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Long-term reliance on inorganic N to maintain and increase crop yields in overly simplified cropping systems in the U.S. Midwest region has led to soil acidification, potentially damaging biological N2 fixation and accelerating potential nitrification activities. Building on this published work, rRNA gene-based analysis via Illumina technology with QIIME 2.0 processing was used to characterize the changes in microbial communities associated with such responses. Amplicon sequence variants (ASVs) for each archaeal, bacterial, and fungal taxa were classified using the Ribosomal Database Project (RDP). Our goal was to identify bioindicators from microbes responsive to crop rotation and N fertilization rates following 34–35 years since the initiation of experiments. Research plots were established in 1981 with treatments of rotation [continuous corn (Zea mays L.) (CCC) and both the corn (Cs) and soybean (Glycine max L. Merr.) (Sc) phases of a corn-soybean rotation], and of N fertilization rates (0, 202, and 269 kg N/ha) arranged as a split-plot in a randomized complete block design with three replications. We identified a set of three archaea, and six fungal genera responding mainly to rotation; a set of three bacteria genera whose abundances were linked to N rates; and a set with the highest number of indicator genera from both bacteria (22) and fungal (12) taxa responded to N fertilizer additions only within the CCC system. Indicators associated with the N cycle were identified from each archaeal, bacterial, and fungal taxon, with a dominance of denitrifier- over nitrifier- groups. These were represented by a nitrifier archaeon Nitrososphaera, and Woesearchaeota AR15, an anaerobic denitrifier. These archaea were identified as part of the signature for CCC environments, decreasing in abundance with rotated management. The opposite response was recorded for the fungus Plectosphaerella, a potential N2O producer, less abundant under continuous corn. N fertilization in CCC or CS systems decreased the abundance of the bacteria genera Variovorax and Steroidobacter, whereas Gp22 and Nitrosospira only showed this response under CCC. In this latter system, N fertilization resulted in increased abundances of the bacterial denitrifiers Gp1, Denitratisoma, Dokdonella, and Thermomonas, along with the fungus Hypocrea, a known N2O producer. The identified signatures could help future monitoring and comparison across cropping systems as we move toward more sustainable management practices. At the same time, this is needed primary information to understand the potential for managing the soil community composition to reduce nutrient losses to the environment.
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INTRODUCTION

Due to the excessive rates and inefficiencies associated with N fertilizer use, agricultural soil management is a major source of N losses to the environment (1, 2). Although the consequences are global, the challenges and potential solutions are local because the main players in the biological N cycle are soil microorganisms. All major transformative steps of the N cycle, fixation, mineralization, nitrification, and denitrification are microbially mediated (3).

Previous studies aimed to characterize the distribution and diversity of N relevant microorganisms in agroecosystems have used cultivation independent techniques targeting genes encoding phylogenic genes and critical enzymes of the microbial N cycle: nif H (N2 fixation), amoA (first step of nitrification), nirK and nirS (second step of denitrification), and nosZ (last step of denitrification) (1, 4–6) yet only a few long-term studies provided a complete picture of N-fertilization effects on the N transformation cycle within a single agroecosystem (7–9). New metagenomics tools allow for exploration of the changes in the composition of the soil microbiota that accompany the reported functional changes brought about by agricultural practices, thereby granting the identification of bioindicators of agricultural use (8, 10).

Although the soil microbiota is thought to be functionally redundant, the biodiversity loss commonly observed under intensive agricultural management, could seriously impair ecosystem functioning (11–13). Therefore, identifying bioindicators can provide primary information to monitor longitudinal responses to management practices, categorize core microbiota, and provide the raw material to further study microbial networks and their potential for manipulation to increase the sustainability of current operations (13, 14). To that end, the identification of bioindicators from well-replicated, long-term agricultural experiments are essential, as these systems represent a unique “steady” setting to characterize baselines and evidence changes in microbiota abundance and diversity in relation to management practices (15).

The Midwest region of the US is predominantly an area of corn and soybean production where corn crops are cultivated continuously or in short rotation with soybeans. Throughout the region, the rotated crops typically return higher yields compared to monocultures due to increased N availability, residue management, and improved yield stability (16, 17). Higher volumes of residue are left in the field following corn compared to soybeans due to higher yields. In turn, greater residue production and slower decomposing residues of corn compared to soybean crops lead to an accumulation of stable soil organic matter (SOM) in rotations that feature corn crops more frequently (18, 19). Soybean residues with characteristically low C:N ratio are quick to decompose and have been shown to increase the rates of nitrification and denitrification (20), while increasing the soil susceptibility to erosion (21). Nutrient requirements and removal rates also differ among crops: the removal of P and S per hectare is greater for corn, while K removal is greatest for soybean (22).

Although the N supply for soybean is carried out with biological N fixation, the crop must still obtain N from the soil and it is known to be a net N user (23). By altering the quantity and quality of residues, and of root exudates added to the soil, crop rotation influences the soil environment (24). Likewise, the differing requirement of N fertilizers among crops affects not only N cycling within the soil, but also several other soil properties, mainly pH (22, 25). In a meta-analysis by Ouyang et al. (25) crop rotation and soil pH influenced N cycling by changing the ammonia-oxidizing bacteria (AOB) and archaea (AOA) community dynamics as well as the community of denitrifiers in the soil. Fertilization accelerates each step of the microbial N cycle by loading the system with inorganic N (7, 25). Nitrification increases substantially, leading to greater losses of N to the environment through leaching and denitrification. Similarly, biological N fixation is reduced as the selective pressure for this function is relieved due to an abundance of easily accessible N in the system. Lower pH under continuous corn management has been reported to favor both the abundance and diversity of fungi (26). Another meta-analyses by Carey et al. (27) reported that additions of N increased both AOB and AOB abundances, with AOB showing increases an order of magnitude larger than AOA, correlated to increases in nitrification potential from agroecosystems.

Despite being economically successful, the widespread use of short rotations and continuous cropping systems in the Midwest region pose negative environmental consequences as these oversimplified intensive agricultural systems are driving global declines in biodiversity and soil health leading to reductions in agroecosystem functions and services (24, 28).

In a previous study, Huang et al. (7), reported that the long-term use of N fertilizers in continuous corn management, has led to acidification of the soils in the region. The reduction in soil pH was accompanied by increases in the abundance of fungal ITS and bacterial amoA counts, and parallel reductions in the abundance of nif H genes, potentially hampering biological N2 fixation while accelerating potential nitrification activities (7). However, that previous work restricted the analyses to quantification of genes such as ITS (fungal), 16S rRNA (bacteria and archaea), and those involved in the microbial N cycle, that are broad indicators of microbial community structure, while did not assess the signatures of long term management on the whole soil metagenome. Thus, because the main reported changes in these agroecosystems are strongly associated with the microbial cycling of N, we hypothesized that microbial groups responsive to crop rotation and N fertilization regimes, will be identified within each of the archaeal, bacterial, and fungal domains. Based on the results of our previous study, our goal was to identify bioindicators from those responsive microbes in a long-term experiment following 34–35 years since its initiation of experiments. We anticipate the identified signatures could help future monitoring and comparison across cropping systems and provide primary information to understand the potential for managing the soil community composition to reduce nutrient losses to the environment as we move toward more sustainable management practices.



