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Abstract

:

The aim of the study was to evaluate the influence of mycorrhizal fungi (MF) and irrigation on biological properties of sweet pepper rhizosphere in organic field cultivation. For this purpose, MF were applied to plants in the form of commercial mycorrhizal inoculum (Rhizophagus aggregatus, R. intraradices, Claroideoglomus etunicatum, Endogone mosseae, Funneliformis caledonium, and Gigaspora margarita) and irrigation according to the combinations: mycorrhized plants (PM), mycorrhized and irrigated plants (PMI), and irrigated plants (PI). Plants without MF and irrigation served as the absolute control (P). The study used classic and molecular techniques, assessing catalase activity, biodiversity of soil microorganisms (soil DNA analysis), and the Community-Level Physiological Profiles (CLPP) analysis using Biolog EcoPlates. The highest catalase activity was recorded in the control and mycorrhized soil sample. The highest total number of bacteria was noted in the rhizosphere of control plants (P) and irrigated plants, while the lowest number in the rhizosphere of mycorrhized and irrigated plants. Plant irrigation contributed to the increase in the total number of fungi in the rhizosphere. The rhizospheric soil of PM and PMI were characterized by the highest utilization of amines, amides, and amino acids, whereas the lowest level of utilization was detected in the P and PI rhizospheres. The highest biodiversity and metabolic activity were observed in the rhizospheres from the PMI and PM samples, whereas lower catabolic activity were recorded in the P and PI rhizospheres. The mycorrhization of crops improved the biological properties of the rhizosphere, especially under conditions of drought stress.
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1. Introduction


The rhizosphere is a zone of intense microbial activity and shows a close relationship between plant, soil, and microorganisms. It is characterized by biological activity, which, in turn, is one of the factors determining the growth of plants and their resistance to pathogens [1,2].



Soil biological activity is reflected by the intensification of life processes of soil organisms, whose measure may be, among others, the degree of multiplication of the soil microorganisms, as well as the activity of enzymes present in the soil [3,4]. Enzymatic activity is one of the reliable indicators of soil biological activity [5,6,7]. The activity of dehydrogenases, phosphatases, and catalases are most often assessed in the soil [8,9]. It seems interesting to determine the activity of catalase, as it is an intracellular enzyme involved in the metabolism of microorganisms that reduces the effects of oxidative stress [10,11,12]. The activity of catalase in soil depends, inter alia, on the content of organic matter, heavy metals, mineral and organic fertilization, and soil depth but, also, on the activity of dehydrogenases [9,13].



The rhizosphere of plants is a place where the abundance of primary substrates secreted by plants is significantly higher than in the non-rhizospheric soil. These primary substrates are the nutrients for soil microorganisms. Their compositions depend on the plant and environmental conditions. The rhizodeposites released by plants are easily available substrates, the presence of which enhances the activity of microorganisms inhabiting the rhizosphere [1]. The modification of root exudates, affecting soil microorganisms, is often the result of changing abiotic and biotic factors. The use of chemical products (pesticides) may change the concentration and type of secondary metabolites synthesized in plants and unfavorably affect plant interactions with antagonistic soil microorganisms [14]. Microorganisms present in the rhizosphere have a positive and negative effect on plants. This consists in both releasing and transforming nutritive substrates, as well as in excreting their own, in addition to the detoxification of secondary plant metabolites frequently harmful to plants [15,16]. Plant root exudates, especially phenolic compounds (flavonoids), play a significant role in the signaling functions between symbionts [17].



Classical techniques based on microorganism cultures allow for a detailed study of isolated microorganisms, and molecular techniques (metagenomics/metatranscriptomics) enable the identification of microbial populations, including those defined as noncultivable. Moreover, the results of the DNA analyses are used not only for determining the structure of the microbial community but, also, the functions of these microorganisms [16,18,19].



Sweet pepper is one of the most important vegetable crops cultivated in the world (Food and Agriculture Organization data from 2017—34 million tons per year). Its field cultivation is possible even in countries with a harsher climates (Poland), thanks to the breeding of native varieties that give a satisfactory yield. This plant cultivation requires continuous improvement due to new problems related to healthy food production without the use of pesticides [20]. One of the elements of integrated plant protection is the use of nonchemical methods, including mycorrhiza. Mycorrhizal fungi (MF) influence the development and activity of soil microorganisms, especially increasing the biodiversity of rhizosphere microorganisms—particularly the number of saprotrophs, which protects plants against soil pathogens [21,22]. Root colonization by endomycorrhizal fungi causes changes in the quantity and quality of exudates produced by the roots; carbon distribution in the leaves, stems, and roots; and the level of nutrient supply to the plants [21,23]



The purpose of this study was to evaluate and discuss the influence of mycorrhizal inoculation and plant irrigation on biological properties of sweet pepper rhizosphere soil in organic field cultivation.




