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Global Grassland Diazotrophic Communities Are Structured by Combined Abiotic, Biotic, and Spatial Distance Factors but Resilient to Fertilization
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Grassland ecosystems cover around 37% of the ice-free land surface on Earth and have critical socioeconomic importance globally. As in many terrestrial ecosystems, biological dinitrogen (N2) fixation represents an essential natural source of nitrogen (N). The ability to fix atmospheric N2 is limited to diazotrophs, a diverse guild of bacteria and archaea. To elucidate the abiotic (climatic, edaphic), biotic (vegetation), and spatial factors that govern diazotrophic community composition in global grassland soils, amplicon sequencing of the dinitrogenase reductase gene—nifH—was performed on samples from a replicated standardized nutrient [N, phosphorus (P)] addition experiment in 23 grassland sites spanning four continents. Sites harbored distinct and diverse diazotrophic communities, with most of reads assigned to diazotrophic taxa within the Alphaproteobacteria (e.g., Rhizobiales), Cyanobacteria (e.g., Nostocales), and Deltaproteobacteria (e.g., Desulforomonadales) groups. Likely because of the wide range of climatic and edaphic conditions and spatial distance among sampling sites, only a few of the taxa were present at all sites. The best model describing the variation among soil diazotrophic communities at the OTU level combined climate seasonality (temperature in the wettest quarter and precipitation in the warmest quarter) with edaphic (C:N ratio, soil texture) and vegetation factors (various perennial plant covers). Additionally, spatial variables (geographic distance) correlated with diazotrophic community variation, suggesting an interplay of environmental variables and spatial distance. The diazotrophic communities appeared to be resilient to elevated nutrient levels, as 2–4 years of chronic N and P additions had little effect on the community composition. However, it remains to be seen, whether changes in the community composition occur after exposure to long-term, chronic fertilization regimes.
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INTRODUCTION

Nitrogen (N) is a key nutrient in terrestrial ecosystems and is one of the limiting factors for primary production (Vitousek and Howarth, 1991; Vitousek et al., 2002; Fay et al., 2015). While part of the N-budget is continuously recycled through remineralization, new input of fixed N is essential to offset N losses and meet the N demands of terrestrial ecosystems. Biological dinitrogen (N2) fixation is a primary source of N input into ecosystems (Cleveland et al., 1999; Galloway et al., 2004) and can be performed by a group of bacteria and archaea—the diazotrophs. The genetic ability to fix N2 spans numerous taxonomic groups; in addition, this functional guild encompasses various microbial lifestyles (including autotrophs and heterotrophs; aerobes and anaerobes; free-living and symbiotic microorganisms; Zehr et al., 2003; Raymond et al., 2004; Boyd and Peters, 2013). The phylogeny of diazotrophs has been investigated using a highly conserved marker gene encoding for the dinitrogenase reductase protein, the nifH gene. It has been shown that diazotrophs can be grouped into four main phylogenetic clusters, partly reflecting which metal co-factors are embedded in the nitrogenase enzyme or the different life strategies used by the microorganism (Zehr et al., 2003; Raymond et al., 2004; Gaby and Buckley, 2011).

Grasslands are one of the largest ecosystems on Earth, covering around 37% of the ice-free land surface and providing the living environment for around 14% of humanity in 1995 (White et al., 2000; IPCC, 2019). As the productivity of grasslands depends on continuous N inputs, diazotrophic communities are vital to this ecosystem (Reed et al., 2011). Studies investigating potential drivers of diazotrophic communities have primarily focused on the local scale (e.g., single sites), testing few environmental variables (such as ambient carbon, N, phosphorous levels, or N fertilization), or broad climate variables [such as mean annual temperature (MAT) or mean annual precipitation (MAP); Wang et al., 2017a,b; Feng et al., 2018; Lin et al., 2018; Han et al., 2019]. However, despite increasing knowledge about factors structuring diazotrophic communities within sites, we are still lacking an understanding of environmental key factors that structure these communities on a global scale. This includes the potential for significant spatial turnover within diazotrophic communities, regionally or continentally, with unclear implications on their function.