MATERIALS AND METHODS


Experimental Site, Treatment Layout, and Field Management Practices

The long-term agronomic trial is located at the Northwestern Illinois Agricultural Research and Demonstration Center (40°55'50” N, 90°43'38” W), approximately 8 km northwest of Monmouth, Illinois. The research site was established in 1981 to study the effects of five rates of N fertilization (0, 67, 135, 202, and 269 kg N/ha) on corn crop yields in monoculture (CCC) or in a short rotation with soybeans, with each phase present every year (Cs, Corn phase within corn-soybean rotation; Sc, Soybean phase within corn-soybean rotation). The two systems together represent 11.2 million ha in Illinois alone (29). Soils belong to the Muscatune silt loam series (fine-silty, mixed, mesic Aquic Argiudoll), a series of dark and deep, prime agricultural soils, on nearly flat topography. Muscatune series is representative of the loess-derived soils of the glaciated region of Illinois, covering over 207,000 ha in the state (30). The mean annual precipitation at Monmouth is 978 mm with a mean annual temperature of 16°C (31).

Treatments were arranged as a split plot of rotation (Rot) and N fertilization rates (N rate) in a randomized complete block design with three replications. Rotation was assigned to the main plots (18 m long by 30 m wide) and N fertilization rates to the subplots (18 m long by 6 m wide). Only three of the original fertilization rates (N rate: 0, 202, and 269 kg N/ha) were used in the current study representing unfertilized controls, current average annual application of N in the region, and what can be considered over application of N for corn, respectively. No N fertilizer was added to the soybean crops.

Tillage occurred in late fall following harvest using a chisel plow 20–25 cm deep, and a field cultivator was used to prepare the seedbeds the next spring. Corn (DK 63–33 both years) and soybeans (Munson 8,364 in 2015; 8,366 in 2016) were planted in mid-April–May each year in 76 and 38 cm rows, respectively, using 75,000–85,000 seeds per ha for corn and 340,000–350,000 seeds per ha for soybeans. Corn was fertilized in the spring at or before planting with N in the form of urea (46% N) until 1996, and thereafter as incorporated urea ammonium nitrate solution (UAN 28%). For all treatments, the same P rate of 40 kg P per ha was applied every 2 years as diammonium phosphate, and additional K fertilizer and lime were occasionally added to the entire experimental area based on soil test results (last application occurred in 2011). Fertilizer and pest management decisions were based on best management practices for the site according to the Illinois Agronomy Handbook (32).



Soil Sampling, DNA Extraction, and Sequencing

Soil sampling occurred following the harvest of the cash crops in October 2015 and again in October 2016, after 34 and 35 years, respectively, since the experiment was set up inspired by renewed interest in soil health research. Each year, three composited soil subsamples to a depth of 10 cm were taken with an Eijelkamp grass plot sampler (Eijkelkamp Soil & Water, Morrisville, NC, USA) within each experimental unit. Each subsample consisted of about 10 plugs totaling about 500 g of soil, collected walking in a zig-zag pattern. Samples were preserved with ice packs in the field, and frozen to −20°C upon arrival at our lab facilities. A complete, multivariate examination of soil properties at the sampled depth (10 cm) was presented in Huang et al. (7), and a summary table of baseline properties is included as Supplementary Table 1. Baseline soil properties include soil pH (1:1 soil-water), soil organic matter determined by loss-on ignition (SOM, %), nitrate and ammonium [[image: image] and [image: image], ln(ppm)], and available phosphorus [Pa, ln(ppm)], all by flow injection analysis with a Lachat Quick-Chem 8000 (LachatQuickchem Analyzer, Lachat Instruments, Loveland, CO, USA) (7).

Soil DNA was extracted using the PowerSoil® DNA isolation kits (MoBio Inc., Carlsbad, CA, USA), using 0.25 g of the composited soil samples, with the soils carefully homogenized before subsampling and following manufacturer's instructions. The extracted DNA quantity and quality were examined using a Nanodrop 100 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). An Illumina MiSeq compatible amplicon library containing individual barcodes for each sample was constructed using 25 μL volumes with 1 × buffer (GoTaq Flexi buffer; Promega Corp., Madison, WI, USA), 2.5 mM MgCl2, 200 μM dNTPs, 0.4 μM each primer (forward and reverse), 1.0 μL template DNA (pooled amplicons), and 1.0 unit of GoTaq polymerase. The primer sets used for amplification were 349F (GTGCASCAGKCGMGAAW) and 806R (GGACTACVSGGGTATCTAAT) for the archaeal 16S rRNA gene (33); 515F (GTGYCAGCMGCCGCGGTAA) and 806R (GGACTACVSGGGTWTCTAAT) for the bacterial 16S rRNA gene (34), and 3F (GCATCGATGAAGAACGCAGC) and 4R (TCCTCCGCTTATTGATATGC) for the fungal ITS (internal transcribed spacer) region (35). The primers were designed as a 5′-PCR-specific + gene region + 3′-PCR-specific + 10 nt barcode, and the Fluidigm platform used two primer sets concurrently in the creation of the final DNA amplicon. A Qubit Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to quantify the resulting amplicon libraries, which were then computed on a bioanalyzer (Agilent, Santa Clara, CA, USA) to assess the profile of fragment lengths. The barcoded libraries were pooled in equimolar concentrations, diluted to 10 nM, and sequenced at the Roy Carver Biotechnology Center, Functional Genomics lab at the University of Illinois at Urbana-Champaign (Urbana, IL, USA) using paired-end sequencing on the Illumina MiSeq (Illumina, San Diego, CA, USA), resulting in reads 250 nt in length.



Bioinformatic Processing and Microbial Diversity Analyses

Quality control and processing of sequences were conducted with QIIME2 (36, 37). Demultiplexed sequences were trimmed using a Q score threshold of 30 (38), leading to retention of base pair positions between 5 and 250 for forward sequences of all three taxa, and reverse sequences between 5 and 221 for archaea, 5 and 231 for bacteria, and 5 and 223 for fungi. The plugin DADA2 (39) was used for denoising, the removal of chimeric and low-quality sequences, with the chimera-method consensus option, and the resulting sequences were clustered into amplicon sequence variants (ASVs).

The rarefaction curves plateaued at sampling depths of 500 archaeal sequences per sample 24,000 bacterial sequences per sample, and 4,000 fungal sequences per sample (Supplementary Figure 1). The α-diversity measures calculated were observed number of ASVs, Faith' phylogenetic diversity index (PD), Pielou's evenness parameter (J'), and Shannon's diversity index (H') (Table 1). To calculate β-diversity measures for each taxon in QIIME2, the ASV sequences were aligned using MAFFT (40) to build a maximum likelihood phylogenetic tree with fasttree and midpoint-root methods. The β-diversity measures for each microbial group were obtained based on weighted UniFrac distances (Supplementary Tables 2–4).


Table 1. Mean values, standard error of the mean (SEM), and probability values (p-values) associated with the ANOVA for the α-diversity parameters amplicon sequence variants (ASVs), Faith' phylogenetic diversity index (PD), Pielou Evenness Index (J'), and Shannon's Diversity Index (H') for bacteria, fungi, and archaea taxa, following 35 years of Rotation (Rot) and N fertilization (N rate)†.

[image: Table 1]

Amplicon sequence variants (ASVs) for each taxon were classified with the Ribosomal Database Project (RDP) naïve Bayesian classifier (41), or with the RDPTool package (42) using 16S rRNA training set 18 and Warcup Fungal ITS trainset 2. The classified ASVs for each taxon were then grouped by genus and those with low (<0.1 %) per-sample relative abundances, averaged across all samples, were filtered out to reduce the sparsity of the dataset (43) using package dplyr (44) in R (45). The resulting data sets were comprised of eight genera of archaea, 195 genera of bacteria, and 128 genera of fungi.



