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Agriculture by Irrigation Modifies Microbial Communities and Soil Functions Associated With Enhancing C Uptake of a Steppe Semi-Arid Soil in Northern Patagonia
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The transformation of the semiarid steppe soil after 5 years of intensive irrigated agriculture in Northern Patagonia was analyzed in an on-farm study. The private grower venture used conservative practices, including no-till to maintain soil structure, high crop rotation and cover crops. To characterize steppe soil changes by irrigated agriculture, we analyzed the enzymatic activities involved in the biogeochemical cycles (carbon, nitrogen, phosphorus and sulfur), the whole soil fatty acids profile, the state of soil aggregation, and the bacterial and fungal microbiota through DNA sequencing methods. After 5 years of management, irrigated agriculture soil increased organic matter (25–33%), enzymatic activities -Cellobiose-hydrolase (60–250%), Phosphatase (35–60%), Xylanase (101–185%), Aryl-sulphatase (32–100%), Chitinase (85%), β-Glucosidase (61–128%), Leucine-aminopeptidase (138%)—depending on soil series, and macro-aggregate formation at the expense of the abundance of micro-aggregates in the first 0–5 cm of soil. Whole soil fatty acids profiles changed, enhancing mono-unsaturated, branched, cyclic and methylated fatty acids. Microbial communities showed significant differences between irrigated agriculture sites and pristine valleys. The richness-based alpha-diversity established increased bacterial communities but decreased fungal communities in cultivated soil. Indicators selected using the LEfSe method revealed the bacterial taxa Acidothermus, Conexibacter and Thermoleophilum, associated with semiarid steppe soil while Asticcacaulis, Aquicella and Acromobacter with irrigated agriculture. Ascomycota Phylum changed its community composition, being both taxa Aspergillus and Alternaria reduced while Stagonospora and Metarhizium were enhanced in irrigated agriculture. Taxa belonging to Acidobacteria, Chloroflexi, and Betaproteobacteria, that were enriched in irrigated agriculture soils, were associated with higher capture of C but smaller values of aggregation, while taxa abundant on steppe soils belonging to Actinobacteria, Alphaproteobacteria, and Firmicutes were positively associated with soil aggregation but negatively with C uptake.
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INTRODUCTION

Transforming non-productive areas of semiarid soil into productive agriculture fields by irrigation is an option that depends on its business balance and the challenge of improving food production without affecting soil biodiversity.

Developing a better understanding of soil biodiversity and its modification by agriculture is crucial for the rational exploitation of beneficial microbial communities to improve crop performance under water shortage conditions, which is anticipated to become even less consistent as global climate changes (1). Soil biodiversity is linked to soil organic matter (SOM), which composition, and origin are a matter of debate and ongoing studies (2, 3). It is accepted that both microbial necromass (4) and plant rhizo-deposition (5) are critical factors in SOM build-up and C sequestration. Both microbial necromass and microbial-derived compounds explain soil mineral-associated (MAOM) and particulate (POM) organic matter aggregation as a result of microbial activity (5). Soil organic matter (SOM) changes and losses have commonly been associated with soil cultivation, especially conventional agriculture practices (6). A substantial fraction of SOM is composed by extracellular polymeric substances (EPS), including polysaccharides, proteins, lipids and nucleic acids, resulting from substrate transformation by soil microbes (4, 7). EPS is claimed to be critical for initial soil particles aggregation (7) that finally determined soil structure as the result of the soil trophic interactions (8). Both bacteria and fungi showed a relevant function on soil macro-aggregate (2000-250 μm) formation, where Proteobacteria, Cyanobacteria, and Glomeromycota are key phylum for this activity (9). Fungal traits have been associated with this soil aggregation activity (10). Soil biodiversity is also associated with the maintenance of soil multifunctionality, which can be summarized by multiple ecosystem functions and services (11, 12), highlighting the importance of microbial biodiversity associated with C uptake and sequestration, both vital processes for the soil (13). Finally, within bacteria diversity, it remains the question of any bacteria, or particular taxa are most relevant for the soil ecological services (14).

In Argentina, a group of farmers succeeded to implement irrigated agriculture in the semiarid steppe in the northern part of Patagonia. They obtained promising results in terms of goods productivity in a relatively short period (7 years). We run an on-farm study analyzing the soil of the cultivated fields of this private initiative. This paper aimed to investigate the response of soil microbial communities and associated ecosystems functions to irrigated agriculture. For this, we evaluated three agricultural sites under drip irrigation for 7 years in the north Patagonia dryland region. Soil enzyme activities covering C, N, P, and S nutrient cycles and whole soil fatty acids (WSFA) were used to partially characterize soil biochemistry. Illumina high-throughput sequencing of 16S rRNA and ITS1 genes were used to estimate microbial community structures, and soil aggregation stability was used to estimate soil physical structure and biological integrated activity, since aggregation is considered the result of soil trophic interactions (7, 9). We hypothesize that (1) irrigated agriculture impacts the diversity and composition of soil bacterial and fungal communities; (2) the effects of irrigated agriculture on bacterial and fungal communities influence soil functions, changing soil enzymes profile; and (3) changes in microbial communities would modified extracellular polymeric substances production and soil trophic interactions affecting soil aggregation. The result of this study could improve our understanding of the effect of irrigated agriculture on soil microbes and ecosystems functions.