Moreover, long-term climate variables (e.g., MAP and MAT), and the effect of seasonal climate conditions in combination with nutrients and the plant community on diazotrophic communities in the world’s grasslands remains understudied. Such multifactorial interactions have been shown to drive soil fungal diversity (Rillig et al., 2019). Understanding the environmental factors that govern the distribution of diazotrophs is crucial for grassland management, especially in light of the expected climate change-induced alteration of precipitation and temperature regimes (IPCC, 2019) and anthropogenic elevated nutrient levels (Bennett et al., 2001; Erisman et al., 2013), concomitant with changes in plant community composition, such as decreasing legume cover (Tognetti et al., 2021). Environmental changes are expected to also affect soil microbial communities through the proliferation of species with better adaptation to the novel conditions (e.g., De Vries and Shade, 2013). A global change factor with a high potential to alter the diazotrophic community composition is anthropogenic nutrient addition, particularly additions of N and phosphorous (P). These nutrients can be limiting for primary production globally (Fay et al., 2015) and are thus applied to terrestrial ecosystems on a large scale to improve productivity (Mackenzie et al., 1998; Galloway et al., 2004; Bouwman et al., 2009).

Our overarching hypothesis was that the diazotrophic communities in grassland soils globally are not shaped by a single factor but rather by a combination of abiotic, biotic, and spatial factors. Furthermore, we expected that climate seasonality would correlate better with diazotrophs than annual averages due to the potential for rapid population dynamics in bacteria. We predicted that the abundance of certain plant functional groups (grasses, legumes) shape the diazotrophic community composition, as specific associations between diazotrophs and Poaceae and Fabaceae are known (Reinhold-Hurek and Hurek, 1998; Carvalho et al., 2014). Spatially, we expected distance-based discontinuity of diazotrophic community composition (i.e., closer sites more similar than distant sites), which could reflect processes most constrained by geographic distance (e.g., dispersal; Telford et al., 2006), or those determined by abiotic conditions (e.g., environmental sorting; Van Der Gucht et al., 2007). In addition, the availability of nutrients (such as N and P) were predicted to govern the diazotrophic community composition, as N and P supply can alleviate potential nutrient limitations and are therefore known to influence the diazotrophic community composition in agricultural and plantation soils directly (Feng et al., 2018; Lin et al., 2018; Wang et al., 2018) or to impact N2 fixation activity (Dynarski and Houlton, 2018; Wang et al., 2018).

In our study, we explored abiotic, biotic, and spatial factors that potentially shape the diazotrophic community composition in grassland soils spanning a global range of edaphic, climatic, vegetative, and spatial variables using amplicon sequencing of the nifH gene. The similarity of the diazotrophic community composition among grasslands on four continents was compared to key nutrient and seasonal climate factors, various annual and perennial plant covers, and the geographic distance to determine the extent to which each or a combination of factors are associated with changes in this community.



MATERIALS AND METHODS


Site Characteristics and Experimental Design

The sites used for this study were part of the Nutrient Network (NutNet)—a globally replicated experiment investigating the effects of nutrient addition and herbivores on grassland ecosystems (Borer et al., 2013). In this study, samples from a set of 23 sites were used. The sites span temperate-zone regions of Africa (three sites), Australia (one site), Europe (three sites), and North America (17 sites), thus capturing a globally relevant range of edaphic and climatic conditions. The locations and abbreviations of the site names are listed in Supplementary Table S1. The sites include a wide range of grassland types (e.g., annual grasslands, mesic grasslands, old fields, and montane meadows) which we broadly refer to as “grasslands” here. The sites vary along biotic and abiotic gradients of climate, edaphic properties, plant community composition, and spatial distance. For each site, precipitation and temperature data were extracted from Bioclim V1.4 (WorldClim; Hijmans et al., 2005). Soil pH, total soil nutrients (e.g., C, N, and P), and soil texture were measured as described in Prober et al. (2014). The plant community composition and abundance of different plant functional groups (e.g., annual and perennial grass, forb, and legume covers) were determined by site-level experts (Prober et al., 2014). Additionally, the aridity index representing the ratio between annual precipitation and estimated vegetation water demand for all sites was extracted from CGIAR Consortium for Spatial Information (Trabucco and Zomer, 2018). A standardized nutrient addition experiment was replicated at each site for 2–4 years before investigating the diazotrophic communities (Borer et al., 2013). Soils of three plot replicates from each of five different treatments were sampled during local plant growing season for this study: nitrogen addition (+N), phosphorus addition (+P), nitrogen and phosphorus addition (+N/+P), no-addition control, and no-addition fenced control plots to exclude vertebrate herbivores like ruminants. The two no-addition treatments were used to study the baseline native diazotrophic community structure across the 23 grassland sites. Both N and P were applied once per year before the plant growing season at a concentration of 10 g m−2 (100 kg ha−2) as timed-release urea [(NH2)2CO] and triple-super phosphate [Ca(H2PO4)2] (Borer et al., 2013).