Statistical Analysis and Visualization

The data sets of genera with their ASV reads for archaea, bacteria and fungi were input into the JMP® predictor screening platform to provide an initial identification of the microbes responsive to treatment effects using a bootstrap forest partitioning method (10, 26, 46). This led to the selection of 6 archaea, 39 bacteria, and 45 fungi genera (Supplementary Table 5) each contributing at least one percent to the variability of the model algorithms for each set. Next, each data set was centered log-ratio (clr) transformed after replacing zero values with the zCompositions package (47) in R (45), as recommended for compositional data (48).

Principal Component Analyses (PCA), were then deployed as a data reduction technique on the top contributing genera for each taxon to further remove redundancy. Using the FACTOR procedure in SAS software version 9.4 (SAS Institute, Cary, NC) with priors = 1 (default), the ASV reads of each set of genera were summarized into new sets of uncorrelated composite variables, or Principal Components (PCs). PCs with eigenvalues ≥1 that also explained at least 5% of the variability in each data set, were retained and used as independent variables for further analysis. Genera with an important correlation with each PC (PC loading value > |0.45|) were considered responsive microbes and used as descriptors of such PC (Tables 2–4). The “List of Prokaryotic Names with Standing in Nomenclature” or LPSN (49), as well as primary research, were used to find reports on the characteristics of the responsive genera. The GLIMMIX procedure in SAS was deployed to fit linear mixed models to each of the α-diversity measures (Table 1), and the extracted PCs for each microbial group (Table 5). Rotation (Rot) and N fertilization (Nrate) were considered fixed effects whereas blocks, years, and their interactions with fixed effects were considered random terms in the analyses of variance that ensued. When appropriate, least-square means of the response variables were separated by treatment levels, using the lines option of the lsmeans statement, setting the probability of Type I error at α = 0.05. Probability values 0.05–0.10 are reported and deemed “marginally” significant; by providing complete information on all studied variables up to this threshold (0.1), we are enabling readers to prioritize the biological and statistical information and make their own decisions when considering our assertions.


Table 2. Results of the principal component analysis of archaea genera showing the eigenvalues, the cumulative proportion of variability explained, and the eigenvectors for each of the three principal components (PC) extracted.
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Table 3. Results of the principal component analysis of bacteria genera showing the eigenvalues, the cumulative proportion of variability explained, and the eigenvectors for each of the four principal components (PC) extracted.
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Table 4. Results of the principal component analysis of fungal genera showing the eigenvalues, the cumulative proportion of variability explained, and the eigenvectors for each of the five principal components (PC) extracted.
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Table 5. Mean values, standard error of the mean (SEM), and probability values (p-values) associated with the analysis of variance (ANOVA) results for the effects of Rotation (Rot), N fertilization (Nrate), and their interaction on each group of principal components (PCs) calculated for archaea, bacteria, and fungi taxa datasets comprised of indicator ASVs.

[image: Table 5]

The β-diversity measures were calculated with pairwise permutational analysis of variance [PERMANOVA, (50)] in QIIME2, a non-parametric multivariate approach to compare distances between treatment levels. The approach uses pseudo-F test statistics, rendering pseudo-F probability values (p-values) and q-values to correct for multiple hypothesis testing, both based on false discovery rate (FDR) (51).

Package ggplot2 (52) in R (45), was used to plot the statistically indicative relationship detected between PCs and treatments for a given taxon. Figures 1–6, each has two panels, where one panel depicts the PC means and their standard errors (as whiskers) for a given treatment, and the second panel shows the contribution of each responsive microbe to the PC mean value for each treatment. This contribution is thus calculated as the mean PC value for a given treatment (from Table 5) multiplied by the loading of the specific genera within the PC (from Tables 2–4), named MxL in each plot.


[image: Figure 1]
FIGURE 1. (A) Mean value of the archaeal PC3 for each rotation treatment with their standard errors (as whiskers). (B) Contribution of each indicator archaeon to the PC mean value (MxL) for each rotation treatment: continuous corn (blue), corn phase of the corn-soybean rotation (red), and soybean phase of the corn-soybean rotation (orange).
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FIGURE 2. (A) Mean value of the bacterial PC1 scores for each rotation at each level of N fertilization. Standard errors are indicated as whiskers. (B) Contribution of each indicator genera to the PC mean value (MxL) for each rotation at each level N fertilization: CCC, continuous corn; Cs, corn phase of the corn-soybean rotation; Sc, soybean phase of the corn-soybean rotation.
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FIGURE 3. (A) Mean value of the bacterial PC3 scores for each level of N fertilization with their standard errors (as whiskers). (B) Contribution of each indicator genera to the PC mean value (MxL) for each level of N fertilization: 0 kg N/ha (pale red), 202 kg N/ha (pale green), and 269 kg N/ha (pale blue).
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FIGURE 4. (A) Mean value of the bacterial PC2 scores for each rotation at each level of N fertilization. Standard errors are indicated as whiskers. (B) Contribution of each indicator genera to the PC mean value (MxL) for each rotation (panels) at each level of N fertilization: CCC, continuous corn; Cs, corn phase of the corn-soybean rotation; Sc, soybean phase of the corn-soybean rotation.
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FIGURE 5. (A) Mean value of the fungal PC3 for each rotation treatment with their standard errors (as whiskers). (B) Contribution of each indicator fungi to the PC mean value (MxL) for each rotation treatment: continuous corn (blue), corn phase of the corn-soybean rotation (red), and soybean phase of the corn-soybean rotation (orange).
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FIGURE 6. (A) Mean value of the fungal PC4 scores for each rotation at each level of N fertilization. Standard errors are indicated as whiskers. (B) Contribution of each indicator genera to the PC mean value (MxL) for each rotation (panels) at each level of N fertilization: CCC, continuous corn; Cs, corn phase of the corn-soybean rotation; Sc, soybean phase of the corn-soybean rotation.


To link our findings with concurrently published research, Pearson's correlation coefficients obtained with the CORR procedure of SAS, were used to evaluate the relationships among the statistically indicative PCs extracted for each taxon in this study, with the baseline soil properties (Supplementary Table 1) determined in the study of Huang et al. (7). The baseline soil properties were here analyzed using the above-mentioned linear mixed models and the results included within Supplementary Table 1.




RESULTS


Overall Characterization of the Soil Microbiota

The archaeal taxa had 118,618 archaeal 16S rRNA region sequences clustered into 8 ASVs, the bacterial taxa had 14,136,085 16S V4 region sequences clustered into 1701 ASVs, whereas the fungal kingdom had 3,166,008 ITS region sequences clustered into 342 ASVs. The α-diversity measurements of ASV count, Faith' phylogenetic diversity index (PD), Pielou's evenness index (J'), and Shannon's diversity index (H'), for bacteria and archaea, revealed no statistical differences for effects of crop rotation and N rate (Table 1) or their interaction. On the other hand, the J' index for fungi showed a statistically significant effect of the Rot × Nrate interaction term (p = 0.01) with the highest value of J' determined for Cs-202 (0.85), the lowest J' determined for both CCC-202 (0.80) and Cs-0 (0.80), and the remaining combinations showing intermediate values between these two sets of responses. Fertilization rate had a statistically significant effect on fungal H' measurements (p = 0.04) where the diversity index under 269 kg N/ha was statistically higher compared to the unfertilized controls, with intermediate values for the 202 kg N/ha treatments (Table 1).