MATERIALS AND METHODS


Site Description and Sampling

The on-farm study was conducted in three agricultural sites located north of the Argentinean Patagonian region, with similar histories of irrigated agriculture. The first two sites, called “Rio Negro” (RN) and “La Victoria” (LV), were located side by side, belonging to two different soil series within a circle of irrigation at the agricultural farm “Kaitaco” (39°53'3”S; 64°53'25”O) (Supplementary Figure 1). The third site, called “Chocorí” (CH), was located on the other margin of the Rio Negro river (39°59'08”S; 64°55'07”O), and both farms were located near to the city of General Conesa (Rio Negro province, Argentina) (Supplementary Figure 1). Both farms, “Kaitaco” and “Chocorí” belong to the project: “North Patagonian Irrigated Valley Farm” (VINPA) of the Argentine Association of No-Till Farmers (AAPRESID). The soils of the study area range from loamy sandy to loamy; therefore, the permeability of most soils is adequate for irrigation. The annual precipitation is about 260 mm, and the annual mean temperature is 15.6°C. The irrigation from sprinklers simulated growers' water application in the same area. The soil type, description, history of use and crop rotations can be found in Supplementary Table 1. The steppe soil reference plots were taken near the agricultural plots, 50–100 m outside the irrigation effect zone (Supplementary Figure 1). The plots were characterized as a Patagonian semi-arid steppe region, which is typically species-rich in forbs, grasses and lignified shrubs, with one grass (Festuca pallescens) and one shrub (Mulinum spinosum) contributing a large part of the total plant cover, with some species as Prosopis strombullifera characteristic for semi-arid and salted soils (15).

The soil samples were collected from two depths (0–5 and 0–20 cm) in August 2018. Ten plots were sampled in each site, five irrigated and five non-irrigated. Each plot has a 10 m2 area separated by 40 m buffer zones (Supplementary Figure 1). Twenty subsamples were randomly taken by soil sample auger in each plot, composed as a single sample and immediately sealed in plastic bags, placed in coolers, and transported to the laboratory. According to biological analysis, the soil samples were sieved (2 mm) and stored at 4°C for enzyme analyses, and at −20°C for WSFA and DNA analysis, respectively. The 0–20 cm samples were sent to the laboratory for chemical and physical analysis.



Chemical and Agronomic Parameters

The chemical analysis measured in the soil samples were soil organic matter (SOM), electrical conductivity (EC), sodium adsorption relationship (SAR), and pH. Briefly, SOM was determined by the potassium dichromate method based on Walkley and Black method (16). For EC: a filtrate was extracted from a 1:5 mixture of soil:water to measure the electrical conductivity (DSM−1). Soil pH was measured at a soil-water ratio of 1:2.5, using a compound electrode (Accumet, Westford, MA, USA). To measure SAR, we calculated the sodium (Na) concentration by flame spectrometry and the concentration of magnesium (Mg) and calcium (Ca) by colorimetry. SAR was calculated using the following equation:
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Particle-Size Fractionation and Mean Weight Diameter

Soil was particle-size fractionated into five particle size classes (2000-63, 250-63, 63-20, 20-2, 2-0.1 μm) following Neumann et al. (17). Briefly, a total of 10 g dry weight was suspended in distilled water (soil/water ratio 1:5 w/v) and ultrasonicated with an energy input of 30 J mL−1. The ultrasonication was performed using an Ultrasonic Cleaner ultrasonicator (Testlab S.R.L., Argentina). The sand fraction (2000-250 and 250-63 μm) was separated from the other fractions by wet-sieving. The flow-through consisting of particles <63 μm was aliquoted to four glass tubes and centrifuged at 50 g for 15 min at 4°C. To separate clay size (<2 μm) from silt size (63-2 μm) particles, the supernatant containing the clay particles was decanted and collected in a 50 ml tube. The remaining pellets in the centrifugation tubes were resuspended in distilled water and centrifuged again. The centrifugation and suspension steps were repeated seven times with decreasing centrifugation times, 15, 13, 12, and 11 min, each twice, respectively. The last resuspended pellet was wet-sieved (by 20 μm), separating the coarse silt (63-20 μm) from the fine silt fractions (2–20 μm) in the flow-through. To enhance the flocculation of clay particles in the <2 μm supernatant, MgCl2 (final concentration 3.3 mM) was added to the 3-L beaker and kept at 4°C overnight. After decantation, the sedimented clay particles were further concentrated by centrifugation for 10 min at 2,400 g. All fractions were dried at 40°C and weighted.

The index of aggregate stability, mean weight diameter (MWD), is based on a weighted average of the five aggregate size classes, which was calculated using the following equation (18):
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Where Si is the average diameter (μm) for particles in their fraction and Pi is the weight percentage of the fraction in the bulk soil.



Soil Enzymes Activities

Enzymes activities were measured according to Marx et al. (19) method, based on the use of fluorogenic MUB-substrates and microplates (20). The bulk soil was analyzed for β-cellobiohydrolase (CEL), N-acetyl-β-glucosaminidase (NAG), β-glucosidase (BGLU), α-glucosidase (AGLU), phosphomonoesterase (PME), xylanase (XYL), leucine aminopeptidase (LAP), and arylsulfatase (SUL) using 4-MUB-β-d-cellobioside, 4- MUB -N-acetyl-β-glucosaminide, 4-MUB-β-d-glucoside, 4-MUB-α-d-glucoside, 4-MUB-phosphate, 4-MUB-β-1,4-xylosidase, l-Leucine-7-amino-4-methyl coumarin, and 4-MUB-sulfatase as substrates, respectively.