PCR Amplification and Sequencing

The composition of the diazotrophic community was quantified using the DNA extracts from Leff et al. (2015), which investigated bacterial, archaeal, and fungal communities. We amplified the marker gene for N2 fixation (nifH) for subsequent amplicon sequencing on an Illumina MiSeq platform (Illumina, San Diego, CA, United States). A two-step approach was used to amplify and barcode samples as described previously in Herbold et al. (2015), with few modifications. Depending on the measured DNA concentration of soil extracts using Quant-iT PicoGreen dsDNA Assay (Thermo Scientific, Waltham, MA, United States), 10 ng or at most 4 μl of DNA-template was used per first-step PCR reaction. To target the nifH gene, IGK3 (5′ GCI WTH TAY GGI AAR GGI GGI ATH GGI AA 3′) as forward and DVV (5′ ATI GCR AAI CCI CCR CAI ACI ACR TC 3′) as reverse primer were used (Ando et al., 2005) to amplify a 340 bp nifH gene fragment, which were shown to cover a larger diversity of nifH than other primer pairs, especially in phylogenetic clusters III and IV (Angel et al., 2018). The first-step PCRs were done in triplicate reactions of 50 μl, using the following program: 94°C for 5 min followed by 30 cycles of 94°C for 30 s, 52°C for 45 s, and 72°C for 45 s, and a single step of final elongation at 72°C for 10 min. In the second-step PCR, 5 μl of the pooled purified (using ZR-96 DNA Clean-up Kit; Zymo, Irvine, CA, United States) first-step PCR product was amplified using the headed-barcode primer and the same cycle program except for only using 15 cycles. In cases where the PCR reactions indicated saturation on agarose gel electrophoresis (very strong bands, no remaining primers), the reactions were repeated using 5 cycles less in the first-step PCR and also 5 cycles less in the second-step PCR. One negative control sample using water instead of template DNA was included in every performed PCR. In addition, PCR from extraction blanks (resulting from DNA extractions using water instead of soil) was performed to ensure no contamination during DNA extractions. PCR products were purified using AMPure XP magnetic beads (Beckman Coulter, Krefeld, Germany) in a bead/sample ratio of 0.7 to exclude primer dimers of around <100 bp. The total fragment size including primer, head, and barcode sequences was around 440 bp. Illumina Truseq library preparation and MiSeq sequencing were performed by Microsynth (Balgach, Switzerland) in the 2 × 300 cycle configuration using the MiSeq Reagent kit V3 (Illumina, San Diego, CA, United States). The raw reads were deposited in the NCBI Short Read Archive under the accession number PRJNA777635.



Classification of nifH Genes and Community Analyses

Raw MiSeq amplicon reads were processed with the previously developed NifMAP pipeline (Angel et al., 2018). In short, the primer pair IGK3-DVV covers the largest nifH diversity (especially in Clusters III and IV) but is also prone to co-amplify homologous genes to the nifH. Therefore, Hidden Markov models (HMMs) were used to determine the similarity of every read or OTU to a gene-specific reference alignment and thus filtered out non-nifH data. Initially, a nucleotide-based HMM filtered the assembled contigs to keep nifH-like reads only. Following chimera check and OTU clustering (3% radius), specific HMMs were used to filter OTUs of homologous genes to nifH (bchX, chlL, bchL, and parA) at the amino acid level. Information on removed reads and OTUs during sequence data processing is documented in Supplementary Table S2. OTU representatives were taxonomically classified using BLASTP (Altschul et al., 1997) against the RefSeq database (Pruitt et al., 2007) and assigned to phylogenetic clusters of nifH using classification and regression trees (CART; Frank et al., 2016).