The β-diversity of the archaeal communities was not statistically different for any of the 36 pairwise comparisons of the Rot × Nrate treatment interactions according to the q-values obtained, correcting for multiple comparisons (Supplementary Table 2). The β-diversity of Bacteria differed significantly for 16 out of the 36 Rot × Nrate treatment interactions, driven largely by differences between the continuous corn system (CCC) and the Cs or SC phases of the corn-soybean rotations (Supplementary Table 3). The bacterial β-diversity of the CCC controls (CCC-0) also differed from the diversity measured at higher N rates (CCC-202 and CCC-269), with similar levels of β-diversity between them. Bacterial β-diversity under CCC-0 however, did not differ from that measured under the Cs controls (Cs-0) or at the highest N rate (Cs-269) for that phase. Likewise, the β-diversity under CCC-0 did not differ from that measured within soybean phases, at any N fertilization rate (Sc-0, Sc-202, Sc-269 kg N/ha). The β-diversity of the fungal community structure differed significantly only for the rotation treatment, and within those, β-diversity was statistically different under CCC compared to the Cs or Sc phases of the corn-soybean rotation (Supplementary Table 4).

The indicator ASVs extracted for the archaeal community (Supplementary Table 5) belong mainly to the phylum Thaumarchaeota (54%), followed by Euryarchaeota (27%), and in much lower percentages to the Woesearchaeota (2%), and Pacearchaeota (0.1%) phyla. Bacterial reads at the phylum level showed that Proteobacteria (44%) was the most abundant, followed by Planctomycetes (15%), Gemmatimonadetes (13%), Acidobacteria (10%), Bacteroidetes (7%), Chloroflexi (6%), Actinobacteria (4%), Firmicutes (1%), and Verrucomicrobia (1%) (Supplementary Table 5). The fungal community was dominated by the phylum Ascomycota (63%), followed by Zygomycota (19%), Chytridiomycota (9%), Glomeromycota (6%), and Basidiomycota (3%) (Supplementary Table 5).



Soil Microbiota Responses to Crop Rotation and N Fertilization
 
Archaea

The PCA on the 16S rRNA archaeal domain rendered a set of three uncorrelated PCs (PC1-PC3; Table 2), explaining a total of 77% of the variability contained within the top-contributing archaeal dataset. Archaeal indicators with a significant correlation with a given PC, loadings ≥ |0.45|, were considered important contributors and used in the description of such PC. Thus, PC1 explained 37% of the dataset variability and contained negative loadings for Methanomassiliicoccus, and positive loadings from three Woesearchaeota incerta sedis (IS): AR15, AR18, and AR20. PC2 explained an additional 22% of the variability, representing a contrast between Nitrososphaera (positive loading) and AR16 (negative loading). PC3 explained an additional 18% and showed a contrast between the abundance of Nitrososphaera and AR15, both with positive loadings, and the abundance of AR20, with negative loadings.

Results from linear mixed model ANOVAs assessing effects of crop rotation (Rot) and N fertilization rate (Nrate) on each of the PCs representing the archaeal community (Table 5) indicate no statistically significant effects for either PC1 or PC2, and a marginal yet statistically significant effect of rotation on PC3 (p = 0.079). A plot of PC3 mean values for each Rot level with its standard error bars is shown in Figure 1A, accompanying the means separation results included in Table 5. Means separation procedures on this relation showed CCC with the largest and Sc with the lowest treatment means, while the Cs showed intermediate values. Looking at the contributions from each indicator archaea to these mean separation results in Figure 1B, differences were driven by higher relative abundances of Nitrososphaera and AR15 and lower relative abundance of AR20 in CCC when compared to Sc.



Bacteria

The PCA on top bacterial indicators rendered a set of four uncorrelated PCs (PC1–PC4; Table 3) that together explained 56% of the variability of the data set. PC1 explained 34% of the variability and its eigenvector contained a contrast between two groups of microbes, those with positive loadings: Algisphaera, Allostreptomyces, Arboricoccus, Ferribacterium, Gp22, Nitrosospira, Ornatilinea, Parviterribacter, Pedomicrobium, Thermoanaerobaculum, and Thermodesulfitimonas; whereas the group with negative loadings included Actinoallomurus, Chujaibacter, Denitratisoma, Dokdonella, Gp1, Micropepsis, Porphyrobacter, Pseudolabrys, Rhizomicrobium, Roseisolibacter, and Thermomonas. PC2 explained an additional 8% of the variability and its eigenvector contained a contrast between two groups of microbes, those with positive loadings: Arboricoccus, Arenimonas, and Pseudolabrys; whereas the group with negative loadings included Hyphomicrobium, Lentimicrobium, and Pyxidicoccus. PC3 explained an additional 7% and was represented by three genera all with positive loadings, Laribacter, Steroidobacter, and Variovorax. Lastly, PC4 contrasted the abundance of Rhizobium (negative loading) with that of a group of bacteria including Aquisphaera, Geminisphaera, Gemmata, Lacibacterium, and Terrimonas.

Linear mixed model ANOVAs assessing effects of Rot and Nrate and their interaction, on each of the PCs representing the bacterial community (Table 5), indicate statistically significant interaction effects (Rot × Nrate) on PC1 (p = 0.0012), and a marginal yet statistically significant main effect of Nrate on PC3 (p = 0.0803). No statistically significant effects were detected for PC2 or PC4 and thus, there will not be further discussed. A graph of the PC1 means for each Rotation and N rate level with their respective standard error bars is shown in Figure 2A, accompanying the means separation results included in Table 5. The contribution of each bacterial genera to these results is depicted in Figure 2B. Thus, it became evident that the differential pattern of the response observed for the rotations at successive N rates was mainly driven by a greater magnitude of the response of the microbial groups under CCC compared to the response to N observed for the Cs or Sc phases of the corn-soybean rotation. Compared to the CCC-0 controls, the group of indicator microbes with positive loadings within PC1, significantly decreased with the addition of N at either rate of 202 or 269 kg N/ha, and the opposite behavior was observed for those indicators with negative loadings (Figure 2B). This marked response to Nrate was however not observed within each of the Cs or Sc rotation phases, which showed intermediate values to the CCC-0 on one end, and the Cs-202 on the other, yet were all statistically different from the strong response to N under CCC. A graph of the PC3 means for each N rate level with their respective standard error bars is shown in Figure 3A, which accompanies the means separation results included in Table 5. The contribution of each bacterial genera to these results is depicted in Figure 3B. The three bacteria genera statistically decreased in abundance at 202 kg N/ha yet their relative abundance at the maximum Nrate showed values intermediate between those registered at 0 and 202 kg N/ha.



Fungi

The PCA on top fungal indicators rendered a set of five uncorrelated PCs (PC1–PC5; Table 4) that together explained 39% of the variability of the data set. PC1 explained 12% of the variability and its eigenvector was dominated by three genera with positive loadings: Morchella, Mycosphaerella, and Pochonia. PC2 explained an additional 9% of the variability and its eigenvector contained a contrast between two groups of microbes, with positive loadings: Lasiosphaeris, Ochroconis, and Ophiostoma, and Candida and Pseudogymnoascus with negative loadings. PC3 explained an additional 7% presenting a contrast of two microbial groups: Ochroconis, Plectosphaerella, and Tetracladium with positive loadings, and Glomus and Rhizophagus, with negative loadings. PC4 explained an additional 6% contrasting the abundance of Corynascus, Exophiala, Humicola, Hypocrea, and Thielavia, with that of Cortinarius and Glomus (both with negative loading). Lastly, PC5 explained the remaining 6% of the variability in the fungal dataset and contained a contrast between Aleuria, Neonectria, Spizellomyces, and Staphylotrichum and the group of indicators with negative loadings comprised of Alternaria, Davidiella, and Phoma.