Briefly, 0.1 g of soil material was mixed with 10 ml of sterile 0.1 M MES buffer (2-(N-morpholino) ethanesulfonic acid) adjusted to pH 6.1 in a 20 ml tube with five steel balls homogenizing the soil material with a shaker for 5 min at 200 rpm. Soil slurry was immediately dispensed into 96-well microplates (Thermo Scientific Nunc) with buffer, sample, reference, and substrate following a strict order and position on the plate (ISO-TS-22939, 2010). The final substrate concentration in each well was 200 μM, that was a saturating concentration for all the enzymes (this was tested in preliminary assays in our lab). All chemicals supply by Sigma-Aldrich. Fluorescence intensity was read with an excitation of 355 nm and an emission of 460 nm on a POLARstar Omega automatic microplate fluorimeter (BMGLabtech, Ortenberg, Germany) for 20 cycles of 60 s at 30 °C. Enzyme activities were calculated based on three technical replicates by each soil sample and expressed as nmol h−1 g−1 (21).



Soil Whole Fatty Acids Lipidic Profile and Estimation of Microbial Structure Biomass

Whole soil fatty acids analysis (WSFA) was run according to Ferrari et al. (22). In brief, 1 g of freeze-dried and liquid N2 milled soil sample was saponified with a NaOH-methanol mixture and methylated with HCl-methanol. After extraction with hexane/methyl tert-butyl ether (MTBE) and amendment with 33.75 μg of nanodecanoic (19:0) methyl ester as internal standard, the extract was washed with NaOH, evaporated under N2 stream, resuspended in 100 μl of hexane and injected into an Agilent 6850 gas chromatography. The oven temperature was increased from 170 to 260°C with a five °C/min ramp, followed by another ramp (40°C/min) until a final temperature of 310°C. Hydrogen and nitrogen were used as carrier and make-up gases, respectively. A phenyl-siloxane (2.5%) column was used (25 m long, 200 μm ID, 0.33 μm film) with a flame ionization detector, fed by a hydrogen-air mixture. Fatty acids were analyzed through the MIDI microbial identification protocol (Sherlock® Microbial Identification System, version 6.2 and the RTSBA6 aerobe library). Nomenclature of fatty acids and grouping by chemical functions were done according to Ferrari et al. (22). The concentration of each fatty acid identified by the MIDI software was assessed concerning the 19:0 standard and expressed as nmol g−1. The following fatty acids were used as biological marker to estimate bacteria and fungi biomass, knowing the practical limitations of this estimation, according to Ferrari et al. (22, 23): Bacteria (15:0 iso, 15:0 anteiso, 17:0iso, 17:0 anteiso, 17:0 10-Methyl); Fungi (16:1 w5c, 18:1w9c, 18:3 w6c).



DNA Extraction and Sequencing

According to the manufacturer's instructions, soil microbial DNA was extracted and purified from soil subsamples (0.5 g) using the FastDNA TM SPIN Kit for Soil (MP Biomedicals, Solon, OH, USA). Quantification and quality of the extracted DNA were specified using the NanoDrop ND-1000 spectrophotometer (Thermo Fischer Scientific, USA) and electrophoresis gel, respectively.

Soil DNA was submitted to NOVOGEN SA for amplicon sequencing. A fragment of approximately 250 bp spanning the V3-V4 region of 16S rRNA was amplified by PCR using primers 341F-806R. Sequencing of fungi was conducted using the ITS1-5F region of the ITS rRNA gene with primers ITS5-1737F and ITS2-2043R. Libraries were sequenced using an Illumina MiSeq system, generating 250 bp paired-end amplicon reads. The amplicon data were multiplexed using dual barcode combinations for each sample. Amplicons were mixed at roughly equivalent ratios based on electrophoretic band intensity and purified using Agencourt Ampure XP magnetic bead purification kit (Beckman Coulter, CA, USA).



Bioinformatics Analysis

The 16S raw reads were processed with the mothur v.1.35.0 software (24). Reads were trimmed with the following criteria: minimum length: 425 PB; minimum quality score: 25; degree of mismatching allowed: 1 mismatch to the primer and no mismatch to the barcode; homopolymers no longer than 10. Reads with ambiguous bases and singletons were removed. Chimera was checked with Uchime implemented in mothur (25) and removed from the dataset. 16S rDNA sequences were aligned and classified against SILVA bacterial SSU reference database v119. Denoised sequences were clustered into operational taxonomic units (OTUs) employing the average neighbor-clustering algorithm implemented in mothur at 97% sequence identity. The richness and diversity indexes were normalized, considering the number of sequences obtained from the smallest sample. Fungal reads were truncated to 200 bp and trimmed following the criteria described for bacterial reads using Usearch v.11 (26). Remaining sequences were collapsed into unique sequence types on a per-sample basis while preserving read counts and excluding singletons. These sequences served as the input for OTU clustering at a 97% similarity, while simultaneously removing putatively chimeras using Usearch v.11. Representative sequences of the OTUs were subjected to a similarity search against the UNITE database (27). Raw reads were deposited in the NCBI Short-Read Archive under accession number for bacteria SUB10673264 and fungi SUB10791814, BioProject PRJNA784308: Norpatagonia Agriculture project, Locus Tag Prefixes: LQ767 (SAMN23482046).



Statistical Analysis

To evaluate soil enzymatic activities and soil lipids (WSFA) analyses, permutational multivariate analysis of variance (PERMANOVA) was employed to quantitatively evaluate the effects of Site on Treatment and for calculated relative abundance data using “Adonis” function in the vegan package based on 999 permutations and method Bray-Curtis (28). Statistical analyses were performed by using R. Two-way analysis of variance (ANOVA) with Fisher's Least Significant Difference (LDS) pairwise comparisons at p < 0.05 were used to assess differences between soil uses and sites. Two multivariate methods of ordination were used to analyze enzymatic profiles and WSFA profile; LDA (Linear discriminant analysis) and PCoA (Principal component analysis) were used to assess which parameters contribute mostly to the separation of treatments. Two different data set of fatty acids were used: one built with those fatty acids present in at least 20% of all samples, in order to eliminate very rare fatty acids from the data set; the second data set comprised only those fatty acids that did not show interaction between use and site effects (Supplementary Table 2).