All downstream analyses were carried out using R (version 3.5.2; R Core Team, 2018) and were plotted using the package ggplot2 (version 3.3.3; Wickham, 2016). Unless otherwise mentioned, all functions came from the R package vegan (version 2.5-6; Oksanen et al., 2019). For data manipulation and function-wrapping, the phyloseq package was used (version 1.26.1; McMurdie and Holmes, 2013). Bray–Curtis dissimilarity measure was calculated for all community distance matrices. As a cutoff, any sample with less than 500 nifH reads (i.e., after removing homologs) was excluded from the analysis. As a result, of the originally 25 sites investigated in Leff et al. (2015), two study sites (Mt. Caroline, Australia; Shortgrass Steppe LTER, United States) were entirely removed from analyses in this study. The dataset comprised in total 6,826 OTUs and on average 2,200 reads per sample. To study the native diazotrophic community structure across grassland sites data of the no-addition treatment types were used and consisted of 5,257 OTUs assigned to 241 genera.

Variance partitioning analysis was done using permutational multivariate ANOVA (PERMANOVA; 104 permutations; McArdle et al., 2001), which is implemented in the vegan function adonis(). The effect of read number per sample (library size) on the differences in community composition (Bray–Curtis dissimilarity) was significant but explained only 0.9% of the variance in the data. Consequently, no data transformation for library size normalization was used, except conversion to relative abundance for diazotrophic community analyses. PERMANOVA was also used for testing potential differences in communities between the open and fenced control plots and between nutrient addition regimes (under block design, with permutations within each site). Subsequently, per site pairwise plot comparisons were conducted using PERMANOVA tests of subsetted 23 datasets. Value of p were corrected according to Benjamini–Hochberg (BH) for multiple testing (Benjamini and Hochberg, 1995). To derive geographic distances between study sites from GPS coordinates, the function distm() of the R package geosphere (version 1.5-10; Hijmans, 2019) was used. The correlation between the geographic distribution of sites with the diazotrophic community composition was tested using Mantel test (geographical distance matrix in km; function mantel()) and PERMANOVA (categorical variables: site, region, continent), and visualized using constrained distance-based Redundancy Analysis (dbRDA) by the function capscale() including the continent and study site as factors. Core microbiome analyses were performed using the function core() of the package microbiome (version 1.5.28; Lahti and Shetty, 2017).

Mantel tests were performed to calculate correlations between the diazotrophic community dissimilarity matrix and a distance matrix for each environmental variable separately, with subsequent value for p correction after BH for multiple testing. We focused first on identifying the environmental variables that would correlate with beta diversity at the OTU level. Subsequently, we reduced the taxonomic resolution and clustered all reads based on the assigned genera (function tax_glom() in the phyloseq package) to decrease the high heterogeneity in the diazotrophic community compositions across samples. We used Spearman’s ρ as a measure of correlation between the OTU/genera dissimilarity matrix and the Euclidean distance matrix of each abiotic factor and biotic plant cover variable and the Bray–Curtis dissimilarity index for the plant communities (total plant community and functional subgroups). Abiotic environmental variables were normalized ([image: image]) using the function scale() in the R Base package, except for vegetation cover since this was expressed as a percent of ground cover. The plant cover of the grass family Poaceae was separately analyzed from other graminoid families (Cyperaceae and Juncaceae)—from here on referred to as “grass-like”—as associations between diazotrophic bacteria and some members of Poaceae are known from the literature (Reinhold-Hurek and Hurek, 1998; Carvalho et al., 2014). The most informative variables were implemented in models using the MRM() function for multiple regression on matrices (Lichstein, 2007) from the R package ecodist (version 2.0.1; Goslee and Urban, 2007) and revised based on forward selection due to the statistical output. To assess if correlations between the diazotrophic community composition and spatial distance reflect solely similar environmental conditions in sites closer to each other, a linear model of the geographic (in km) and the environmental distance between samples was calculated (lm() function in the lme4 package, version 1.1-23; Bates et al., 2015). The environmental distance matrix between samples was formed by combining normalized (scale() function) previously identified most predictive abiotic and biotic variables using the Euclidean distance. Correlations between the relative abundance of certain genera or phylogenetic nifH clusters (merged OTUs to the four clusters by tax_glom() function) and environmental variables were tested by calculating linear models (lm() function). Constrained dbRDA ordinations for environmental and fertilization variables were performed with the function capscale(). Differential abundance analysis of the effect of nitrogen addition was performed using corncob (version 0.2.0; Martin et al., 2020). Only sites that showed significant changes due to N addition at the community level using PERMANOVA were tested (sites: look.us and konz.us). OTUs that appeared in <2.5% of the samples were discarded prior to analysis. The test was performed using the differentialTest() function while controlling for dispersion. Analysis scripts, as well as edaphic and plant metadata are available at https://github.com/mnepel/nutnet_grassland_diazotrophs.