Linear mixed model ANOVAs assessing effects of Rot and Nrate and their interaction, on each of the PCs representing the fungal community (Table 5), indicate statistically significant interaction effects (Rot × Nrate) on PC2 (p = 0.0903), and PC4 (p = 0.0047), and a statistically significant main effect of Rot on PC3 (p = 0.0025). No statistically significant effects were detected for PC1 or PC5 and thus, there will not be further discussed. A graph of the fungal PC2 means for each Rotation and N rate level with their respective standard error bars is shown in Figure 4A, the means separation results included in Table 5. The contribution of each fungal genera to these results is depicted in Figure 4B. Again, the differential pattern of the response observed for the rotations at contrasting N rates (0 vs. 269 kg N/ha), was mainly driven by a greater magnitude of the response of the fungal groups under CCC. Thus, compared to the CCC-0 and CCC-202, the group of fungal indicator genera with positive loadings within PC2 significantly decreased in abundance at 269 kg N/ha whereas those with negative loadings increased with more N in the system (Figure 4B). Thought the highest PC2 means were registered for the Sc-0 controls, no differences in the response to Nrate was observed within Sc or the Cc rotation phases, which showed intermediate values to the Sc-0 and the Cs-202. With the exemption of Cs-202, they were all statistically different than the strong response to the maximum N rate under CCC (Figure 4A). PC3 means for each Rot level with their respective standard error bars are shown in Figure 5A, which accompanies the means separation results included in Table 5. The contribution of each fungal indicator genera to these results is depicted in Figure 5B. Thus, PC3 means showed a statistically significant increase within the Sc compared to the CCC, with the Cs showing intermediate values. The fungal indicators with positive loadings increased in abundance with Sc, while those with negative loadings increased with CCC. Last, Figure 6A shows PC4 treatment means for each Rot × Nrate level with their respective standard error bars, alongside the contribution of each fungal indicator genera to the PC4 means separation results (Figure 6B, Table 5). Once again, the interaction is driven by a strong response of the PC4 microbial groups to the addition of N under CCC, not observed under either phase of the rotated crops (Figure 6A). Thus, compared to the fertilized systems, the CCC-0 system is characterized by a higher relative abundance of Glomus and Cortinarius and lower abundances of Corynascus, Exophiala, Humicola, Hypocrea, and Thelavia. However, once N is added at either 202 or 269 kg N/ha, the group dominance is reverted. Fungal indicators within Cs and Sc at any given N rate, all showed relative abundances intermediate to those registered under CCC (Figure 6B).




Relations Between Soil Microbiota and Soil Properties

Linear mixed model ANOVAs assessing effects of Rot and Nrate and their interaction, on each of soil parameters determined for the site at the time of sampling (Supplementary Table 1), indicate statistically significant interaction effects (Rot × Nrate) on pH (p = 0.0021), and [image: image] (p = 0.0285), and a statistically significant main effect of Nrate on Pa (p = 0.0066). At 0 Nrate, pH was similar across rotations; the interaction effect on pH becomes evident once N is added within the CCC system, a response that is not observed within the Sc phase of the corn-soybean rotation, and that is only partially evident within the Cs phase. Within the latter, the reduction in pH occurs when N is added at the lowest rate, Cs-202, yet the pH measured at higher Nrate was intermediate between that of the control Cs-0, and the pH at Cs-202. No significant differences associated with the treatments were detected for SOM and [image: image]. The lowest levels of [image: image] were measured within the CCC-0 and the Cs-0 controls, and the highest within CCC- 269 kg N/ha, the remaining combinations showing intermediate values between these responses. Regardless of the rotation, however, Pa showed a statistically significant decrease with the addition of N.

Table 6 shows the matrix of Pearson' correlation coefficients among pH, SOM, [image: image], [image: image], and Pa and the PCs responsive to treatments for each taxon, Archaea PC3 (APC3), Bacteria PC1 and PC3 (BPC1 and BPC3), Fungi PC2, PC3, and PC4 (FPC2, FPC3, FPC4). Nineteen of the 25 statistically significant correlation coefficients found in the analyses (bolded, Table 6) fell within the “weak” (|0.2–0.4|) association range, whereas 3/25 correlations were classified as “moderate” (|0.4–0.6|) range, and only 2/25 and 1/25 correlations were within the “strong” (|0.6–0.8|) and very strong (>|0.8|) association ranges, respectively. Thus, APC3 was weakly and positively associated with BPC3 values (r = 0.25, p = 0.0706), and to Pa (r = 0.27, p = 0.0464) and weakly and negatively associated with [image: image] (r = −0.26, p = 0.0563). Bacterial PC1 was positively associated with FPC2 scores (r = 0.68, p <0.0001), soil pH (r = 0.92, p < 0.0001), and Pa (r = 0.43, p = 0.0012), relations that fell within the strong, very strong, and moderate association ranges, respectively. At the same time, BPC1 was found to be weakly and negatively associated to FPC4 (r = −0.37, p = 0.0054), SOM (r = −0.30, p = 0.0298), and [image: image] (r = −0.30, p = 0.0253). Bacterial PC3 had a weak and negative association with FPC3 (r = −0.25, p = 0.0675), and a weak positive association with Pa (r = 0.23, p = 0.0932). Fungal PC2 was strongly and positively associated with soil pH (r = 0.69, p < 0.0001), and weakly associated with Pa (r = 0.27, p = 0.0458), while showing a negative weak association to [image: image] (r = −0.25, p = 0.0690). Fungal PC3 displayed weak and negative associations to both [image: image] (r =-0.25, p = 0.0662), and Pa (r = −0.33, p = 0.0134). Fungal PC4 was moderately and negatively associated with pH (r = −0.42, p = 0.0015), and positively associated with SOM (r = 0.51, p < 0.0001) while showing a weak negative relation to Pa (r = −0.25, p = 0.0706). Among the soil properties examined, pH was weakly and negatively associated to SOM (r = −0.36, p = 0.0074), and [image: image] (r = −0.25, p = 0.0642), and positively related to Pa (r = 0.37, p = 0.0060). Likewise, [image: image] was found to be weakly and negatively associated with SOM (r = −0.40, p = 0.0031), [image: image] (r = −0.31, p = 0.0213), and Pa (r = −0.25, p = 0.0721).


Table 6. Matrix of Pearson' correlation coefficients among microbial indicator groups for each taxa responsive to treatments (Archaea PC3, Bacteria PC1 and PC3, Fungi PC2, PC3, and PC4) and soil properties of pH, soil organic matter (SOM), nitrate and ammonium ([image: image], [image: image]), and available P (Pa).

[image: Table 6]




DISCUSSION

Overall, results from this study indicate that both agronomic practices of crop rotation and N fertilization rates leave a significant imprint on the soil microbial groups following over three decades of management. Continuously cropped corn had distinct microbial taxa, while annually rotated communities were similar in both crop phases. These findings agree with those of Chamberlain et al. (53) in southern Wisconsin, Ashworth et al. (54) in Tennessee, and Behnke et al. (26) in Illinois, who studied the long-term impacts of rotating corn and soybean compared to their monocultures on bulk soil microbial communities. The general lack of differences between the corn and soybean phases of the corn-soybean rotation supports a legacy rotational effect rather than an immediate yearly impact of each crop of the rotation on the structure of microbial communities, as observed in other studies (26, 53).

Because of the annual addition of fertilizers within the continuous corn system compared to the every-other-year application in the rotated ones, when interactions between crop rotation and N fertilization were present, the responses were closely associated with the changes in soil pH and total inorganic N within the continuously cropped corn systems compared to the rotated ones. As it was observed for the crop rotation, alternating corn and soybean phases seemed to ameliorate the response of the soil microbiota to N fertilization detected in the continuous corn system. This ameliorated response could be further supported by similar levels of SOM and Pa measured across monocropped and rotated corn crops despite obvious differences in amount and quality of residue returned, consistent with previous studies in soils of the region (26, 53, 55). Across rotations, however, N fertilization had a significant impact on increasing [image: image] in the soil while reducing pH and available P. The latter is attributed to the enhanced P uptake by crops in rotation, that yielded 10% more grain on average than monocropping (56), as well as to the potential damage to microbial acid phosphatase activities with N-fertilization (57).

