizing phenolic compound with selective antimicrobial activity that shapes the root-associated microbial community [20]. The link between plant immunity and adaptive plant responses to nutrient deficiencies is also reported for the phosphate-starvation response [8].



Among the root-derived metabolites, flavonoids, known for their role in signaling between legume roots and rhizobia, are also involved in the crosstalk between roots of several plants and non-nodulating bacteria promoting the recruitment of plant-beneficial bacteria like Aeromonadaceae, which include strain that enhances plant resistance to dehydration in Arabidospsis, or the taxa Oxalobacteraceae, which promotes maize growth and nitrogen acquisition [21,22,23,24,25]. More recently, it has been shown how the root exudate taxifolin, a flavonoid molecule from potato and onion, alters the recruitment of the rhizosphere microbiome in the adjacent tomato plant by promoting plant-beneficial bacteria, such as Bacillus sp., leading to improved resistance to Verticillium wilt disease [26].



Among the positive interaction between the two kingdoms, many PGPRs act by producing a diverse group of phytohormones such as auxin, abscisic acid, salicylic acid, cytokine, gibberellin, and strigolactones [16]. These plant growth-stimulating signals can regulate the development processes, providing resistance to abiotic and biotic stresses. A recent study reported three newly isolated strains of Phoma spp. in the rhizosphere of Pinus tabulaeformis. Under drought stress, these strains secreted abscisic acid (ABA), which triggered drought resistance mechanisms in the pine tree and stimulated its antioxidant activities [27].



In response to environmental changes, plants can adopt different strategies producing, at root tip, border cells and mucilage [28,29] or release volatile organic compounds (VCOs) affecting the microbiome in the soil [30,31,32,33]. The VCOs transmit the status of a plant to adjacent and distant plants, thereby shaping the root release. For instance, tomato leaves treated with Bacillus amyloliquefaciens release β-caryophyllene that affects the amount of root exudates of a neighboring tomato seedling [33]. Microorganisms within the rhizosphere use molecules released by plants as an energy source for growth and development, and some of these microorganisms can also affect the expression of specific genes [34].



Plants release the metabolites into the soil mainly by diffusion [35], following the concentration gradient from cytoplasm to soil solution, though many compounds are exuded by active transport against the concentration gradient [36]. It has been shown in Arabidopsis that the root tip is the principal route for all solutes because of the high degree of plasmodesmata connections [35]. In the root tip, where the meristematic lacks the apoplastic barrier (“Casparian strip”), the solutes can also move through the apoplastic pathway as observed in immature wheat roots [37]. The metabolites released in the soil are depleted by the microorganisms in the rhizosphere, affecting the concentration gradients outside the root tips and promoting root exudation [38].



In the last decade, the studies on the interaction between plant roots and rhizosphere microorganisms and its beneficial effects on crop yields and sustainable agriculture have dramatically increased [39,40,41,42,43], with the attempt to face the increases in world population and the negative effect of agriculture on the fertility of the soil and the quality of the water [44].



In this investigation, we studied in seven wheat varieties how the agronomic management of the agricultural land in conventional agriculture can affect the microbiome.



Wheat can be susceptible to fungal infection and mycotoxin contamination during its critical growing period (flowering to harvest), under opportune environmental conditions, related to temperature, rain, and humidity. Given the frequent occurrence of mycotoxins in wheat and their negative health and economic consequences in some climatic zones, it is a common practice to distribute fungicides. Instead, the spreading of plant growth regulators (PGRs) on wheat cultivation is carried out to reduce the yield losses for lodging. Indeed, we focused our attention on fungicide and plant growth regulator (PGR) applications, and in our experimental design, treated plots received two applications of fungicide and one application of PGR, whereas untreated plots did not receive any applications of fungicide and plant growth regulator (PGR);both treated and untreated field plots received two applications of herbicide. Concerning the fungicides, we applied two different products characterized by different bioactive molecules, including tebuconazole. The effect of this active principle was already studied by performing a laboratory incubation in loamy sand soil [45], showing a low effect on soil microorganisms and microbial biomass, and a negative impact was observed only for the highest concentration shortly after the application.