To evaluate the DNA data, statistical analyses were performed by using R. Two-way analysis of variance (ANOVA) with Fisher's Least Significant Difference (LDS) pairwise comparisons at p < 0.05 were used to assess differences between soil use and sites. Interactions between the main effects were evaluated using different packages (vegan, agricolae, gplots, ggplots2, RColorBrewer, edger, phyloseq). PERMANOVA analysis was based on Bray-Curtis dissimilarity using 10.000 permutations calculated from OTUs abundances. Alpha-diversity indexes (Observed richness and Shannon) were calculated per sample based on 100 times randomly subsampled read count data. The non-metric multidimensional scaling (NMDS) was also performed to visualize the most relevant patterns in microbial communities. Additionally, we tested for differential OTU abundance between agriculture and steppe communities (same thresholder OTU tables) of both kingdoms using likelihood ratio tests (LRT) with the R package edgeR (29). To graphically display the abundance distribution of the 50 most abundant genera across the different treatments, a heatmap based on centered and scaled log10-transformed relative abundances from taxon was drawn. LEfSe (Linear discriminant analysis Effect Size) analysis was conducted using the online analyzer at http://huttenhower.sph.harvard.edu/galaxy (30), to find the representative biomarker (specific abundance taxa) of different group treatment. The factorial Kruskal-Wallis test among different treatments was conducted with an α value of 0.05. The threshold on the logarithmic LDA (Linear discriminant analysis) score for discriminative features was 3.0 for bacterial and fungal communities. The strategy of “all-against-all” was used for multi-class analysis. Mantel test and Spearman correlation were used to correlating the bacterial/archaeal and fungal communities with chemical, physical, and biochemical parameters.




RESULTS


Chemical and Physical Analysis

The physicochemical properties of the soil samples are shown in Table 1. In general, sites were significantly different according to soil properties (p < 0.001). The irrigated agriculture modified physicochemical soil properties compared to the steppe. SOM was increased in CH (25%) and LV (33%), but not statistically significant (p > 0.05). The soil pH significant decreased in CH (p = 0.0106) while the other sites showed a non-significant decrease (p > 0.05). The EC showed three times significant increase in CH (p < 0.001), while the other sites showed a non-significant decrease (p > 0.05). SAR showed a decrease in three sites (18% in CH, 17% in LV and 30% in RN) but was not statically significant in any site (Table 1).


Table 1. Soil physic and chemical properties from steppe and agricultural irrigated soils.

[image: Table 1]

The soil aggregation showed significant changes between the semiarid steppe and agricultural one. The MWD showed a significant increase in the three irrigated agriculture sites (p < 0.001) (Table 2). This parameter was reflected in the significant increase of the macroaggregate fraction (2000-250 μm), which also significantly increased 36%, 168%, and 188% in CH, LV, and RN, respectively (P < 0.001). The aggregate fractions 63-20, 20-2, and 2-0.1 μm presented a significant decrease in cultivated soils in CH and LV (Table 2).


Table 2. Soil aggregate fractions determined by wet sieving.
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Soil Enzyme Activities

Soil enzymatic profiles were different between agricultural and steppe soil, according to a PCA multivariate analysis (Figure 1 and Supplementary Table 2), being enzymes activities higher in agricultural soil than in the semiarid steppe. The increments of activities varied with sites. Average increments were observed as: SUL (32-100%); NAG (85%); XYL (101-185%); CEL (60-250%); BGLU; (61-128%); PME (35-60%) and LAP (138%) (Supplementary Table 2). Besides soil management, enzymatic profiles are also grouped according to soils series or sites under study (Figure 1). Despite similar agricultural management on two different soil series, LV and RN being part of the same agriculture irrigation circle (Supplementary Figure 1), the most relevant enzymatic activities characterizing each soil series differed. NAG and SUL activities were associated with RN soil. In contrast, all the other activities were associated with LV (Figure 1). The site CH, geographically apart from the other two and with different agricultural strategies as an alfalfa irrigated pasture instead of crop rotation, generally showed lower enzymatic activity (Figure 1 and Supplementary Table 2).


[image: Figure 1]
FIGURE 1. Principal component analysis (PCA) of soil enzymatic pattern response to irrigated agriculture and steppe soils. CEL, β-cellobiohydrolase; NAG, N-acetyl-β-glucosaminidase; BGLU, β-glucosidase; AGLU, α-glucosidase; PME, phosphomonoesterase; XYL, xylanase; LAP, leucine aminopeptidase; SUL, arylsulfatase.