2. Materials and Methods


2.1. Study Site


The study was carried out at an organic farm located in Lublin Province (Grądy), Poland (51°05′ N, 22°12′ E) in the years 2016–2018. The sweet pepper (Capsicum annuum L.) hybrid plant Roberta F1′, a Polish cultivar important for commercial production, was used in this study. The experiment used a mycorrhizal inoculum (Mycoflor, Końskowola, Poland) containing spores and the mycelium of mycorrhizal fungi mixed with peat (Rhizophagus aggregatus, R. intraradices, Claroideoglomus etunicatum, Endogone mosseae, Funneliformis caledonium, and Gigaspora margarita).



Beans were the forecrops for peppers. Depending on the years, mineral contents in the soil were as follows: N-NO3—25–40, P—68–90, K—128–160, Ca—1280–1540, Mg—95–110 mg∙dm−3, and pHH2O—6.4–6.7. Plant seedlings were fertilized with Fertikal organic fertilizer (10 kg∙100 m−2) (FERTIKAL, Beveren, Belgium) two weeks before planting. Pepper was sprayed three times at different stages of plant development (BBCH 22, 51, and 62) using Bio-Algeen S90 0.5% preparation (marine algae extract) (Schulze & Hermsen GmbH, Dahlenburg, Germany). Pepper seedlings were prepared in the production greenhouse of the University of Life Sciences in Lublin, Poland, according to generally accepted rules for this vegetable [24]. The seedlings were planted in the field in the second half of May at a distance of 0.67 × 0.35 m. Mycorrhizal fungi and irrigation were the factors studied in the experiment. Mycorrhizal inoculation in an amount of 3 mL was applied under the plant to the dug hole before planting the plants in a permanent location. The plants were drip-irrigated using irrigation hoses distributed in the plant inter-rows. The total amount of water doses in irrigated objects were, in 2016, 2017, and 2018: 140 mm, 120 mm, and 110 mm, respectively. In each year of the study, the two-factorial field experiment was established in a random block design in 4 replications, planting 5 plants in each block. For each experimental combination, a total of 20 plants were planted, and the area of one plot was 4.69 m2. The following experimental treatments were used in the study: (1) plants without mycorrhizal inoculation and irrigation as the absolute control (P), (2) mycorrhized plants (PM), (3) irrigated plants (PI), and (4) mycorrhized and irrigated plants (PMI). No pesticides were used during the vegetation.




2.2. Determination of Soil Catalase Activity


In 2016–2018, during the growing season, peppers were collected twice (BBCH 22—development of lateral shoots and BBCH 72 and 73—fruit development and maturation) from each plot, plus 10 soil samples from a depth of 5–20 cm (rhizosphere zone) and 10 samples from the level of 20–40 cm from the soil not overgrown with roots (non-rhizosphere zone). Soil samples from each layer were averaged for each plot. Catalase activity was tested in fresh soil material sieved through a 1-mm mesh. The Johnson and Temple [25] method, which consists of incubating the soil with added hydrogen peroxide (natural enzyme substrate), was used to determine the catalase activity in the analyzed soil. H2O2 remaining in the soil, not degraded by catalase, was titrated with potassium permanganate in an acidic environment. The results were given in catalase activity units, equal to mg H2O2∙g−1 dm∙min−1.




2.3. Analysis of Microbial Community in the Rhizosphere


In 2016–2018, in the period of fruit development and maturation (BBCH 72 and 73), rhizosphere soils were collected from the individual experimental treatments, and microbiological analyses were conducted according to the appropriate method [26,27,28,29]. In each year of the study, four entire plants were dug out from each plot of individual treatments (i.e., 16 plants from each treatment). The rhizospheric soil (adhering to the roots) was shaken off into sterile Petri dishes. Under laboratory conditions, soil samples from the same experimental treatments were mixed, then divided into 10-g weighed amounts and prepared for further analyses (4 replicates for each experimental treatment).



Analysis of Rhizosphere Microorganism Abundance


Soil solutions were prepared from 10 g of soil with a dilution range from 10−1 to 10−7 in laboratory conditions from individual soil samples. The total number of bacteria was determined in nutrient agar (Difco) using 10−5, 10−6, and 10−7 solutions. In the case of Bacillus spp., tryptic soy agar (Difco) and 10−4, 10−5, and 10−6 dilutions were used, while Pseudomonas agar F (Difco) and 10−2, 10−3, and 10−4 dilutions were used for Pseudomonas spp. For Bacillus spp. isolation, soil dilutions were heated for 20 min at 80 °C [26]. The total number of fungi in each soil sample was determined on Martin′s medium using 10−2, 10−3, and 10−4 dilutions [30]. Petri dishes were stored at 24 °C in the dark for 2–7 days. After incubation, the number of microorganisms was converted into CFU·g−1 soil DW (colony-forming units/g soil dry weight). Fungal colonies grown from the rhizospheric soil were measured and then transferred to potato dextrose agar (Difco) slants. The obtained fungi were transferred onto specialized fungal culture media (Potato Dextrose Agar, Selective Nutrient Agar, Czapex-Dox, and Malt medium) and determined to the species using available keys and monographs described in the study by Patkowska and Krawiec [30].