Study conducted in the field showed that chemical substances sprayed on leaves that fall on soil surface impacted the soil biological life [46,47]. Moreover, PGR compounds are used to minimize the effect of plant lodging, promoting changes in plant morphology and physiology [48]. In this regard, these molecules lead to repercussions on the volume of the root system in maize [49], and they bring a negative impact on soil microbiological parameters in mango cultivation [50]. Overall, we quantified soil organic matter (SOM), soil microbial biomass. and enzyme activities in soil samples of wheat plots, untreated/treated with fungicide and PGR.



Soil enzymes originate mainly from soil microorganisms, and they are involved in all biochemical process necessary for all microbial functions such as organic matter decomposition and nutrient release into the soil environment. Because of their sensitivity, soil enzymes are used as indicators of soil health [45].



In this study, we detected a decrease in microbial biomass (determined as double-stranded DNA content) in treated plots compared with untreated plots. Although there are several methods to determine the microbial biomass in soil, we used the dsDNA approach proposed by Fornasier [51] that directly measures the extractable DNA of the overall soil microbiota. This method is based on the direct quantification of crude (not purified) DNA, thus giving a reliable quantification and estimation of the microbial biomass in soil. We also underline the differences in enzyme activity in the rhizosphere on seven wheat cultivars, unravelling their specific capacity to interact with microbiome.




2. Materials and Methods


2.1. Field Experiment and Soil Description


The field experiment was set-up in North Italy at “Emilia” experimental farm station (CREA-DC, Tavazzano con Villavesco (Lodi, Italy); lat 45.3557 N, long 9.393633 E; 82 m above sea level (a.s.l.)); in the Po valley. This geographic area has a range of climate, from humid continental climate (Dfa) to humid subtropical climate (Cfa) [52,53], with an annual rainfall of 903.9 mm and a mean air temperature of 12.1 °C (historical series 1981–2023; https://power.larc.nasa.gov; accessed on 12 September 2023). An overview of the main meteorological parameters of the study site, recorded by the weather station (METER ATMOS 41, METER Group AG, München, Germany), is shown in Table 1.



Soil was sampled in September 2021 to perform the physico-chemical analyses as described by [54]. The soil is classified as Eutric, Fragic Cambisoil (WRB, 2015), with a sandy texture composed of 13.8% clay, 57.8% sand, 28.4% silt; 0.65% total carbon (C) content; and a pH of 5.8 measured in water extract [54].




2.2. Experimental Design


The field experiment was performed using a split-plot design with three replicates and two treatments (untreated plots used as control and treated plots). The area of each plot was equal to 10 m2. Seven commercial varieties of bread wheat, chosen for their resistance (Skyfall and SY Moisson) and susceptibility to diseases (Aquilante, Bandera, Tintoretto) such as Septoria tritici (Septoria), Puccinia striiformis (yellow rust), and Puccinia triticina (brown rust) observed in the field in the previous year, or used in organic farming as reported in the demands of derogation (2018–2019) (https://crea-dc.inode.it) (Antille and Bologna), were sown on 8th November 2022 with 450 germinating seeds/m2. Wheat was cultivated according to the local farming practice. Both treated and untreated field plots received two applications of herbicide; untreated plots did not receive any applications of fungicide and plant growth regulator (PGR), whereas treated plots received two applications of fungicides and one application of PGR (Table 2).




2.3. Soil Sampling Experimental Set-Up


Rhizosphere samples were collected in the plot of the seven selected wheat genotypes in November 2022 and in May and July 2023. A sampling device has been used to collect the top 10 cm of soil of four random sub-samples in each plot. A total of 168 soil samples (4 sub-samples × 7 varieties × 2 treatments × 3 field replicates) were sieved with a 2 mm mesh soil sieve into 15 mm Falcon tubes. The tubes were stored at 4 °C and then sent to the laboratory for analysis.