RESULTS


Geographic Distance Increased Dissimilarity in the Diazotrophic Community

Two no-addition treatment types were used to study the baseline native diazotrophic community structure across the 23 grassland sites, in four continents (Figure 1A). These control plots—fenced and unfenced—were merged as there were no significant community composition differences associated with fencing (R2 = 0.007, p = 0.973). The continent, region, and site location significantly correlated with the diazotrophic community composition, explaining incrementally 11%, 10%, and 31% (cumulatively 52%) of the diazotrophic compositional variation (all p = 0.001). Beta diversity of these control plots showed distinct community structure among sites, suggesting some influence of geographic distance (Figure 1B). There was some similarity among grassland diazotrophic communities in North America (Figure 1B, pink ellipse), which overlapped with samples of other geographic regions [Figure 1B, Europe (green ellipse), and Australia (triangles)]. Similar to these findings, a significant correlation existed between geographic distance and the diazotrophic community (Spearman’s ρ = 0.386, p < 0.001), indicating not only samples within a site but also sites within regions have more similar communities compared to other regions. The strongest predictor for diazotrophic communities was the study site itself, explaining 52% of the variation and indicating strong heterogeneity among sites. This was further supported by detecting only few OTUs that were shared among the sites. Nearly 3,000 of the 5,257 detected OTUs (55%) were found in only one site, whereas 88 OTUs (1.6%) were widespread (detected in at least 12 out of 23 sites) accounting for around 43% of total reads. Furthermore, only 13 OTUs were present across 90% of sites accounting for around 18% of total reads, and these were classified as Nostocales (Calothrix), Rhizobiales (Bradyrhizobium, Hyphomicrobium), Rhodospirillales (Komagataeibacter, Skermanella), and Nitrosomonadales (Methyloversatilis). Two OTUs, assigned to Methyloversatilis (“OTU32”) and Bradyrhizobium (“OTU88”), were present at all sites.

[image: Figure 1]

FIGURE 1. (A) Global distribution of all studied temperate grassland soils, (B) distance-based redundancy analysis (dbRDA) displaying the effect of study sites on the Bray–Curtis dissimilarity of diazotrophic communities. Each color represents one collection site. Only samples from non-addition plots were used here. Shapes denote the respective continent and ellipses encompass sites from the same continent. More information on sampling sites and their geographic locations can be found in Supplementary Table S1.


When reducing the taxonomic resolution to the genus level, diazotrophic beta diversity remained highly correlated with the site, explaining 58% of community variation (p < 0.001; dbRDA plot in Supplementary Figure S1), though the geographic distance did not correlate with the distribution of genera (ρ = 0.013, p = 0.322). Thirty-one (31) out of 241 detected genera (12.8%) were present in only one site, and 21 were found across all sites. Only four ubiquitous genera accounted each for at least 0.1% of reads per site. Clostridium (Clostridiales), Bradyrhizobium (Rhizobiales), Nitrospirillum (Rhodospirillales), and Geobacter (Desulfuromonadales) together made up around 30% of total reads.