2.4. Extraction of Total DNA, PCR Reaction, and Next-Generation Sequencing


The 350 mg of fresh soil was collected into 1.5-mL tubes. The FastDNATM SPIN Kit for Soil (MP Biomedical, Santa Ana, CA, USA) was used for extraction of the DNA. The reaction was carried out according to the manufacturer’s instructions. A detailed description of the procedure was given in the paper by Gałązka et al., 2020. The concentration and purity of the DNA were measured with a NanoDrop 1000 Spectrophotometer (Thermo Scientific, Waltham, MA, USA). DNA was sequenced at Genomed S.A. (Warsaw, Poland) with 2 × 250 base pair (bp) paired-end technology using the Illumina MiSeq System (Illumina, Inc., San Diego, CA, USA) [31].




2.5. Analysis of Biodiversity of Soil Using Biolog EcoPlates Methods


The functional biodiversity of the soil was analyzed using Biolog Eco PlatesTM (Biolog, Inc., Hayward, CA, USA). One gram of each soil sample was suspended in 99 mL of sterile water and vortexed for 20 min at room temperature. The suspension was left to settle for 30 min at 4 °C [32]. Each well was inoculated with 120 μL of suspension and incubated at 25 °C for 7 days in an OmniLog® ID System multiplate reader (Biolog, Inc., Hayward, CA, USA). The plates were prepared in triplicates. The very intensive metabolic activity of 31 caron sources was observed after 96 h of incubation plates. The results of this analysis were confirmed every 24 h using the MicroStation ID system (λ = 590 nm) (Biolog, Inc., Hayward, CA, USA). The activity of the microorganisms in all five groups of compounds were confirmed: the amines and amides, amino acids, carbohydrate, carboxylic acid, and polymers.




2.6. Statistical Analysis


The phylogenetic tree and heatmap were constructed using Euclidean clustering with a Heatmap Plugins [33] in the R environment [34]. Fungal abundance metrics were converted into a standard score (z-score). Standardization was computed by subtracting the mean and dividing it by the standard deviation. Z-scores are computed after the clustering, so that it only affects the graphical aesthetics. All basic statistical analyses were performed using the Statistica.pl package (10) (Stat. Soft. Inc., Tulsa, OK, USA). The analysis of variance (ANOVA) with significant differences was calculated using Tukey’s post-hoc least significance difference (LSD) test at a significance level of p ≤ 0.05. Additionally, the principal component analysis (PCA) was performed to determine the basic relationship between the biodiversity indices and rhizospheric soils. For the results obtained from the analysis of the Biolog EcoPlates a percentage of individual compound utilizations divided into these groups was also done. The heatmap of carbon utilization patterns of 31 different substrates located on Biolog EcoPlates incubated for 96 h with rhizospheric soil samples was presented. Internal transcribed spacer-1 (ITS-1) regions were subtracted using the ITSxpress software [35] on demultiplexed fastq files, then processed using the DADA2 (1.12) package [36] implemented in the R software (3.6.0) [34]. Primers were removed from all reads. Filtering parameters were as follows: maxN = 0, maxEE for both reads = 2, and truncQ = 2. Fungal taxonomy was determined based on the latest version of the modified UNITE database from July 2019 [37] using IDTAXA [38] on the sequence table, resulting from the DADA2 workflow described above. The results were converted and imported into the phyloseq (1.22.3) package [39]. The basic sequences belonging to the mitochondrial or chloroplast were removed. Subsequently, for further analysis, the total number of reads for individual taxa was converted into a percentage value, assuming the sum of all taxa in individual samples as 100%. Diversity indices were calculated using the PAST 3.18 software [40] based on the genus level.





3. Results


3.1. Soil Catalase Activity


The analysis showed that catalase activity in the soil under the cultivation of peppers in the organic production was determined to a varying degree by the studied factors: years of research, mycorrhizal inoculation and irrigation, soil sampling zones (rhizosphere and non-rhizosphere), and plant developmental stages (Table 1). In the current study, the activity of catalase depended most on the collection zone of the soil samples (Table 1). The rhizospheric soil (0.0439 mg H2O2∙g−1 dm∙min−1) showed significantly higher catalase activity than non-rhizospheric soil (0.0175 mg H2O2∙g−1 dm∙min−1). Stress related to the lack of irrigation of peppers also significantly increased the catalase activity in the soil. The highest activity of this enzyme was noted for the control (P—0.0389 mg H2O2∙g−1 dm∙min−1) and PM (0.0301 mg H2O2∙g−1 dm∙min−1) samples, while the lowest activity was recorded for the PMI (0.0226 mg H2O2∙g−1 d.m.∙min−1) and PI (0.0271 mg H2O2∙g−1 d.m.∙min−1) samples. Soil from the PI and PMI, plots, did not differ significantly in terms of catalase activity (Table 1).