Soil Lipidic Structure Measured by WSFA

The irrigated agriculture significantly increased the abundance of total WSFA, which summarize the total microbial biomass in the soil, total bacteria, and total fungi by 206.42, 145.28, and 135.50%, respectively (p < 0.01) (Figure 2). In contrast, the fungal-bacterial ratio decreased from steppe to irrigated agriculture, but the decrease was non-significant. Most relevant is the change in the whole soil lipidic composition. Out of a hundred detected fatty acids, the list was reduced to 49, deleting the rarest ones (Supplementary Table 3). A PERMANOVA analysis of this list showed significant effect by treatment (P 0.001) and by the site (P 0.002) and showed significant site-treatment interaction (Table 3A). An LDA analysis showed clear discrimination among soil use and management and sites (Figure 3A). The fatty acid with more significant loading on LDA showed a different pattern between soil use. MUFAs (14:1ω5c, 16:1ω7c alcohol, 17:1ω5c, 17:1ANTEISOω9c, 17:1ANTEISO A, 17:1ω7c, 18:1ω7c, 18:1ω9c characterized cultivated soil, while linear fatty acids (14:0, 16:0, 17:0), PUFA 20:4ω6,9,12,15c -usually considered marker for mesofauna- and 16:1ω5c -marker for arbuscular mycorrhiza- characterized steppe native soil. Analyzing the site-treatment interaction for each fatty acid in the WSFA profile, it was possible to reduce the WSFA list to a group of 31 fatty acids that did not show a significant site-treatment interaction (Supplementary Table 3). The PERMANOVA run on this new data set showed significant treatment effect (P 0.001) and site effect (P 0.003) without site/treatment interaction (Table 3B). LDA or PCA multivariate analyses showed clear separation of samples between irrigated agriculture and steppe soils (Figure 3B). This separation, suggesting a different lipidic structure between soils, was sustained by PCA when the fatty acids were grouped by their chemical function [see M&M and (22)]. The PC1 and PC2 of this new analysis explained 36.5 and 16.5% of the total variation, respectively. The samples were separated by treatment according to axis PC1, while the sites were mainly separated according to PC2 (Figure 3B).


[image: Figure 2]
FIGURE 2. Boxplots showing (A) total WSFA, (B) total bacteria, (C) total fungi, and (D) fungi-bacteria ratio estimated from WSFA.



Table 3. PERMANOVA analysis on (A), trimmed list of detected WSFA eliminating the rare ones -present in less than 20% of the analyzed samples- (see M&M) (n = 49); and on (B), trimmed list of detected WSFA that did not show site-treatment interaction.
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FIGURE 3. (A) Lineal discriminant analysis (LDA) plots for the soil samples considering the trimmed fatty acids profile (49 fatty acids), and (B) Principal component analysis (PCA) plot of soil samples based on fatty acids grouped by their chemical functions for irrigated agriculture and steppe soils.




Soil Microbial Structure Measured by Soil DNA Sequencing


Bacterial and Fungal Community Diversity

Bacterial/archaeal diversity showed significant differences between irrigated agriculture and steppe treatments (Figures 4A,B). The agricultural treatment increased the diversity in both indices, richness, measured by Observed index (p = 0.016) and Shannon (p = 0.001) indexes. The Shannon index showed significant differences for the site (p < 0.001) and the interaction among both factors (p = 0.03), too. Only RN presented significant differences between treatments when the Shannon index was analyzed in each site (p < 0.001). For the fungal community, the diversity showed significant differences between treatments (p = 0.0152) and interactions among treatment and site (p = 0.0125) for richness, with a tendency to reduce diversity by irrigated agriculture. Only CH showed significantly higher diversity in the steppe (p < 0.001) (Figure 4C). In contrast, the Shannon index did not show significant differences between treatments or sites (p > 0.05) (Figure 4D).


[image: Figure 4]
FIGURE 4. Alpha diversity measures of the bacteria (A,B) and fungi (C,D) communities in irrigated agriculture and steppe. Richness (observed OTUs) and diversity (Shannon-Wiener) indices were evaluated in both treatments (n = 5). Boxes represent 25–75% of the data, solid lines the median, dots in the box mean, the tips represent the minimum and maximum values excluding the outliers (1.5 times lesser or greater than the lower or upper quantiles) represented by dots outside of the boxes. Data were tested for significance by two-way ANOVA followed by Fisher‘s LSD test. *Denote significant differences between irrigation agriculture and steppe (p < 0.05).


We visualized and quantified the differences between microbial communities (β-diversity) using unconstrained non-metric multidimensional scaling (NMDS) and permutational multivariate analysis of variance (PERMANOVA) on Bray-Curtis dissimilarities. The PERMANOVA showed similar differences between treatments (p < 0.001) and sites (p < 0.001). The PERMANOVA results showed that sites explained 23.2% for bacteria and 10.9% for fungi's variation while the treatment explained 35.6 and 28.4% of the variation between samples for bacteria and fungi, respectively (Supplementary Table 4). The NMDS analysis showed that the communities were spatially structured along with the soil treatment, followed by the effects of sites (Figures 5A,B). Similarly, the Edger analysis showed that irrigated agriculture and steppe presented different microbial habitats with specific sets of microbes (Figures 5C,D). Irrigated agriculture and steppe soils shared 90.74 and 52.84% of the OTUs for bacteria/archaea and fungi, respectively. The steppe presented more unique fungi sequences than agriculture, while the opposite trend appeared for bacteria/archaea (Supplementary Figures 2A,B).


[image: Figure 5]
FIGURE 5. Non-metric multi-dimensional scaling (NMDS) plots of community composition in irrigated agriculture and steppe plots in each site for (A) bacteria/archaea and (B) fungi. Plots display the abundance patterns of (C) bacteria and (D) fungi in irrigated agriculture and steppe soil. X-axis reports average OTU abundance (as counts per million, CPM), and Y-axis log2-fold change. Agriculture and steppe-specific OTUs were colored in redish and greenish, respectively, and non-differentially abundant OTUs are in gray (likelihood ratio test, p < 0.05, FDR corrected).