2.4. Soil Enzyme Activities and Microbiological Analyses


Eleven enzymes involved in the main nutrient cycles were determined, namely, carbon (C): β-glucosidase (β-gluc), xylosidase (xylo), and glucoronidase (uroni); nitrogen (N): chitinase (chit) and leucine-aminopeptidase (leu); phosphorus (P): acid phosphomonoesterase (acP) and alkaline phosphomonoesterase (alkP), inositol phosphatase (inositP), phosphodiesterase (bisP), and pyrophosphatase–phosphodiesterase (piroP); and sulfur (S): arylsulphatase (aryS). The potential enzymatic activities were measured from all the soil samples by a heteromolecular exchange procedure [55], using a 3% solution of lysozyme as desorbant and bead-beating to disrupt soil aggregate and microbial cells. A 0.2 g quantity of soil was placed into 2 mL microcentrifuge tubes, together with 1.4 mL of a solution containing 3% lysozyme and glass beads. The tubes were then subjected to bead-beating using a Retsch 400 beating mill at 30 strokes s−1 for 3 min, followed by centrifugation at 20,000× g for 5 min. The supernatant containing desorbed enzymes was dispensed into 180-well white microplates with the appropriate buffer, to fluorometrically quantify the enzymatic activities using fluorescent, 4-methyl-umbelliferyl- (MUF) and 4-amido-7-methyl coumarin (AMC) substrates. The enzymatic activities were expressed as nanomoles of MUF (or AMC) min−1 g−1 dry soil [56].



Soil microbial biomass was determined as double-stranded DNA (dsDNA) content following the procedure reported by Fornasier [51]. As mentioned by Fornasier [51] and Bragato [57], since the extracted amounts of dsDNA do not change significantly with soil drying, for reasons of easy sample preparation, the soil aliquots were air-dried. Briefly, the whole community DNA was extracted from soil samples (300 mg D.W.) by mechanical cell disruption (bead-beating) with a 0.12 M, pH 8 sodium phosphate buffer using a Retsch MM 400 beating mill set at 30 Hz for 2 min. After centrifugation at 20,500× g for 5 min, the crude (not purified) DNA present in the supernatant was directly quantified by using PicoGreenTM fluorescent dye (Thermo Fisher Scientific, Waltham, MA, USA) [51]. This dye binds specifically to dsDNA having a high affinity to the AT sequences of the DNA duplex [58]. After this quantification, the biomass was expressed as µg dsDNA g−1 dry soil.




2.5. Statistical Analyses


Statistical analyses were carried out with software XLSTAT (version 4.1.2022).



A factorial analysis of variance (ANOVA) was performed to evaluate the effects of treatment and different commercial bread wheat varieties (Antille, Aquilante, Bandera, Bologna, Skyfall, SY Moisson, Tintoretto) on SOM content and microbiological parameters such as microbial biomass index and enzyme activities over the selected period (November 2022 and May and July 2023). Normality of the dataset was tested prior to ANOVA by using the Shapiro–Wilk tests. Prior to performing the analysis and meeting the assumptions of ANOVA, a log transformation was required for most of the enzyme activities such as β-glucosidase, xylosidase, leucine-aminopeptidase, alkaline phosphomonoesterase, inositol phosphatase, phosphodiesterase, and arylsulphatase; whereas a square root transformation was necessary for the microbial biomass and the glucoronidase activity. Significant differences (p < 0.05) in the main effects were further analyzed by paired comparisons with the Fisher post hoc test. The multivariate analysis of variance (MANOVA) was performed using the R software (version 4.1.3.2022; “vegan” and “effectsize” packages to perform it and “ggplot2” to visualize the results), by comparing multiple dependent variables (soil microbial biomass and enzymatic activities) simultaneously and detecting possible patterns. Pearson correlation was performed to explore the associations between the potential enzymatic activities and the biomass content.