A significant influence of the soil moisture in 2016–2018 on the catalase activity in the soil under pepper cultivation was also demonstrated (Table 1). Significantly, the highest catalase activity (0.0366 mg H2O2∙g−1 dm∙min−1) was observed in the soil in the first year of the study compared to the subsequent ones, which did not differ from each other (Table 1). The developmental stage of pepper also influenced the catalase activity. The soil under pepper cultivation at the BBCH 72 and 73 stages (0.0328 mg H2O2∙g−1 dm∙min−1) was characterized by a significantly higher activity of this enzyme than at BBCH 22 (0.0265 mg H2O2∙g−1 dm∙min−1) (Table 1). Irrigated soil with a lower oxygen state was characterized by a lower catalase activity than the soil without irrigation.




3.2. Communities of Rhizosphere Microorganisms


The microbiological analysis of the rhizosphere showed that the total population of bacteria in the individual years of the study ranged, on average, from 14.76∙106 to 22.43∙106 CFU∙g−1 soil DW (Table 2). The average population of Pseudomonas spp. ranged from 2.29∙106 to 10.74∙106 CFU∙g−1, while the average population of Bacillus spp. ranged from 1.70∙106 to 7.46∙106 CFU−1. The largest populations of these bacteria were found in the P and PI samples. The populations of Bacillus spp. and Pseudomonas spp. were smaller in the PM sample (3.13∙106 and 4.63∙106 CFU∙g−1 of soil DW, respectively). The smallest populations of these bacteria were observed in the PMI (1.70∙106 and 2.29∙106 CFU∙g−1 of soil DW, respectively), and they were significantly different from the populations in the other experimental treatments (Table 2). Both mycorrhiza and irrigation inhibited the growth of bacteria in the pepper rhizosphere.



The total population of fungi ranged, on average, from 7.92∙103 to 20.96∙103 CFU∙g−1 (Table 2). The smallest fungal population was observed in the PM sample, and it significantly differed from the populations in the other treatments. The irrigation of sweet peppers caused an increase in the population of fungi in the rhizosphere. Their mean numbers were 15.61∙103 CFU∙g−1 for the PMI and 20.96∙103 CFU∙g−1 soil DW for the PI samples. The microbial population sizes differed significantly between the different experimental treatments in each study year. The mycorrhization itself decreased the fungal population, but in combination with irrigation, it caused a significant increase of these rhizosphere microorganisms.




3.3. Biodiversity of Fungi Colonizing the Rhizosphere


During the three-year mycological analysis of sweet peppers, 1184 fungal colonies containing 22 species were isolated. The genera Alternaria, Fusarium, Trichoderma, and Penicillium were found to be the most numerous (Figure 1). The three-year study showed that more fungal colonies were isolated from the rhizosphere of nonirrigated plants (P—318 and PM—335 colonies) than irrigated plants (PI—227 and PMI—304 colonies) (Figure 1). The highest number of fungal colonies was observed in the rhizosphere of mycorrhized pepper (PM), higher than in other experimental treatments.



Among the phytopathogenic fungi, the Fusarium genus deserves special attention. More colonies of Fusarium spp. were isolated from the rhizosphere of mycorrhized plants (PM—160 and PMI—135) than from the rhizosphere non-mycorrhized plants (P—50 and PI—135) (Figure 1). F. oxysporum was most frequently isolated from the rhizosphere of mycorrhized and irrigated peppers (PMI—49) than from mycorrhized peppers (PM—31). F. equiseti occurred more frequently in the rhizospere of mycorrhized plants (PM) than in the other experimental combinations (Figure 1). Among saprotrophs, the most abundant were Trichoderma ssp., Mucor spp., Penicillium spp., Mucor spp., and Alternaria spp. (Figure 1). The colonies of Trichoderma spp. and Penicillium spp. (P. janczewski and P. nigricans) were most frequently isolated from the P samples (Trichoderma spp.—135 and Penicillium spp.—81). The lowest number of Trichoderma spp. colonies inhabited the rhizosphere of irrigated plants (PI—45). Among the saprotrophs, an important group were the fungi of the genus Mucor spp., isolated in high numbers from the rhizosphere of mycorrhized plants (PM—44), and the least numerous from the soil of control plants (P—7) (Figure 1). The greatest similarity between the studied fungal communities was demonstrated for the communities of fungi with mycorrhiza (PM and PMI similarity coefficient 73%). The lowest similarity was recorded between the rhizosphere of the control plants (P) and the other studied communities (similarity coefficient—43%) (Figure 1). These results indicate that the irrigation of plants during the growing season limited the development of fungal colonies, and the application of MF contributed to the increase in their numbers and biodiversity.