Bacterial and Fungal Community Structure

The analysis of the taxonomic composition on bacterial phylum level revealed that Proteobacteria (34.67%), Actinobacteria (32.02%), Bacteroidetes (9.33%), Acidobacteria (9.13%), Gemmatimonadetes (4.25%), and Firmicutes (4.20%) were dominating in all soil samples. These taxa accounted for >93% of the bacterial sequence in all treatments (Supplementary Figure 3A). Proteobacteria, Bacteroidetes, TM7, and Nitrospira showed a significantly higher abundance in agricultural treatment (p < 0.05), while Actinobacteria, Gemmatimonadetes, Verrucomicrobia, Planctomycetes, and Armatimonadetes were significantly higher in the steppe (p < 0.05). Acidobacteria only showed a significant difference in CH, being higher in agriculture. Finally, Firmicutes did not present any significant differences. All the bacterial phylum presented significant differences between sites (P < 0.05), except for Verrucomicrobia, Planctomycetes, and Armatimonadetes.

The fungal community showed that the most abundant phyla were Ascomycota (53.48%), Basidiomycota (21.17%), fungi unclassified (21.07%), and Mortierellomycota (2.41%). These taxa accounted for >96% of the fungal sequences in all treatments. Considering the average of the relative phyla abundances, Mortierellomycota and Aphelidiomycota quantities significantly increased (226 and 100%, respectively), while the Basidiomycota and Chytridiomycota decreased (−55 and −60%, respectively), in irrigated agricultural soils compared to steppe values (Supplementary Figure 3B). Fungal phyla did not present statistical differences in abundance between sites, except for the phylum Kickxellomycota (p = 0.02517).

For bacterial/archaeal and fungal analysis, the analysis based on genus cluster heatmap (Figure 6) showed a similar pattern as NMDS (Figures 5A,B), where the samples clustered according to treatment and then by the site. The genus analysis showed significant differences between soil treatments for Actinobacteria, Rubrobacter and Rhizobiales unclassified, and Acidobacteria (Solibacterales, GP3, GP4, Gp6, Gp7, and Gp10) (Figure 6A). Most of the detected genera were unclassified. Those enhanced in steppe were related to functional traits that support desiccation and can sporulate; meanwhile, those enhanced in irrigated agriculture belong to Proteobacteria genera known to be rhizospheric or plant-associated bacteria, probably an interaction enhanced in the irrigated agricultural plots. Some fungal genera identified with steppe treatment were Fusariella, Exophiala, Gelasinospora, Rhizophlyctis, Lectera, Blumeria, Cyphellophora, Chaetonium, Penicillium, while agriculture treatment enhanced Byssochlamys, Aspergillus, Alternaria, Trichoderma, Nosetophorma, Ascobolum, and Coriochaeta (Figure 6B).
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FIGURE 6. Heatmap showing the abundances of the 50 most abundant (A) bacteria/archaea and (B) fungi genera in irrigated agriculture and steppe soils under. Data were centered and scaled to the mean of each taxon's log-transformed relative abundance. Top dendrogram cluster samples according to the community composition. Side dendrogram cluster taxa according to their relative abundance distribution across samples.




Bacterial and Fungal Community Indicators

After LefSe analysis, a total of 4 and 8 bacterial taxa with LDA scores of >3 were selected as biomarkers of steppe and agriculture treatments, respectively (Figure 7A). The bacterial taxa associated with steppe were Acidothermus, Conexibacter, Thermoleophilum (all Actinobacteria), Terrimonas (Bacteroidetes), and Chelatococcus (Alpha-proteobacteria). In contrast, agriculture biomarkers were associated with Ammoniphilus (Firmicutes), Sphingomonas and Asticcacaulis (both Alpha-proteobacteria), Xanthomonas and Aquicella (both Gamma-proteobacteria), and Achromobacter (Beta-proteobacteria) (Figure 7A). Regarding the 28 fungal biomarkers detected, the predominant fungal phylum was Ascomycota, with 25/28 representatives. The steppe soil was associated with 15 fungal biomarkers like Darksidea, Alternaria, Lophiostoma, Lapidomyces, Neostagonospora, Bipolaris, Neodidymelliopsis (Dothideomycetes, Ascomycota), Byssochlamys, Aspergillus, Penicillium (Eurotiomycetes, Ascomycota), Xylaria, Coniochaeta, Apiosordaria (Sordariomycetes, Ascomycota), Clarireedia (Leotiomycetes, Ascomycota), and Cortinarius (Agaromycetes, Basidiomycota). For agricultural irrigated soil, the biomarkers identified (13) were Macroconia, Alfaria, Plectosphaerella, Fusarium, Lectera, Fusariella (Sordariomycetes, Ascomycota), Cladosporium, Neosetophoma, AureobasidIum (Dothideomycetes, Ascomycota), Cyphellophora (Eurotiomycetes, Ascomycota), Entoloma (Basidiomycota), and Rhizophlyctis (Chytridiomycota) (Figure 7B).
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FIGURE 7. Linear discriminant analysis effect size (LEfSe) analysis showing (A) bacterial/archaea and (B) fungal microbiota changes between the irrigated agriculture and steppe (n = 15).





Correlation Analysis

Mantel test showed that soil variables significantly influenced the soil microbial community structures. MWD (F = 0.294, p = 0.001), SOM (F = 0.199, p = 0.004), and SAR (F = 0.197, p = 0. 009) jointly shaped the bacterial community structure, while MWD (F = 0.192, p = 0.003) has significantly affected the fungal community structure (Table 4).