The following subsections Archaeal indicators, Bacterial indicators, and Fungal indicators provide an overview of the archaeal, bacterial, and fungal indicators identified and their relations with soil properties. Lastly, subsection Final remarks and future directions delineates future directions and integrates these findings with previously published information and relevant literature pertaining to crop rotation and N fertilization in agroecosystems.


Archaeal Indicators

Archaeal indicators found for the rotation factor in this study clearly distinguished between the continuous corn and the rotated corn and soybean phases. Higher abundances of Nitrososphaera and the Woesearchaeota IS AR15 along with the reduced abundance of the Woesearchaeota IS AR20 were the signature of the continuous corn management when compared to the rotated systems (Figure 1).

Nitrososphaera is an aerobic, neutrophilic, ammonia-oxidizing archaea (AOA), predominantly found in terrestrial ecosystems (58). Due to its high abundance in agricultural soils and strong positive correlation of Nitrososphaera with agricultural management, in particular with soil pH and ammonium levels, Zhalnina et al. (59) proposed this genus as a signature microorganism for agricultural land use. Likewise, Kim et al. (10) looking for microbial indicators from corn-soybean rotations with and without cover crops, identified Nitrososphaera as the only archaeal indicator, prospering under the oligotrophic conditions of the corn-soybean rotations without cover crops. The higher abundance of this genus in the continuous corn management relative to the rotated system could be explained by differences in the quality of organic matter supplied to the soil (including straw and root exudates). Labile organic matter favors the growth of the soil AOA community (60, 61) and thus, a higher supply of this labile SOM in CCC could be a potential explanation for the observed results.

Woesearchaeota represents a newly established member of the superphylum DPANN (Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota, and Nanohaloarchaea) that are predicted to have fermentation-based lifestyles and/or are symbionts (62). Both ecological distribution patterns and metabolic predictions conducted by Liu et al. (63, 64) support a key role of woesearchaeotal lineages of anoxic environments in the cycling of carbon, nitrogen, and sulfur. Because nirK and nosZ genes are detected in Woesearchaeota, they may play a role in the nitrogen cycle under anoxic conditions, typical of inner aggregates, such as denitrification from nitrite to N2 (63, 64). Representative sequences from the AR15 genome were only previously identified in samples from hypersaline anoxic environments (63), while the metabolic reconstruction of the AR20 genome indicate the ability to play a role in sulfur cycling (62, 64). The negative correlation with soil [image: image] detected for these archaeal indicators as a group (APC3), and the different behavior of AR20 could be hinting to an ammonium sensitivity of this archaeon compared to AR15 and Nitrososphaera. With their potential importance in soil N cycling, more efforts should be dedicated to culturing and studying archaeal metabolism and ecology.



Bacterial Indicators
 
Indicators of N Fertilization Within Rotations

A distinct bacterial signature for the continuous corn systems was found in response to N additions. Two groups, each comprised of 11 genera, behaved oppositely when N fertilizer was applied within the continuous corn systems, regardless of the rate supplied (Figure 2). Compared to their abundances within the unfertilized controls, the abundance of Thermoanaerobaculum, Parviterribacter, Pedomicrobium, Allostreptomyces, Acidobacteria subgroup 22 (Gp22), Ornatilinea, Thermodesulfitimonas, Nitrosospira, Algisphaera, Ferribacterium, and Arboricoccus, decreased when N was added to the system. On the other hand, the abundance of Pseudolabrys, Thermomonas, Actinoallomurus, Roseisolibacter, Dokdonella, Chujaibacter, Rhizomicrobium, Denitratisoma, Micropepsis, Acidobacteria subgroup 1 (Gp1), and Porphyrobacter increased with N fertilization.

The mirrored segregation between the groups of genera is likely driven by soil pH and nutrient levels, supported by the strong positive correlation measured between bacterial BPC1 (Table 6) and soil pH (r = 0.92), the moderate association with available P (Pa, r = 0.43), and the negative weak correlations detected between the bacterial groups with SOM and [image: image] (Table 6). Changes in soil properties associated with N fertilization are noticeable within continuous corn rotations (Supplementary Table 1), i.e., addition of N caused reductions in pH and available P, while increasing total inorganic N. Within this system, there seems to be a trend to increased SOM with increased fertilization, yet no statistically significant effect was detected. Thus, while the relative abundances of the first group of genera decreased in response to reductions in soil pH and available P, and parallel increases in N with fertilization, the second group thrived under those same conditions. These results agree with other reports from long-term agricultural systems in the region (26, 53, 54), who found that soil pH, SOM, and nutrient levels, are the main soil factors modeling the responses of the microbiota to crop rotation and tillage practices. Relevant literature at the level of phyla generally supports these findings as well, although specifics remain unknown for many genera (65–69).

Both Acidobacteria in this group (Thermoanaerobaculum, and Gp22) of indicators that responded negatively to N fertilization, have previously shown a positive correlation to pH (67, 70). Most other acidobacteria subgroups, like the dominant Gp1, which showed a negative correlation with soil pH, have a preference for acidic growth conditions that characterizes the phylum (71). Acidobacteria has been proposed as a keystone taxon (72), associated with the decomposition of SOM in soils and playing a major role in denitrification processes, thus central in carbon and N cycling (71).

The two actinobacteria in this group were Allostreptomyces, originally isolated from the endorhizosphere of Psammosilene tunicoides in southeast China (73), and Parviterribacter (74), isolated from a dark loam grassland soil. The endophyte might confer protection to the plant from pathogens and environmental stresses, as well as promoting plant growth (69). Ornatilinea responded negatively to fertilization and it was the only indicator genus identified from the phylum Chloroflexi. Ornatilinea is the first representative of the family Anaerolineacea, characterized as strictly anaerobic chemoautotrophs, capable of growth on cellulose as the sole source of energy and carbon whose niche may be favored under unfertilized treatment poorer in C and N (75).

Thermodesulfitimonas is also the only identified indicator from the phylum Firmicutes in our study; it is a thermophilic, anaerobic, chemolithoautotrophic bacterium, isolated from a terrestrial hot spring (76). Their lithoautotrophic metabolism may explain their positive responses to comparatively nutrient poor unfertilized continuous corn system. Another lone representative of its phylum, Algisphaera (Planctomycetes) belongs to the group of indicators that decreased in abundance with the addition of N in the systems. The phylum Planctomycetes constitutes a significant proportion of aquatic and terrestrial environments, although most of them are uncultivated and the known ecophysiological types of planctomycetes are quite limited, as is the case with Algisphaera, a strictly aerobic bacterium isolated from algae (77). However, without much knowledge about this genus, it is difficult to explain their response to N rate treatment.

Four members of the Proteobacteria phylum, belong to the group of indicators with a negative relation to fertilization: Pedomicrobium, Arboricoccus (both Alphaproteobacteria), and Nitrosospira and Ferribacterium (both Betaproteobacteria). Though phylogenetically related, members of this phylum are physiologically, morphologically, and ecologically extremely diverse; they include various pathogens of humans, animals, and plants, as well as several taxa that play key roles in the carbon, sulfur, and nitrogen cycles (65). Arboricoccus is a facultative aerobic bacterium isolated from the endophytic microbiome of pine trees (78), grown in acidic soil environments. Nitrosospira includes the most relevant ammonia oxidizing bacteria (AOB) in soil environments and an increase in diversity and abundance of this taxa have been reported under long-term N applications (60, 79). The negative response observed in our study is likely associated to the uniformity of ammonium levels across treatments, indicating that the gradual pH decreases induced by the fertilizer was the main controller of this AOB abundance. Our results agree with Pereira e Silva et al. (80) who reported that fluctuations in ammonia oxidizing communities in agricultural soils are mainly influenced by pH and soil type.