3.4. Soil DNA Analysis


Biodiversity indices were calculated on the base of next generation sequencing (NGS) of the internal transcribed spacer (ITS) fragment (Table 3). The highest value of the Shannon index (H’) was found in combinations with the applied plant mycorrhization (PM and PMI), regardless of the applied irrigation or its absence. Moreover, the highest value of the Fisher index was also found in the PMI sample with mycorrhization and irrigation.



The results of NGS of the ITS fragment also showed significant differences in the sequence proportions of individual orders of fungi applying individual experimental factors. A significant effect of irrigation on the biodiversity of fungi was shown at the genus level. Comparing the P and PI samples, a significant percentage increase in the sequence contents of the following orders was found for irrigation: Solicoccozymas, Ascobolus, Mortierella, Exophiala, Peziza, and Verticillum. On the other hand, in the absence of irrigation (P), a significant percentage increase in the number of sequences of the following orders was recorded: Sordalia, Podospora, and Gibberella (Figure 2a). When comparing the samples without irrigation and with irrigation with the applied mycorrhization (PM and PMI), significant differences were also found in the number of sequences obtained from the NGS analysis for individual orders of fungi. The use of irrigation with simultaneous plant mycorrhization (PMI) resulted in a significant increase in the presence of such orders as Mortierella, Ascobolus, Pseudogymnoascus, Acremonium, and Verticillium (Figure 2b). However, we could find significant differences in individual fungal orders when comparing the presence of individual orders of fungi between the combination of samples P (absolute control) and the use of mycorrhization (PM). Plant mycorrhization, compared to the control, resulted in a significant increase of the following genera in the plant rhizosphere: Mortierella, Pseudogymnoascus, Mucor, Trichoderma, Conocybe, Pseudaleuria, and Acremonium (Figure 2c).




3.5. Biolog EcoPlates Analysis


Since the highest activity in the utilization of different carbon compounds in all analyzed soils was found after 96 h of incubation, we focused on the presentation of data from this time point. The value of the average well color development (AWCD) indicator remained at the same level after 96 h (Figure 3). This meant that most of the substrates were already used up by that time.



The functional biodiversity of the soil microorganisms is presented in Figure 4. The highest utilization of amines and amides was obtained in samples PM and PMI (Figure 4a). Similar results were obtained for the P and PI samples. The significant percent of utilization of amino acid was confirmed in the rhizosphere soil of PM and PMI (Figure 4b), and the lowest percent of utilization of amines and amides was obtained in the P and PI samples. A similar result was obtained for the case percentage of the utilization of carboxylic acid (Figure 4c); the significant percentage of the use of carbohydrates was obtained in the P sample (Figure 4d). The lowest percentage of polymer utilization was found in the P sample (Figure 4e,f).



A heatmap of carbon utilization patterns of 31 substrates from Biolog EcoPlates was obtained based on the results after 96 h of the study (Figure 5). The highest functional biodiversity and metabolic activity of the microorganisms were observed in soils from the PMI and PM samples. The lower functional activity were presented in the P and PI samples (Figure 5).



Soil functional diversity indices were calculated based on the use of 31 carbon sources in the Biolog EcoPlates method after 96 h of incubation (Table 4). The soils originating from the PMI (AWCD = 2.006) and PM samples (AWCD = 2.028) were characterized by the highest values of the average well color development functional diversity indicator, in contrast to the PI sample, where the lowest functional diversity index (AWCD = 1.702) was recorded. As regards the Shannon-Wiener, Evenness, and Richness indices, there were no statistically significant differences between the cultivars.



The PCA analysis of the selected indices of the functional community of soil microorganisms is presented in Figure 6. The PCA analysis confirmed strong positive correlations between the amino acids, amines and amides, AWCD, Shannon-Wiener index, and Richness indices basics obtained from the Biolog EcoPlates analysis (PCA analysis confirmed that the soils collected from the PM and PMI samples were characterized by a higher functional and metabolic activity. The samples collected from P and PI showed a lower functional activity of the microorganisms.