3. Results and Discussion


3.1. How the Period Affects the Soil Microbiological Properties


In view of the importance of the microbiome on crop yields and sustainable agriculture [39,40,41,42,43], the aim of this study was to determine the effect of agronomical management under conventional practices on the biomass and activities of the soil microbes and unravel how these activities differ in commercial varieties at the rhizosphere level in three periods where we carried out the soil sampling campaigns along the growing stage of bread wheat.



Several features affect the soil microbiological activities and the overall biogeochemical processes occurring in the rhizosphere, with consequences on the soil functionality. The MANOVA analysis revealed that three periods (T0 = November 2022, T1 = May 2023 at the heading stage, and T2 = July 2023 at the harvesting stage) had a significant and remarkable impact on the soil microbial biomass and enzymatic activities. Indeed, three independent clusters (Eta2: 0.94; p ≤ 0.001 ***) were generated (Figure 1). This result confirms that the activities and the microbial biomass within the rhizosphere are very sensitive to the changing environmental conditions, and in this specific case, their shift depend on the seasonal variation.




3.2. Soil Organic Matter and Microbiological Parameters as a Function of the Treatment along the Period


The agronomical management under conventional practices was characterized by the application of fungicide and PGR substances in treated (T) compared to untreated (NT) field plots used as controls. We found that soil microbial biomass was significantly higher in NT plots compared to T ones only in May 2023 (T1; F = 5.53; p = 0.02) (Table 3), in which fungicide/PGR substances were sprayed on plant leaf surfaces. Interestingly, this treatment’s effect on the soil microbial biomass was recorded in the same period, but one year before (May 2022), confirming the negative impact of agrochemical inputs on soil microbiome. Among all the soil microbial properties, the biomass index can be a relevant indicator of the impact of disturbances at the soil level [59]. Fungicides with active substances, such as tebuconazole, prothioconazole, cyproconazole, etc., lead to the inhibition of the biosynthesis of ergosterol in fungi, interfering with the soil microbial dynamics with potential consequences on soil functioning [45,60]. This confirms what we observed in our study, considering that these types of active substances were also found in our fungicides. A study carried out by Han [61] observed that tebuconazole significantly reduced the soil microbial biomass quantified by the fumigation–extraction method, and this negative effect was more pronounced with the increasing frequency and treatment in a laboratory experiment. Even Munoz-Leoz [62] found a negative impact of tebuconazole on soil microbial biomass determined by the fumigation–incubation method in the mesocosm experiment. Although our microbial biomass methodology is different compared to the above studies (dsDNA content vs. fumigation), together with the experimental approach (field vs. laboratory), the negative impact of this substance on the soil biomass was confirmed. However, a laboratory experiment using the dsDNA approach maybe corroborate what we observed in the field in terms of the impact of fungicides on the soil microbial biomass.



Concerning the PGR used in our study, the active substance (Trinexapac-ethyl) acts as an antagonist of the plant hormone gibberellin, reducing internodal growth to give stouter stems, and limiting the phenomenon of lodging. This active substance led to the reduction in plant height with consequences on the morphological and physiological processes [48]. Indeed, in our study, the effect of PGR was observed on the selected wheat varieties, recording a decrease in plant height in treated (64.23 cm) compared to untreated (72.94 cm) field plots (F = 18.96; p < 0.0001). In maize, a depletion in vegetative area by the application of Trinexapac-ethyl was associated with a reduced volume of the root system [49]. Moreover, a reduced plant height led to repercussions on the mobilization and translocation of plant nutrients [63,64]. As observed in our study, using the PGR with Trinexapac-ethyl leads to a decrease in plant height, and we suppose that this growth regulator may also affect the root functionality, with repercussions on the release of organic compounds, root exudates, and secretions called rhizodeposition in the surrounding soil environment. Therefore, a shift in rhizodeposit may affect the composition and activity of soil microbes living in the rhizosphere. In line with our results, in terms of the soil microbial biomass, Gonçalves [50] found that soil microbiological parameters such as microbial biomass and respiration were negatively affected by the PGR application belonging to the same class of gibberellin hormone in mango cultivation. In the literature, it is demonstrated that any chemical compound applied at the plant/soil level affects biochemical processes, and thus, the plant growth has repercussions on the root–microbe dynamics [50,65]. However, further studies are required to examine the specific and single impact on the soil microbiome of fungicide and PGR products.