The group of 11 indicator genera with a positive response to N fertilization, included one member of each of the Acidobacteria, Actinobacteria, and Gemmatimmonadetes phyla, genera Acidobacteria subgroup 1 (Gp1), Actinoallomurus, and Roseisolibacter, respectively. The group also included eight Proteobacteria, four Alphaproteobacteria (Micropepsis, Rhizomicrobium, Pseudolabrys, and Porphyribacter), one Betaproteobacteria (Denitratisoma), and three Gammaproteobacteria (Dokdonella, Chujaibacter, and Thermomonas).

Acidobacteria is one of the nine dominant phyla in soil with critical roles as decomposers and denitrifiers, and as previously stated, the response of Gp1 to fertilization is typical of most members of the phylum, which prefer acidic conditions (70). The Actinomycetes are well-established as prolific producers of a wide range of bioactive secondary metabolites, among them, Actinoallomurus is one of the newly discovered genera, known as an endophyte of rice (Oryza sativa), and Acacia spp. Like other endophytes, they might confer plants resistance to stress and pathogenic invasions, aid in the solubilization and availability of phosphates, and facilitate the solubilization of iron via the production of siderophores (69).

Representatives of the phylum Gemmatimonadetes have been detected in a wide range of soil environments, where they seem to be well-adapted to the low moisture/low oxygen conditions of inner aggregates (81). Roseosolibacter, an aerobic bacterium, was recently isolated from an agricultural floodplain (82). Within the Alphaproteobacteria, genera Micropepsis and Rhizomicrobium are chemoheterotrophic bacteria widespread in soils, strict or facultative anaerobes capable of fermenting a wide range of carbon sources in neutral or mildly acid soils, which make them well-adapted to the soil environment under heavily fertilized continuous corn (83). Pseudolabrys, described by Kampfer et al. (84), were isolated from acidic soils whereas Porphyrobacter, an aerobic bacterium, is often associated with aquatic environments (85, 86). The Betaproteobacteria in this second group of microbial indicators is represented by Denitratisoma, a denitrifying bacterium isolated from activated sludge of a wastewater treatment plant able to perform anaerobic oxidation of estradiol to CO2 using nitrate as the electron acceptor, thus reduced to a mixture of N2O and N2 (87).

The last three genera of this indicator group with a positive response to N fertilization, were all members of the Gammaproteobacteria phylum. Dokdonella genera are strictly aerobic rods isolated from soil; a few species can perform the aerobic reduction of nitrate (88). Chujaibacter is an aerobic rod isolated from soil shown to be unresponsive to land management in a metagenomic survey of Polish soils (89). However, this genus was recently identified in agricultural soils as belonging to a cluster of microbes favoring the low pH and high SOM environments found under continuous corn systems, which agrees with our results (26). Thermomonas is an aerobic genus isolated from a variety of habitats, i.e., soils, hot springs, slurry, and biofilms (90). A few species of this genus are proven denitrifiers isolated from denitrification reactors (91).



Indicators of N Fertilization Across Rotations

Three Proteobacteria genera decreased in abundance when N was added to the systems (Figure 3) and the response was consistent for continuous and rotated corn phases. Though the abundances of these genera seem to follow the overall decrease in soil pH and available P across rotations (Supplementary Table 1), they did not show a statistically significant correlation with soil pH, and they were only weakly and positively correlated to Pa (Table 6, BPC3). Among them, the genera Variovorax is an aerobic or facultative anaerobic group of denitrifying bacteria isolated from soils (92). Lastly, the genera Steroidobacter (closely related to Denitratisoma mentioned in the previous group of indicators) are rod-shaped denitrifying Gammaproteobacteria that degrade steroids (oestradiol and testosterone) as the sole source of carbon and energy with nitrate as the electron acceptor (93).




Fungal Indicators
 
Indicators of N Fertilization Within Rotations

Rotation and N fertilization, alone and in combination, all favored distinct fungal groups that suggest an important role of fungi within these simplified agroecosystems typical of production agriculture. Within continuous corn, maximum N rate increased the abundances of Pseudogymnoascus and Candida, while decreasing those of Ochroconis, Ophiostoma, and Lasiosphaeris (Figure 4). The abundances of all these genera within the continuous corn systems did not differ between unfertilized control and intermediate N rate (202 kg N/ha). Interestingly, the highest PC2 mean score is found under the unfertilized controls of the soybean phase of the corn-soybean rotation, although not statistically different from the microbial abundances found under N fertilization (Table 5). Therefore, the abundances of these five fungal indicators contrasted the most between unfertilized soybean phase of the corn-soybean rotation and continuous corn with highest N rate (Figure 4B). The fungal abundances within the corn phase of the corn-soybean rotation reflect again the suggested legacy effect of the rotation, with abundances and responses intermediate between those observed under continuous corn and the soybean phase of the rotation.

As it was the case for the bacterial indicators of N fertilization and rotation, the segregation between the groups of fungal genera are likely driven by soil pH and nutrient levels, supported by the strong positive correlation measured between fungal FPC2 (Table 6) and soil pH, the weak association with available P, and the negative weak correlation detected with [image: image]. Changes in soil properties associated with N fertilization are most noticeable within continuous corn rotations, yet soil pH is similar among unfertilized controls while available P decreases with N additions regardless of the rotation (Supplementary Table 1). On the other hand, the [image: image] measured within the soybean phases tends to decrease as N is added yet they are all statistically similar to [image: image] measured under the intermediate N rate application within continuous corn. Thus, while the relative abundances of Pseudogymnoascus and Candida increased in response to the strongest reductions in soil pH and available P and increases at the maximum N rate fertilization within the continuous corn system, Ochroconis, Ophiostoma, and Lasiosphaeris abundances suffered under those same conditions.

All these indicator genera belong to the Ascomycota phylum, dominant in agricultural soils consistent with other studies (10, 26, 94–96). Pseudogymnoascus species are cellulolytic saprotrophs and usually grow in low temperatures (97). Ubiquitous in soil, species of this genus are known to form ericoid mycorrhizae with the roots of alpine Ericales and other perennial hosts, helping these plants adapt to low-nutrient environments (98, 99). The genera Ochroconis, Ophiostoma, and Lasiosphaeris are all known saprobes on wood and plant litter. Ochroconis species are usually found in moist environments poor in nutrients (100), while Lasiosphaeris are typically isolated from decaying wood yet their role in nutrient and energy cycling remains poorly understood (101).

Another group of fungi shown in Figure 6, created a distinct microbial signature for the fertilized continuous corn; this time discriminating the unfertilized controls from both N systems, regardless of N rate. Thus, we detected that Glomus and Cortinarius relative abundances were greater within the unfertilized controls and decreased in the presence of N at any rate. On the other hand, the abundances of Exophiala, Hypocrea, Corynascus, Thielavia, and Humicola increased with N fertilization. The genus Glomus comprise arbuscular mycorrhizal fungi (AMF) that forms obligate symbioses with plant roots, where it obtains carbon from the host plant in exchange for water and nutrients, mainly P (98). Cortinarius is an ectomycorrhizal mycobiont (102), suspected to be the largest genus of order Agaricales, containing over 2,000 widespread species.