4. Discussion


The biotic component of the soil is important for maintaining its good condition [41]. The microbial component of the soil is responsible for countless functions, especially reactions mediated by microbes, humus formation, nutrient cycling, xenobiotic degradation, soil structure improvement, and effects on plant health [42]. Certain soil microorganisms are biocontrol factors for phytopathogens and frequently show synergism of the protective effect on plants with MF. Hyphae of mycorrhizal fungi participate in shaping the soil structure. These beneficial microorganisms, by changing the composition and quantity of root exudates, affect the development and activity of soil microorganisms [21]. Mycorrhiza causes changes in the quantity and quality of root exudates [23,43]. Soil enzyme activity was shown to directly affect the available nutrient content in the rhizospheric soil [44], which, in turn, provided soil microbes to increase the enzyme activities of the soil [15]. Based on the activity parameters of various soil enzymes, including catalase, it is possible to reliably assess the biological quality of the soil, the occurrence of stress factors, or the level of the agricultural quality of the producer. Research has shown that the enzymatic activity of anthropogenically transformed soil is influenced by agrotechnical factors (type and level of fertilization, cultivation system, and soil and climate conditions) [6]. The rhizosphere is an environment of mutual interactions of microorganisms and plants. The interdependence of higher plants and rhizospheric microorganisms largely consists in the exchange of specific chemical substances [45,46,47]. Therefore, the enzymatic activity of the rhizosphere is significantly higher than that of the non-rhizosphere zone [13,48], which was also confirmed by our study. Plant mycorrhization has a significant impact on the activity of catalase in the soil. Symbiotic plants produce more enzymes as a result of excess carbon production in direct carbohydrate photosynthesis [49]. Our research demonstrated that stress caused by drought contributes to the increase of catalase activity, and mycorrhizal inoculation is a factor that significantly reduces it. This means that plant mycorrhization can alleviate stress, e.g., related to drought. Therefore, mycorrhizal fungi have a beneficial effect on the absorption of water and nutrients by plants, and they also enhance plant defense mechanisms to alleviate oxidative stress [50]. Plant ages also affect the soil catalase activity, which is most likely dictated by energy reasons [50]. The assessment of this enzyme activity in various plant developmental stages is a good marker of physiological stresses occurring in the plant [51].



Root exudates and plant residues are the main source of carbon for heterotrophic microorganisms, determines the rhizosphere function, and activates rhizosphere microorganisms and their metabolites [52,53,54]. Additionally, mycorrhiza can induce qualitative and quantitative changes in root exudates in rhizospheric soil in a different manner, thereby exerting an indirect effect on rhizospheric microorganisms [15]. Our research showed that mycorrhizal fungi and irrigation change the composition of rhizosphere microorganisms. A much higher total number of fungi in the rhizosphere was observed after irrigation. Mycorrhizal inoculation, on the other hand, contributed to the reduction of the number of fungi colonizing the roots of pepper plants. A similar relationship was also found for the total number of bacteria, including the population of Bacillus spp. and Pseudomonas spp. in the pepper rhizosphere. Information present in the literature has indicated that root border cells (RBC) could be, among others, the factor shaping the microorganism populations inhabiting the root zone and participating in interactions between plants and soil microorganisms [55]. These are living cells that are released during root growth from the outermost layer of the cap into the soil, formerly known as dead, exfoliated cap cells. According to researchers [56,57,58], metabolites secreted by RBC into the environment stimulate or inhibit the growth of rhizosphere microorganisms. Metabolites synthesized by RBC and secreted outside the cells include polysaccharides that facilitate root apex penetration into the soil; proteins with enzymatic activity; biocides; regulators of cell division; and attractants for bacteria, fungi, and nematodes [55]. MF affect the development and activity of soil microorganisms, among others, by changing the composition of plant root exudates [59]. In our study, mycorrhizal inoculation and applicated irrigation had beneficial effects on the growth of fungi in the soil communities. Jamiołkowska et al. [22] showed that the application of Claroideoglomus etunicatum on tomato roots contributed to an increase in the number of soil fungi, particularly regarding the number of saprotrophs in the rhizosphere. The present study also showed that irrigation (PI) increased the number of fungi in the community, but no such correlation was observed in the case of bacteria. Contacts between MF and the plant can also be supported by metabolites of soil microorganisms, especially certain saprotrophic bacteria and fungi (Mycorrhizal helper bacteria) [60]. Our research showed that the mycorrhizal inoculation caused a significant decrease in the total count of bacteria in the rhizosphere, including the antagonistic bacteria of the genera Bacillus and Pseudomonas. These bacteria and fungi (especially Trichoderma spp.) have a considerable influence on plant health [61,62,63]. They inhibit the growth and development of phytopathogens in the soil through antibiosis, competition, and parasitism [64,65,66]. Those microorganisms produce antibiotics that decompose cell walls and lysis of the mycelium [64,67,68]. In addition, the effectiveness of bacteria in reducing the population of rhizospheric fungi is related to the action of secondary metabolites such as iron-complexing compounds (siderophores), substances inducing plant resistance (salicylic and anthranilic acids), enzymes degrading fungal cell wall components (glucanases and endochitinases), and hormonal substances [69,70,71]. The analysis of soil DNA allowed to obtain fungal genera that are difficult to cultivate on artificial substrates and to more precisely determine the fungal profiles in the tested soil. The results were similar to the classical mycological analysis and confirmed the increase in soil environment biodiversity after plant mycorrhization (a higher number of saprotrophic fungi with antagonistic abilities).