Nevertheless, SOM content was not affected by the treatment at all samplings and remained rather steady over the period (Table 3). Based on that, it seems that SOM content is less sensitive to the changing environmental conditions with respect to the soil microbial biomass. This agrees with several authors [66,67] that recognized that changes in SOM content occur slowly and are difficult to accurately measure with respect to the microbial biomass that gives an early indication of changes in terms of agricultural management.




3.3. How the Soil Organic Matter and Microbiological Parameters Change along the Period in the Commercial Bread Wheat Varieties within the Untreated Field Plots


Focusing on the untreated (NT) field plots, we found that SOM and microbial biomass contents decreased from T0 (November 2022) to T1 (May 2023) (Figure 2 and Figure 3; Table 4). This could be related to the presence of plant roots that affect the SOM decomposition and stimulate the activity of the microbiome. Indeed, higher microbial activities at the rhizosphere level facilitate the mineralization of the organic matter, making the nutrients available to plants [68]. Therefore, an increase in SOM decomposition affected the nutrient dynamics, thus improving the production of enzyme activities [69,70]. Among the tested cultivars, only Bologna and Skyfall showed no significant differences in SOM content, whereas significant differences were recorded for the soil microbial biomass in Bandera, Bologna, and Tintoretto over the periods.



In our study, changes in soil enzyme activities were determined at the rhizosphere level in seven bread wheat varieties chosen in terms of their resistance (Skyfall and SY Moisson), susceptibility (Aquilante, Bandera, Tintoretto) to diseases (Septoria, yellow and brown rusts), and their use in the organic farming system (Antille and Bologna) along the selected periods: November 2022 (T0); May 2023 (T1); and July 2023 (T2) (Figure 4 from A to K). An overview of the output of factorial ANOVA regarding the different experimental factors is given in Table 4.



Concerning the C-cycle, β-glucosidase, xylosidase, and glucoronidase activities were significantly higher in both T1 and T2 with respect to T0 in all varieties (Figure 4A–C). Comprehensively, higher xylosidase and glucoronidase activities were found at the harvesting and heading stages (respectively) in each variety. On the other side, no significant differences were recorded between these two periods in the β-glucosidase activity (Figure 4A). Despite this, the increase in C-enzymes during the wheat growing season is certainly related to the plant root exudates, acting as the C-source for the soil microbiota in the rhizosphere [71].



In fact, the higher activities at the harvesting stage were likely due to the decomposition of crop roots/residues.



Although no differences in leucine aminopeptidase activity were observed in the three periods (Figure 4E), significant shifts were found between SY Moisson and Tintoretto at T1 (F = 18.81; p ≤0.001). Furthermore, changes in chitinase were recorded only in Skyfall, with an activity increase of 37% from T0 to T1 (Figure 4D). The results of leucine aminopeptidase and chitinase indicate that the varieties under examination could differ in their ability to select specific soil microbial communities and/or they can have a chance to provide higher root surface area for the growth and development of soil microorganisms with a more intense microbial activity as Kumar [68] found in some wheat varieties under specific field conditions. Overall, the root exudates are crucial in attracting and selecting specific microbial communities, thus changing the structure and the composition of rhizosphere microbial population [72,73]. In agreement with our results, there is evidence that bacterial communities are recruited via root exudates, and the highest release occurs mainly at the heading stage, when the plants are more active in terms of resources and nutrient translocation [74,75]. The results of the chitinase activity recorded in the Skyfall variety could be related to the presence of specific bacterial consortium (Aeromonas, Pseudomonas, Streptomyces, Bacillus, etc.) involved in the chitinases’ production [76,77,78]. It has been proven that the chitinolytic bacterial consortium has a relevant role in the control of phytopathogenic fungi because plants respond to pathogens by producing chemical compounds that attract beneficial and antifungal microbes [79]. In the consortium, it is well known that the genera Bacillus spp. can secrete chitinase molecules, leading to the inhibition or killing of fungal pathogens through cell wall degradation [80,81]. Furthermore, an increase in the production of the chitinase activity occurs when the inorganic N-availability in soil is low [82]. This could serve as an indication of the nutrient status in terms of N accessibility of the field plots where this bread wheat variety was grown.