The distinct diazotrophic communities among sites, suggesting spatial or localized environmental sorting, were also apparent at the taxonomic class level. Based on the classification of nifH amino acid sequences, the relative read abundance of certain taxonomic groups varied considerably (Figure 2A). Alphaproteobacteria (average 34%, range 5.5%–77%), Cyanobacteria (19%, 0.5%–79%) and Deltaproteobacteria (15%, 0.5%–48%) were the most abundant bacterial classes, followed by Clostridia (8%, 1%–24%) and Betaproteobacteria (8%, 0.5%–39%). A higher proportion of Cyanobacteria reads were detected at the North American sites, whereas Deltaproteobacteria reads appeared to be more abundant at non-North American sites (Figure 2A). The three most abundant classes were mainly represented by reads assigned to Bradyrhizobium (Rhizobiales, Alphaproteobacteria; 16%, 0.5%–42%), Calothrix and Nostoc (Nostocales, Cyanobacteria; 10%, 0.1%–65%; 3.6%, 0.06%–20%, respectively) and Geobacter (Desulfuromonadales, Deltaproteobacteria; 8.4%, 0.3%–41%).
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FIGURE 2. Diazotrophic community composition per grassland site. (A) Taxonomic affiliation of OTUs summarized at the class level based on BLASTP analysis; (B) relative read abundances of phylogenetic nifH clusters based on classification and regression trees (CART) analysis. On the x-axis, every bar represents the average community per study site, sorted according to longitudinal coordinates, whereas the y-axis shows the relative read abundance of taxonomic classes (A) or phylogenetic nifH clusters (B). Shapes above the grassland site names denote the respective continent (circle: North America, square: Europe, diamond: Africa, triangle: Australia).


The nifH sequences were assigned to one of four phylogenetic clusters based on regression trees (Figure 2B), from which ecophysiological traits and the nitrogenase type can be inferred. Reads affiliated with cluster I were dominant among most sites (74%, 36%–93%; Figure 2B, in green), representing mainly the canonical Mo-Fe nitrogenase of aerobic Proteobacteria and Cyanobacteria. Cluster II reads, representing an alternative nitrogenase using only Fe as a co-factor, were hardly present (0.8%, 0%–2%; Figure 2B, in red). Even though the climatic and edaphic characteristics varied across grassland sites, none represented environmental conditions where the use of the alternative nitrogenase would be favored. Cluster III that consists of the canonical Mo-Fe nitrogenase mainly from anaerobic microorganisms (mainly Deltaproteobacteria, Opitutae, and Clostridia) were most prevalent in the African and Australian sites, along with one North American site (13%, 0.5%–51%; Figure 2B, in blue). In three sites (cowi.ca, sage.us, valm.ch), the high relative abundance of Deltaproteobacteria was not reflecting the relative abundance of cluster III nitrogenases, as almost all reads were assigned to Geobacter that possesses mainly a cluster I nitrogenase in our dataset. A significant positive correlation (p = 0.008) was seen between the read abundance of presumably anaerobic diazotrophs (cluster III and cluster I Geobacter reads) with the mean precipitation in the warmest quarter at study sites (Supplementary Figure S2). On average, 12% (0.7%–63%) of reads per site were affiliated with cluster IV, mainly found at some North American sites (Figure 2B, in gray), which was assumed to contain only inactive nitrogenases until recently (Zheng et al., 2015).



Plant Communities, Climate, and Edaphic Factors Influence the Composition of Diazotrophs

Many environmental factors covaried with the composition of diazotrophs at the OTU level (Supplementary Table S3). Based on the probability and highest Spearman’s ρ values, the best abiotic model consisted of several climate and edaphic properties (Table 1). The mean temperature in the wettest quarter (Temp_WET_Q), mean precipitation in the warmest quarter (Precip_WARM_Q), soil C:N ratio, and soil texture (percent clay and sand) together explained 18% of the diazotrophic compositional variation (p < 0.001). Chemical soil properties like pH or ambient nutrient levels (e.g., C, N, P, K, Mn, or Fe) and long-term climate variables like MAP or the aridity index were less informative than seasonal climatic conditions. Since soil texture was only determined in half of all samples, a reduced model using only the two climate variables and soil C:N ratio (R2 = 0.172, p < 0.001) was used to integrate further vegetation properties.



TABLE 1. Most significant correlations (Spearman’s ρ) of the diazotrophic community of unamended treatment plots at the OTU level with abiotic environmental and biotic vegetation variables, using Mantel tests.
[image: Table1]