Measurements of the physiological profiles at the level of soil microbial communities can be used as an indication of biological activity and natural biochemical processes in soil [72]. Biolog EcoPlates is a sensitive and reliable indicator of the number of living microorganisms and present bacterial and fungal community compositions. The number of different groups of microorganisms is a marker of changes occurring in the soil [73,74]. In the presented study, high activity in the metabolic profile was noted in soil samples for the plants with MF and irrigation (PMI) and plants with MF (PM). These results indicate a higher activity and biodiversity in the plant rhizosphere after MF application. Many studies focused on a higher fungal diversity in mycorrhizal soils compared to control soils without mycorrhiza. In the study, we showed that the PM and PMI rhizospheric soils had significantly higher biodiversity. However, a higher percentage of fungi was found in the PM and PMI soils. Therefore, it should be concluded that mycorrhization is largely responsible for the increase in biodiversity and microbial activity [75].



This research is essential for the development of new strategies for the sustainable agriculture, understood as reducing the use of chemical products and an increase in soil health and fertility.




5. Conclusions


The results of the present study showed various effects of mycorrhizal inoculation and irrigation on the biological properties of the rhizosphere of sweet peppers cultivated in the organic system. The application of mycorrhiza in the presence of drought stress significantly increased the catalase activity in the pepper rhizosphere, i.e., an enzyme that reduces the effects of oxidative stress in plants. Our study showed the significant impact of mycorrhiza on the reduction of the total number of bacteria in the plant rhizosphere, while irrigation increased the total number of rhizosphere fungi, regardless of plant mycorrhization. Promising results were obtained in the metagenomic studies, which showed an increase in the biodiversity of rhizosphere fungi after mycorrhiza application (especially Trichoderma spp., Mucor spp., Acremonium spp., and Mortierella spp.), despite the stress caused by the lack of irrigation (drought stress). The conducted research indicated the highest utilization of amines, amides, and amino acids in the rhizosphere of mycorrhized plants, whereas the lowest level of utilization was recorded in the soil without mycorrhiza. An increase in metabolic activity was also observed in the rhizospheric soils of mycorrhized plants and a slightly lower catabolic activity of the rhizosphere in non-mycorrhized plants. Plant mycorrhization improves the biological properties of the rhizosphere, especially under drought stress conditions, which occur increasingly often due to climate warming. It also affects the quality of the vegetables produced without the pesticides, which is required in organic farming.
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Figure 1. Similarity index of the fungal communities colonizing the rhizosphere of plants as a response to pepper mycorrhization and irrigation in the years 2016–2018. P—plants without mycorrhizal inoculation and irrigation (absolute control), PM—mycorrhized plants, PI—irrigated plants, and PMI—mycorrhized and irrigated plants; red color—higher number of fungi in the community and green color—lower number of fungi in the community. 
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Figure 2. Proportion of sequences (%) of the main fungal genera. (a) Comparison of fungal genera between the rhizospheres of plants without mycorrhizal inoculation and irrigation (absolute control—P) and irrigated plants (PI). (b) Comparison of fungal genera between the rhizospheres of mycorrhized plants (PM) and mycorrhized and irrigated plants (PMI). (c) Comparison of fungal genera between the rhizospheres of control plants (P) and mycorrhized plants (PM). 
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Figure 3. Average well color development (AWCD) estimated by substrate utilization over the period from 24 to 168 h in Biolog EcoPlates calculated based on the data from all 31 carbon sources. 
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Figure 4. The percent of utilization of amines and amides, amino acids, carbohydrate, carboxylic acid, and polymers after 96-h incubation of Biolog EcoPlates. (a) Amines and amides, (b) amino acids, (c) carboxylic and acetic acids, (d) carbohydrates, (e) polymers, and (f) the percentage of total carbon source utilization in the soil. Treatment means separated by different letters are significantly different (Tukey’s mean separation test, p ≤ 0.05, n = 3). 
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Figure 5. The carbon utilization patterns (31 substrates) in the soil samples. The results are shown as the standardized data of the absorbance measurements at a wavelength of 590 nm after a 96-h incubation of EcoPlates (red—higher functional activity and green—lower functional activity). 
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Figure 6. Principal component analysis of the microbial parameters, biodiversity indices, and Biolog EcoPlates data from soil samples incubated for 120 h. 
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Table 1. Catalase (CAT) activity (mg H2O2∙g−1 dm∙min−1).
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Year