Table 4. Mantel correlation between bacteria/archaea and fungi with soil physicochemical properties.
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The SOM significantly positively correlated with Proteobacteria, Gemmatimonadetes, Nitrospira, OP1, and OD1 while negatively correlated with Chloroflexi (Figure 8A). The SAR significantly correlated with Proteobacteria, Acidobacteria, Gemmatimonadetes, Nitrospira, OP1, and BCR1 while negatively correlated with Chloroflexi (Figure 8A). MWD showed a positive correlation with Actinobacteria, Chloroflexi, WS3, and TM7. MWD negatively impacted on Acidobacteria, Chlorobi, Deinococcus-Thermus, Planctomycetes, and Spirochaetes. Some Bacteria phyla correlated positively with different enzymes (p < 0.05): Proteobacteria with LAP and NAG, Actinobacteria with BGLU; Acidobacteria with NA; Verrucomicrobia with BGLU; Firmicutes with XYL and CEL; OP11 with LAP, NAG and SUL; TM7 with CEL, SUL and PME; and WS3 with BGLU and SUL. Other phyla show negative correlations with enzymes (p < 0.05): Acidobacteria with XYL and BGLU, Deinococcus-Thermus with BGLU and SUL, Chloroflexi with LAP and NAG, Chlorobi with SUL, Chlamydiae with CEL; and Spirochaetes with BGLU and PME (Figure 8A). Within the fungal phylum, SOM positively correlated with Mortierollomycota, Chytridiomycota, and Kickxellomycota (Figure 8B). Mortierollomycota and Kickxellomycota negatively correlated with SAR. MWD positively correlated with Rozellomycota and negatively correlated with Basidiomycota. Different phyla positively correlated with different soil enzyme activities: Ascomycota with CEL; Chytridiomycota with LAP, Mortierollomycota with LAP, NAG and CEL; Rozellomycota with XYL, BGLU and SUL; and Zoopagomycota with BGLU. Basidiomycota was the only fungal phylum that negatively correlated with CEL and BGLU (Figure 8B).
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FIGURE 8. Correlation heatmap of (A) bacterial/archaea and (B) fungal and soil properties. The shade of color indicates the correlation between relative abundance of each microbiota and soil physical and chemical parameters. (C,D) Showing spearman correlation between bacteria/archaea or fungi, respectively, with MWD in the y axis and SOM in the x-axis. SOM, soil organic matter; CE, cation exchange; SAR, sodium absorption ratio; CEL, β-cellobiohydrolase; NAG, N-acetyl-β-glucosaminidase; BGLU, β-glucosidase; AGLU, α-glucosidase; PME, phosphomonoesterase; XYL, XYLanase; LAP, leucine aminopeptidase; SUL, arylsulfatase.


Finally, we plot the bacteria/archaeal (Figure 8C) and fungal (Figure 8D) genus, which significantly correlated with SOM and MWD. The phylum and classes Beta-Proteobacteria (3), Chloroflexi (2), Acidobacteria (2), and Actinobacteria (1), which were more abundant in agriculture, presented a positive correlation with SOM and negatively correlated with MWD. While Actinobacteria (9), Alpha-proteobacteria (6), Firmicutes (4), and Bacteroidetes (1) negatively correlated with SOM and positively with MWD (Figure 8C). At the fungal level, Ascomycota, Basidiomycota, and Rozellomycota genus correlated positively and negatively with SOM and MWD (Figure 8D). Additionally, one Chytridiomycota genus positively correlated with SOM and negatively with MWD.




DISCUSSION

This study examined the soil biochemistry and biological diversity of bacterial/archaeal and fungi after converting semiarid steppe in the north of Patagonia into cropland by no-till irrigated agricultural systems. A general soil microbial structure estimated from WSFA showed a shift toward bacterial dominance in irrigated agriculture soils. According to irrigated agriculture, the modification observed in the microbial community structure strongly shifted enzymatic profiles. An apparent increase of biological activities was observed for hydrolases as SUL, XYL, CEL, BGLU, PME, most probably related to water availability and crop rhizodeposition.

Monounsaturated, branched cyclic and methylated fatty acids were enhanced by irrigated agriculture in SOM. This modification of fatty acids profile seems to indicate soil health improvement (Wall et al., unpublished). Additionally, the changes observed in the WSFA profile also suggested changes in soil organic matter processed by the soil microbiota, as suggested by Liang et al. (3, 4). The enhancement of soil aggregation found at the macroaggregate fraction (2000-250 mm) could also be related to the change in the WSFA profile since WSFA would be part of soil EPS involved in soil aggregation (7).

The introduction mentioned that biodiversity is crucial in sustainable agroecosystems to maintain soil ecosystems services (12). The microbiome structure obtained from soil DNA sequencing confirmed that semiarid steppe and irrigated agriculture soil significantly differed on bacterial and fungal community abundance, showing two different niches probably due to new physical and chemical conditions. Irrigated agriculture had a different impact according to the microbial kingdom at alpha-diversity indexes (richness and Shannon), increasing bacterial diversity while the fungal diversity tent not to change or decrease (31). Irrigated agriculture significantly altered soil-borne fungi resources and environment, affecting diversity patterns (32–34). Indeed, decrement in fungal diversity due to fertilization has been broadly reported (32, 35), and such response is associated with the alteration of soil nutrient and carbon conditions (32, 36–38). Our study is consistent with other studies that showed a change in bacterial diversity associated with the amount of soil water (39).