All the enzymes related to the P-cycle increased their activity along the growing season (from T0 to T2), reaching higher levels at the harvesting stage (T2) (Figure 4F–J). The activity of phosphodiesterase and pyrophosphate–phosphodiesterase was under the detection limit in T1 in all the varieties, except phosphodiesterase in Tintoretto (Figure 4I,J). The fact that P-enzymes were higher at the harvesting stage should be related to the increase in crop residues and their incorporation in soil, acting as a source of energy for microbes, stimulating their growth, and catalyzing the decomposition processes. In general, the high activity of soil enzymes reflects a soil richer in microbial communities that help in the mineralization of organic residues [68]. Several studies underline that adding organic matter content into the soil as compost or plant residues lead to a positive effect on the phosphatase activities and the soil microbial biomass [83,84,85]. Furthermore, positive and significant correlations between the microbial biomass with all the P-enzymes were recorded at the harvesting stage (microbial biomass: vs. acP, R = 0.40, p ≤ 0.001; vs. alkP, R = 0.44, p ≤ 0.001; vs. inosiP, R = 0.43, p ≤ 0.001; vs. bisP, R = 0.43, p ≤ 0.001; vs. piroP, R = 0.56, p ≤ 0.001).



Among the P-enzyme activities, acid and alkaline phosphomonoesterases are responsible for the organic P mineralization into phosphate by hydrolyzing phosphoric (mono) ester bonds under acid and alkaline conditions, respectively [86]. In our study, we observed a higher acid phosphomonoesterase activity compared to the alkaline one (Figure 4F,G), reflecting the moderate acidic conditions of soil (5.8 units pH) in our field trial. Our results corroborate with those reported by Lemanowicz [87] and that infer the optimum soil pH for the alkaline phosphomonoesterase activity is between 9–11 pH, while for the acid phosphomonoesterase, the pH range is between 4–6.5. In this regard, Lemanowicz [87] and Wesolowska [88] validated that the determination of acid and alkaline phosphomonoesterases activities in soil proves to be a sensitive indicator of changes in soil pH.



As found in the P-enzyme activities, higher levels of the arylsulphatase activity were recorded in T2 followed by T1 and T0 for the varieties (Figure 4K). This activity is involved in the hydrolysis of organic sulfate esters into inorganic S, making it available to plants and microbes, which is often a limiting plant nutrient in soil [89,90,91].