	
Experimental Treatment

	
Soil Zone

	
Plant Development Phase




	
2016

	
2017

	
2018

	
P

	
PM

	
PMI

	
PI

	
Rhizosphere

	
Non-Rhizosphere

	
BBCH 22

	
BBCH 72–73






	
0.0366 a

	
0.0243 b

	
0.0281 b

	
0.0389 a

	
0.0301 b

	
0.0226 c

	
0.0271 bc

	
0.0439 a

	
0.0175 b

	
0.0265 b

	
0.0328 a




	
LSDα ≤ 0.05 = 0.0042

	
LSDα ≤ 0.05 = 0.0052

	
LSDα ≤ 0.05 = 0.0020

	
LSDα ≤ 0.05 = 0.0029




	
F value = 25.24735

	
F value = 23.2059

	
F value = 686.8324

	
F value = 17.5118








P—plants without mycorrhizal inoculation and irrigation (absolute control), PM—mycorrhized plants, PI—irrigated plants, PMI—mycorrhized and irrigated plants, and LSD—least significant difference, BBCH—stage of plant development; values marked with the same letters for the experimental factor (a, b, c, etc.) do not differ significantly at p ≤ 0.05, F—value of the test function.
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Table 2. Number of bacteria and fungi isolated from the soil in the individual experimental treatments.
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Experimental

Treatment

	
Total CFU of Bacteria

(106∙g−1 DW of Soil)

	
CFU of Bacillus spp.

(106∙g−1 DW of Soil)

	
CFU of Pseudomonas spp.

(106∙g−1 DW of Soil)

	
Total CFU of Fungi

(103∙g−1 DW of Soil)




	
2016

	
2017

	
2018

	
Mean

	
2016

	
2017

	
2018

	
Mean

	
2016

	
2017

	
2018

	
Mean

	
2016

	
2017

	
2018

	
Mean






	
P

	
22.66 c

	
20.00 c

	
24.63 d

	
22.43 d

	
7.82 c

	
7.19 c

	
7.37 c

	
7.46 d

	
10.74 d

	
10.15 d

	
11.34 d

	
10.74 d

	
9.97 a

	
9.22 b

	
10.05 b

	
9.75 b




	
PM

	
17.63 b

	
17.03 b

	
18.93 b

	
17.86 b

	
3.68 b

	
2.09 a

	
3.62 a

	
3.13 b

	
5.12 b

	
3.52 b

	
5.26 b

	
4.63 b

	
8.47 a

	
7.34 a

	
7.94 a

	
7.92 a




	
PI

	
18.84 b

	
18.94 b

	
21.92 c

	
19.90 c

	
6.34 c

	
5.39 b

	
5.99 b

	
5.91 c

	
8.22 c

	
7.56 c

	
8.09 c

	
7.96 c

	
22.18 c

	
19.98 d

	
20.73 d

	
20.96 d




	
PMI

	
14.66 a

	
14.01 a

	
15.61 a

	
14.76 a

	
1.71 a

	
1.10 a

	
2.29 a

	
1.70 a

	
2.67 a

	
1.82 a

	
2.39 a

	
2.29 a

	
16.41 b

	
14.03 c

	
16.38 c

	
15.61 c








P—plants without mycorrhizal inoculation and irrigation (absolute control), PM—mycorrhized plants, PI—irrigated plants, PMI—mycorrhized and irrigated plants, CFU—colony-forming units, and DW—dry weight; means in columns followed by the same letter for the experimental factor (a, b, c, etc.) do not differ significantly at p ≤ 0.05.
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Table 3. Biodiversity indices evaluated by ITS NGS (internal transcribed spacer, next generation sequencing).
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ITS NGS




	
H

	
Chao1

	
Simpson

	
Fisher






	
P

	
2.447

	
57

	
0.8385

	
8.784




	
PM

	
2.661

	
60

	
0.8936

	
9.086




	
PI

	
2.984

	
69

	
0.9119

	
10.94




	
PMI

	
3.009

	
74

	
0.9178

	
11.69
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Table 4. Functional diversity indices evaluated based on substrate utilization after 96 h in Biolog EcoPlates calculated for the data from all 31 carbon sources (±SD). Different letters indicate significant differences between the cultivars (p ≤ 0.05, n = 3).
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	Experimental

Treatment
	Average Well Color Development
	Shannon-Wiener (H’)
	Evenness (E)
	Richness (R)





	P
	1.880 b
	3.418 a
	0.995 b
	31.00 a



	PM
	2.028 a
	3.405 a
	0.991 a
	31.00 a



	PI
	1.702 b
	3.409 b
	0.993 a
	31.00 a



	PMI
	2.006 a
	3.394 a
	0.991 a
	30.67 a
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