We tested how plant community composition and percent cover of different plant functional groups correlated with the diazotrophic community composition (Table 1; Supplementary Table S4). Perennial grass, perennial grass-like (Cyperaceae and Juncaceae), and perennial herb cover correlated significantly with the diazotrophic community, explaining 8% of the variation at the OTU level (p < 0.001). Diazotrophic beta diversity also correlated with the composition of total plants, perennial grasses, perennial grass-like, and perennial forbs (Table 1). In contrast, no correlations were detected between the diazotrophic community composition and legume, cryptic, or woody plant cover and their communities (Supplementary Table S4). The combination of best abiotic and biotic variables Temp_WET_Q, Precip_WARM_Q, soil C:N ratio, perennial grass cover, perennial grass-like cover, and perennial herb cover explained 19% of the diazotrophic compositional variation (p < 0.001; Figure 3A). The study site averages of these variables are listed in Supplementary Table S5. Among others, some OTUs assigned to Cyanobacteria (Nostocales) tended to be negatively correlated with forb and grass covers, whereas some Deltaproteobacteria-OTUs (Syntrophobacterales) were positively correlated with plant cover and a higher soil C:N ratio (Figure 3B). One OTU assigned to Clostridia (Clostridiales) positively correlated with grass-like plant cover, whereas the distribution of Alphaproteobacteria (mainly Rhizobiales and Rhodospirillales) displayed different OTUs correlating with different variables.
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FIGURE 3. Distance-based redundancy analysis showing (A) the variation of the diazotrophic community and (B) the OTUs of relevant taxonomic classes as a factor of different environmental parameters based on our best descriptive model. Three abiotic variables, mean temperature in the wettest quarter (Temp_WET_Q), mean precipitation in the warmest quarter (Precip_WARM_Q), and the soil C:N ratio; and three plant cover variables, perennial grass, perennial grass-like, and perennial forb cover are depicted as blue or green vectors, respectively. Average environmental conditions per study site are listed in Supplementary Table S5. Shapes in panel (A) denote the respective continent (circle: North America, square: Europe, diamond: Africa, triangle: Australia). In panel (B), colored circles denote OTUs assigned to the five most read-abundant taxonomic classes potentially shaped by displayed environmental factors. OTUs of other taxonomic classes are depicted in gray.


Similar to the OTU level analysis, many factors correlated with the diazotrophic composition at the genus level, but with lower Spearman’s ρ correlation values (Supplementary Tables S6, S7). The best predictive model consisted of edaphic, climatic, and plant variables, with soil pH, calcium concentration (Ca), copper concentration (Cu), mean precipitation in the coldest quarter (Precip_COLD_Q), and annual grass cover, explaining 14% of the variation (p < 0.001). The study site averages of these variables are listed in Supplementary Table S8. The corresponding constrained ordinations indicated correlations between environmental factors (as vectors) and certain diazotrophic genera (Supplementary Figure S3). Linear models verified significant correlations for six genera after subsequent value of p corrections for testing the effect of multiple factors per genus (Supplementary Table S9). With increasing soil pH and Ca, the genus Calothrix increased, and the genus Bradyrhizobium decreased in relative read abundance. Geobacter and Skermanella increased with Cu, whereas Bradyrhizobium decreased. The genus Skermanella also increased in relative read abundance with the amount of annual grass cover. One unclassified Burkholderiales taxus and Azorhizobium varied with site-level seasonality (Precip_COLD_Q).



Effect of Elevated N and P on the Diazotrophic Community

Experimental addition of nutrients for 2–4 years had little impact on the diazotrophic communities. The constrained ordination plot showed only a slight separation of P-treated samples from controls (Figure 4A), and PERMANOVA (including site as a random effect) confirmed the lack of significant differences (R2 = 0.002, p = 0.417). Similarly, the N treatment did not cause a consistent community shift across sites (R2 = 0.002, p = 0.178; Figure 4B). Notably, the N treatment did impact the diazotrophic communities but had differing effects at different sites (N treatment interacting with collection sites; R2 = 0.047, p = 0.035), in contrast to the P treatments that consistently induced no detectable change (R2 = 0.044, p = 0.534). Subsequent data subsetting and testing for each site revealed a slight but significant community shift in two North American sites, which experienced 4 years of chronic N addition, konz.us (R2 = 0.177, p = 0.046) and look.us (R2 = 0.141, p = 0.046). Constrained ordinations of both study sites showed a separation of samples according to N treatment (Figures 4C,D), displaying a community shift in N fertilized plots. Differential abundance analysis showed a significant change in the read abundance of certain OTUs (Supplementary Figure S4). Three OTUs assigned to Cyanobacteria and Methanomicrobia decreased, whereas one Clostridia OTU increased in relative read abundance. Some OTUs within Proteobacteria significantly increased and others decreased in relative abundance from control to N treated plots.