4. Conclusions


Through this in-field experimental approach, it was possible to provide insights into the responses of microbiomes within the rhizosphere along different studied bread wheat varieties and agrochemical components in three periods along the growing season. The soil microbial biomass determined as dsDNA content was a sensitive indicator of the changing of biomass due to the fungicide/PGR application that we recorded at the heading stage. At this growing stage, where the nutrient translocation between plants/roots is more active, the enzymatic activities were in general more expressed, although some of them (specifically those related to the P-cycle) were more pronounced at the harvesting stage. Along with the seven bread wheat varieties, the soil enzymatic activities responded differently and particularly concern the N- and P-cycles. For instance, the leucine-aminopeptidase and chitinase were expressed differently in three varieties (SY Moisson, Tintoretto, and Skyfall), assuming their specific ability to select certain soil microbial communities. The capacity to interact with rhizosphere microorganisms, by changing root exudate chemistry in response to biotic and abiotic stresses, could represent a new trait for selecting new varieties suitable for responsible farming. Overall, to dig deeper into the interactions between wheat and microbes, further investigations on soil metabolites, root exudates, composition, and diversity of soil microbial communities could be of help in shedding light into the biological processes that occur in the rhizosphere. Particularly, a characterization of specific gene targets for enzyme activities would be relevant for delving deeper into the plant–microbe dynamics. This could be performed through a lab-experiment approach under controlled conditions, to minimize the environmental variability that occurs in the field.
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Figure 1. Multivariate analysis of variance (MANOVA) of soil enzymatic activities and microbial biomass content according to the three periods as showed by green (November 2022), blue (May 2023), and red (July 2023) points. 
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Figure 2. Soil organic matter content (SOM) in untreated soils for seven commercial bread wheat varieties (Antille, Aquilante, Bandera, Bologna, Skyfall, SY Moisson, Tintoretto) grown in May and July 2023 and November 2022. Values are mean values with standard deviation. Different letters indicate significant differences (p ≤ 0.05; ANOVA followed by the Fisher post hoc test) as a function of the period. 
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Figure 3. Soil microbial biomass (dsDNA content) in untreated soils for seven commercial bread wheat varieties (Antille, Aquilante, Bandera, Bologna, Skyfall, SY Moisson, Tintoretto) grown in May and July 2023 and November 2022. Values are mean values with standard deviation. Different letters indicate significant differences (p ≤ 0.05; ANOVA followed by the Fisher post hoc test) as a function of the period. 
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Figure 4. Potential enzymatic activities (nmol MUF g−1 soil dw h−1) as β-glucosidase (A), xylosidase (B), glucoronidase (C), chitinase (D), leucine-aminopeptidase (E), acid-phosphomonoesterase (F), alkaline-phosphomonoesterase (G), inositol-phosphatase (H), phosphodiesterase (I), pyrophosphatase-phosphodiesterase (J), arylsulphatase (K) in soils along different commercial bread wheat varieties. Values are mean values with standard deviation; udl means “under detection limit”. Different letters indicate significant differences (p ≤ 0.05; ANOVA followed by the Fisher post hoc test) as a function of the period. 
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Table 1. Means and standard deviations of meteorological parameters recorded over the experimental period.
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	Parameters
	November 2022
	May 2023
	July 2023





	Air temperature (°C)
	8.8 ± 3.97
	17.7 ± 4.47
	24.7 ± 5.15



	Air humidity (%)
	87.0 ± 0.09
	73,2 ± 0.13
	75.7 ± 0.15



	Precipitation (mm)
	21.5 ± 0.15
	58.7 ± 0.23
	145.8 ± 6.40



	Soil T at 5 cm depth (°C)
	11.0 ± 3.01
	20.2 ± 2.38
	25.8 ± 1.42



	Soil moisture content (%)
	25.2 ± 0.05
	24.1 ± 0.04
	23.8 ± 0.06



	Soil oxygen content (%)
	19.8 ± 0.35
	18.2 ± 0.49
	14.3 ± 1.39










 





Table 2. Agronomical data over the selected period.
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Year

	
Date

	
Type

	
Commercial Name

	
Manufacturer

	
Active Substances

	
Application Rate (L/ha)

	
Plot Treatment






	
2022–2023

	
9 November 2022

	
Herbicide

	
Zodiac DFF®

	
Bayer CropScience S.r.l. Milan, Italy

	
Diflufenican

	
2

	
Treated and untreated




	

	
Chlortoluron




	
16 March 2023

	
Herbicide

	
Traxos® Pronto 60

	

	
Pinoxaden

	
1

	
Treated and untreated




	
SYNGENTA ITLIA S.p.A. Milan, Italy

	
Clodinafop-propargyl




	

	
Cloquintocet-mexyl




	
Herbicide

	
Zypar™

	
Dow AgroSciences Italy s.r.l. Milan, Italy

	
Florasulam

	
1




	

	
Cloquintocet-mexyl




	
Adjuvant

	
Codacide

	
DU PONT DE NEMOURS ITALIANA Srl Milan, Italy

	
Rapeseed oil

	
1




	
29 March 2023

	
PGR

	
Trimaxx®

	
ADAMA Italia S.r.l. Bergamo, Italy

	
Trinexapac-ethyl

	
0.5

	
Treated




	
Fungicide

	
Priaxor®

	