All the genera that increased in abundance with N fertilization belong to the Ascomycota phylum, a response consistent with their dominance in agricultural soils. Exhophiala is a mesophilic black yeast and member of the dark septate endophytes found commonly in soil environments, colonizing maize roots (103), and sorghum plants (68). In soils of the U.S. Midwest region, Exhophiala has been found to parasite eggs and adult females of the soybean cyst nematode (SCN), Heterodera glycines Ichinohe (Phylum Nematoda), the most important pest affecting soybean production worldwide (104, 105). Hypochrea species, also known as Trichoderma (106), are widespread in agricultural fields providing important benefits to cultivated plants such as plant growth promotion, yet Trichoderma species have also been reported to be active producers of N2O in agroecosystems (107). The three genera representative of the Chaetomiacea family of the Sordariales order, Corynascus, Thielavia, and Humicola, are saprobes commonly found in agricultural soils (108, 109).



Indicators of Crop Rotations

A clear fungal signature emerged for the rotation factor (Figure 5) where the abundances of Rhizophagus, Rhizophydium, and Glomus increased within the continuous corn systems compared to rotated corn-soybean systems. Genera Rhyzophagus and Glomus belong to the Glomeromycota phylum and include known AMF that trade P, water, and other nutrients with the photosynthates (C) of their plant hosts. Rhyzophydium was the only genus represented in this study from the phylum Chytridiomycota, which is abundant in soils as decomposers of recalcitrant materials such as cellulose, chitin, and keratin, and parasitize plants and other fungi (110). Rhyzophydium, is common in nutrient-deficient soils, where they may have a role in nutrient recycling (110). The detrimental effect of increased soil nutrient levels on these potentially beneficial genera in our study is supported by their weak and negative association with available P and with [image: image] (FPC3, Table 6). On the other hand, these soil conditions favored the increased abundances of the Ascomycota genera Plectosphaerella, Tetrachladium, and Ochroconis within the rotated corn-soybean systems. Plectosphaerella (an anamorph of Fusarium spp) is well-known as a pathogen of several plant species of agricultural and horticultural importance worldwide (111). Fusarium spp have also been reported to be potent N2O producers in agricultural soils (107), and as its anamorph, Plectosphaerella potentially possess this capacity.




Final Remarks and Future Directions

A previous report from this research site explored shifts in the microbiota and the main steps of the microbial N cycle, using targeted gene abundances as proxies, with soil properties (7). Results indicate that long-term N fertilization under continuous corn management acidified the topsoil leading to a parallel increase in the abundance of fungal counts (ITS), potentially damaging biological N2 fixation and accelerating potential nitrification activities, as was evidenced by the reduced abundance of nif H genes, and increased abundance of bacterial amoA genes (7). Likewise, Benhke et al. (8), in a long-term study comparing tillage options within monocropped and rotated corn and soybean systems, found that the acidification measured within continuous corn systems following 20 years of management, resulted in increased abundance of fungal ITS and bacterial amoA counts (AOB), and parallel reductions in archaeal amoA copy numbers (AOA), regardless of tillage. The authors posed that the continuous corn system, with its increased and yearly need for N fertilization, intensifies the microbial N cycle, enhancing bacterial nitrification and exacerbating acidification, thus creating an environment primed for N leaching and increased N2O emissions (8).

The observed increase in ITS abundances under continuous corn management, and the higher diversity found with increased N fertilization (Table 1), show that typical corn crops create a favorable environment for the proliferation of fungal populations. Not only the acidic conditions associated with fertilization but also the large volume of residues and root exudates returned to the soil by corn crops, seem to guarantee their ecological success (94–96, 112). Huang et al. (7) attributed the strong positive correlations detected between ITS counts and nirK and nosZ counts in our previous study, to the overall acidification of the systems preferred equally by fungi and main denitrifier groups. Yet the observed relations could also suggest an important contribution of fungal denitrification within these agroecosystems, recognized as an important biological process for N2O emissions (107). Ninety percent of the fungi reported producing N2O belong to the phylum Ascomycota, and in our data set, they are represented by species of Trichoderma and potentially, Plectosphaerella, as the Fusarium anamorph (107, 113). However, it should be acknowledged that detection of these genera in the soil metagenome does not necessarily mean that they are active members of the microbiome at the time of sampling. Future studies should explore the signatures of long-term nitrogen fertilization in CCC focusing on the soil meta-transcriptome.

In contrast, N fertilization and rotation have no measurable effect on the abundance (7) and alpha diversity (Table 1) of either archaeal or bacterial groups in this study. Although much less researched than bacteria, members of the archaea domain show homologous genes that allow them to perform different reductive pathways of the N-cycle, including both assimilatory processes, such as nitrate assimilation and N2 fixation, and dissimilatory reactions, such as nitrate respiration and denitrification (114). Here, we identified Nitrososphaera, an AOA nitrifier archaeon, and Woesearchaeota AR15, an anaerobic denitrifier, both as markers for continuous corn environments, decreasing in abundance with rotated management. Seven out of the eight bacteria indicators associated with the N cycle (Variovorax, Steroidobacter, Acidobacteria Gp22, and Gp1, Denitratisoma, Dokdonella, and Thermomonas), are known denitrifiers, and only one is known as an AOB (Nitrosospira).

Interestingly, in our previous study by Huang et al. (7), no significant impacts of fertilization rates or rotations were detected on the estimated abundance of denitrifiers using the nirS, nirK, and nosZ gene counts in the soil as proxies. In the present study, the indicator genera identified as potential denitrifiers were evenly represented in both unfertilized and high N rate treatments, in agreement with the results reported by Huang et al. (7). Nonetheless, sensitivity of some of these denitrifying indicators to N rate was only detected under continuous corn system. Therefore, we could speculate that the pool of indicators identified in this study that are suspected as denitrifiers might be responsible for typical increase in N2O emission recorded under continuous corn in fertilized conditions (56). However, both meta-transcriptomic as well as functional studies of potential nitrification and denitrification rates yet to be performed for these systems, could shed light on the role of these microbes in the CCC system.

This study identified potential bioindicators that could represent the important soil microbial processes under N fertilization and crop rotation. These processes included decomposition, plant-microbe symbiosis, nitrification, and denitrification. The behaviors of the indicators were largely consistent with the responses of soil properties and functional microbial genes reported in the literature. Moreover, some of the indicator genera are closely associated with important soil properties, namely SOM, [image: image], available P, and especially soil pH, thereby suggesting these microbes as potential markers of microbially driven changes in these soil properties.

Overall, we identified a set of three archaea, and six fungal genera responding mainly to rotation; a set of three bacteria genera whose abundances were linked to N rates; and the set with the highest number of indicator genera from both bacteria (22) and fungal (12) taxa responded to N fertilizer additions within the CCC system. We then focused our discussion on those indicators with a known or a suspected role in the N cycle. Thus, a nitrifier archaeon Nitrososphaera, and Woesearchaeota AR15, an anaerobic denitrifier, were identified as part of the signature for continuous corn environments, decreasing in abundance with rotated management while the opposite response was recorded for the fungus Plectosphaerella, less abundant under continuous corn. Regarding fertilizer addition, bacteria of the genera Variovorax and Steroidobacter decreased in abundance once N was added to the rotations, whereas Gp22 and Nitrosospira only showed this response under continuous corn. Within the latter system as well, the addition of N fertilizer resulted in increased abundances of the bacterial and fungal denitrifiers Gp1, Denitratisoma, Dokdonella, Thermomonas, and Hypocrea.

To fully appreciate the agricultural significance and environmental impacts of these bioindicators, we urge researchers to further explore these groups of genera from our results, especially the uncultured and ecologically obscure microbes. At the same time, additional research should identify indicator microbes in other systems and regions to expand the index of bioindicators to help in further monitoring strategies of soil health restoration programs, as we move toward more sustainable management practices worldwide.
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