Proteobacteria and Bacteroidetes are two significant phyla that positively respond to cover vegetation (40–42), while Mortierellomycota can be saprophytic on the residual limbs of plants and animals and decompose their remains (43). Proteobacteria and Bacteroidetes from bacteria and Mortierellomycota from fungi significantly increased in irrigated agricultural plots. Furthermore, Proteobacteria showed a significant correlation with SOM in LV and RN sites. On the opposite, Actinobacteria, Gemmatimonadetes, Verrucomicrobia, Planctomycetes, and Armatimonadetes for bacteria and Basidiomycota for fungi were higher in the semiarid steppe and decreased in irrigated agriculture. These phyla have been recognized as oligotrophy with a slow growth rate (23, 44) and had been displaced by copiotroph bacteria like Proteobacteria and Bacteroidetes (45) in the cultivated plots.

Agricultural practices can substantially impact symbiotic species more than saprotrophic fungi (46). According to a study conducted by Chen et al. (47) along a chronosequence after converting a desert area to irrigated agriculture, the shift in the fungal community composition can be extended for decades. While species belonging to Ascomycota are mainly ubiquitous, Basidiomycota and Zygomycota are less abundant in cropping ecosystems (36, 47, 48). The LefSe analyses in the fungal community showed that Cortinarius (Basidiomycota), the largest and most species-rich genus of ectomycorrhizal fungi in Patagonia (49), appeared as an indicator of the semiarid steppe soil but not of the agricultural sites. Before agriculture adoption, the pristine steppe was characterized by lignified shrubs, putative hosts for Cortinarius ectomycorrhizae. Therefore, we infer that the reduction of Basidiomycota abundances in irrigated agricultural sites can be related to substituting of autochthonous vegetation, crucial hosts for symbiotic Basidiomycota species.

The bacterial biomarkers identified by LEfSe in agricultural soils belong mainly to Proteobacteria, which are associated with the soil degradation and decomposition of plant residues (50). These results agree with Bastida et al. (39) and Frenk et al. (51). The bacterial biomarkers associated with the steppe, such as Terrimonas, Acidothermus, and Conexibacter, have been associated with well-developed (52) and enriched soil (50), probably related in our case to the development and evolution of these alluvial soils along the Valley of Río Negro. Actinobacteria played a vital role in the desert (12) related to this semiarid steppe environment. These results were confirmed by the heatmaps analysis, showing the most remarkable differences at Actinobacteria phylum. On the other side, LefSe analyses in the fungal community showed Cortinarius as an indicator of the semiarid steppe soil, which is considered the largest and most species-rich genus of the ectomycorrhizal fungi in Patagonia (49). The steppe was characterized by lignified shrubs, putative hosts for those ectomycorrhizae. Likewise, Apiosordaria, Lophiostoma and Penicillium have been identified as putative drought tolerance endophytes (53–55) were also indicators of the steppe soil. On the other hand, the differential abundance of fungi in the irrigated agriculture situation was represented by taxa belonging to generalist saprotrophic genera such as Fusarium, commonly found in croplands (48, 56). The improvement in soil water conditions under irrigated fields was also indicated by the significant increase of Rhizophlyctis abundance, which augmented sporulation in aqueous soil extracts (57).

Bacteria and Fungi have been described as the critical factor in soil aggregation, particularly at the macroaggregate (2000-250 mm) level (9). Soil aggregation is an important property involved in C sequestration and stabilization (2), where macro-aggregates enhanced these processes, either protecting C stock from degradation (58) or creating the niche for C transformation and final uptake (3). Soil aggregation, measured by Mean Weight Diameter (MWD), was more important than other properties in the shaping of bacterial and fungal communities. Regarding bacteria, Chloroflexi, Actinobacteria, WS3 and TM7 taxa were positively associated with soil aggregation, in agreement with a previous works that showed a significant role of Actinobacteria and Proteobacteria in soil aggregate formation (9). Edaphic properties are among the main drivers of fungal diversity and community composition (59). For example, moderately acidic soils have been identified as more favorable for saprotrofic (59) and pathogenic fungi (60). Fungal hyphae adhere to and physically entangle soil particles and stabilize micro-and macro-aggregates by releasing extracellular compounds (61). Basidiomycota displayed an insufficient capacity to form aggregates compared to other main phyla due to their low, dense mycelia (10). Hence, this trait can be associated with the negative correlation between MWD and Basidiomycota observed in this study.

In our study, we found negative correlations between soil pH and Rozellomycota and Zoopagomycota abundances. Considering that both phyla are mainly obligate mycoparasites and predators of nematode, amebae and protists (62), they might have responded indirectly to habitat preferences of host organisms. Probably, the shift within the whole fungal community driven by specific mycoparasitism by Rozellomycota may have reduced the secretion of fungal compounds that detrimentally affect soil aggregation (10, 63). However, in the absence of direct experimental evidence, we cannot explain the positive associations between SOM and the saprotrophic decomposers phyla Kickxellomycota, Chitridiomycota, and Morteriellomycota. Despite our observations being in line with previous studies in agricultural soils (64, 65), the causal mechanism behind the correlations remains uncertain, and further evidence is necessary to disentangle the role of minor phyla in soil C cycling, EPS synthesis and aggregate formation.



CONCLUSIONS

Agricultural systems adopting no-tillage, cover crops, and crop rotations, and in this particular case, sustained by irrigation, improved ecosystem biodiversity and soil organic matter content. Consequently, enhanced natural soil fertility and the biodiversity of microbial communities. Our detection of particular taxa related to those soil improvements suggests that similar analyses worldwide would help finding new soil health indicators based on biological data obtained from the study of the soil microbiome in agricultural systems. Understanding the microbial and biochemical soil changes associated with agriculture managements would help find keystone microbial markers and soil biological indicators that would allow farmers to make decisions on the sustainability of the productive processes while keeping soil healthy.
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