	
Fluxapyroxad

	
1.5




	
BASF Italia S.p.A. Cesano Maderno, Italy

	
Pyraclostrobin




	
5 May 2023

	
Fungicide

	
Prosaro®

	

	
Prothioconazole

	
1

	
Treated




	
Bayer CropScience S.r.l. Milan, Italy

	
Tebuconazole











 





Table 3. Overview of soil organic matter (SOM) and soil microbial biomass (dsDNA content) as a function of the treatment (Treated vs. Untreated) over three periods (November 2022 and May and July 2023). Values are means with SD in brackets. The microbial biomass is expressed as µg g−1 soil. Different letters indicate significant differences (p ≤ 0.05; ANOVA followed by the Fisher post hoc test) regarding the treatment.
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Parameter

	
Period

	
Treatment




	
Untreated

	
Treated






	
SOM

	
November 2022

	
2.61 (0.15) a

	
2.60 (0.12) a




	
May 2023

	
2.45 (0.14) a

	
2.52 (0.37) a




	
July 2023

	
2.59 (0.16) a

	
2.59 (0.14) a




	
Microbial

Biomass

	
November 2022

	
32.10 (9.08) a

	
33.34 (10.67) a




	
May 2023

	
26.52 (3.29) a

	
25.20 (4.32) b




	
July 2023

	
28.30 (3.72) a

	
27.85 (4.20) a











 





Table 4. Statistical output of the SOM and microbiological parameters in the different bread wheat varieties over the period.
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Antille

	
Aquilante

	
Bandera

	
Bologna

	
Skyfall

	
Sy Moisson

	
Tintoretto




	
Parameters

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p






	
SOM

	
8

	
**

	
5

	
*

	
4

	
*

	
2

	
ns

	
2

	
ns

	
9

	
***

	
3

	
*




	
dsDNA

	
1

	
ns

	
3

	
ns

	
9

	
***

	
13

	
***

	
1

	
ns

	
2

	
ns

	
8

	
**




	
β-gluc

	
22

	
***

	
23

	
***

	
19

	
***

	
15

	
***

	
27

	
***

	
7

	
**

	
6

	
**




	
xylo

	
54

	
***

	
38

	
***

	
28

	
***

	
19

	
***

	
51

	
***

	
17

	
***

	
29

	
***




	
uroni

	
122

	
***

	
238

	
***

	
240

	
***

	
168

	
***

	
119

	
***

	
207

	
***

	
270

	
***




	
chit

	
2

	
ns

	
3

	
ns

	
0.1

	
ns

	
1

	
ns

	
3

	
*

	
1

	
ns

	
0.2

	
ns




	
leu

	
2

	
ns

	
1

	
ns

	
3

	
ns

	
2

	
ns

	
1

	
ns

	
2

	
ns

	
0.3

	
ns




	
acP

	
166

	
***

	
502

	
***

	
162

	
***

	
118

	
***

	
276

	
***

	
107

	
***

	
237

	
***




	
alkP

	
64

	
***

	
109

	
***

	
61

	
***

	
53

	
***

	
68

	
***

	
68

	
***

	
76

	
***




	
inositP

	
172

	
***

	
350

	
***

	
236

	
***

	
220

	
***

	
205

	
***

	
148

	
***

	
389

	
***




	
bisP

	
18

	
***

	
23

	
***

	
38

	
***

	
8

	
**

	
74

	
***

	
13

	
***

	
24

	
***




	
piroP

	
8

	
**

	
10

	
***

	
14

	
***

	
5

	
*

	
10

	
***

	
6

	
**

	
7

	
**




	
aryS

	
19

	
***

	
22

	
***

	
26

	
***

	
20

	
***

	
15

	
***

	
12

	
***

	
24

	
***








SOM (soil organic matter content); dsDNA (microbial biomass content); β-gluc (β-glucosidase); xylo (xylo