[image: Figure 4]

FIGURE 4. Distance-based redundancy analysis showing the variation of the diazotrophic community (A) due to P and (B) due to N addition. Significant community shifts detected in (C) konz.us and (D) look.us after 4 years of chronic N fertilization. Nutrient-treated samples are depicted in blue (P) and red (N); respective control samples are represented in black.





DISCUSSION


Highly Diverse but Distinct Site-Specific Diazotrophic Communities

The soil diazotrophic community varied significantly across study sites, even though all are classified as temperate-zone grasslands. There was a very small shared diazotrophic microbiome detectable among the sites. The strong site effect in diazotrophic community composition is consistent with previous findings from these grasslands of general bacterial, archaeal, and fungal communities (Leff et al., 2015). We attribute this site effect to the wide range of climatic and edaphic conditions found among our sites, but likely in combination with some spatial distance factors (e.g., restricted dispersal). The heterogeneity in environmental conditions, including soils with, for example, varying nutrients and oxygen concentrations, as well as differing seasonality and vegetation, selects for diverse diazotrophic communities to allow for N2 fixation across a multitude of different environmental conditions. Additionally, the significant correlations of various spatial levels (e.g., geographic distance, region, and continent) with the diazotrophic community composition imply more similar community compositions at sites closer to each other than at sites that were further apart. This denotes a role of spatial factors or can mirror environmental conditions, which may be more similar in sites which are closer to each other. Comparing the geographic distance and the environmental distance (based on the six previously identified biotic and abiotic variables), we confirm that samples further apart experience more distinct environmental conditions (Supplementary Figure S5). However, due to the visible variation in environmental conditions, and as both distances are not fully collinear, one can see indications for not only environmental, but also spatial influence, on the community composition. Although an interplay of environmental variables and spatial distance is possible as shown in microbial communities of other environments (Wang et al., 2008; Schauer et al., 2010; Martiny et al., 2011), we cannot rule out the possibility that we lack environmental variables, which could explain the visible geographic pattern, or that more in-depth sequencing of nifH would diminish the heterogeneity among sites and thus the observed geographical pattern.



Climatic and Edaphic Variables, Especially Water-Related, Govern the Diazotrophic Community

MAT and MAP were shown previously to influence diazotrophs in grassland soils (Wang et al., 2017a; Che et al., 2018). We also found significant relationships between these parameters and the diazotrophic communities across our grasslands; however, other climatic factors were stronger predictors, namely, mean temperature in the wettest quarter and mean precipitation in the warmest quarter. Water and temperature represent important factors for microbial life (Davey, 1989) and appear to shape the diazotrophic community. While the interplay between temperature and water availability is likely to determine microbial growth conditions in these grassland soils, the factor precipitation in the hottest season could additionally refer to the risk of drought stress and desiccation (Schimel, 2018) for diazotrophs. Our results also indicate that soil texture shapes the diazotrophic community, potentially indirectly by influencing the water content in soil. Higher clay content, if not dominating, results in increased water retention due to smaller pore sizes and, therefore, higher soil moisture over more extended periods, while a higher percentage of sand leads to rapid drainage of water (Kramer, 1983).

There are different possibilities as to why the soil C:N ratio correlated with the diazotrophic community composition. This ratio might reflect variations in the plant community, and a correlation was observed between diazotrophs and plants. Plants influence the soil C:N ratio via root exudation or indirectly through the production of plant polymeric C. Vegetation shaping soil bacterial communities via the C:N ratio was among others shown for tundra landscapes due to litter decomposition (Chu et al., 2011; Shen et al., 2013). Alternatively, the soil C:N ratio could reflect the state of organic C. A high soil C:N ratio might indicate a high abundance of organic C, which is known to further positively influence water retention in soils (Rawls et al., 2003). Interestingly, the effect of soil pH, which was previously shown to shape the diazotrophic community composition (e.g., Wang et al., 2017a; Che et al., 2018; Han et al., 2019), did not correlate with the OTU-based diazotrophic community composition in our study. One reason for that could be the high compositional heterogeneity due to the global scale in combination with the small variation in pH across sites. On genus level, when the heterogeneity is reduced, edaphic properties like soil pH and cations (Ca and Cu) were associated with the distribution of diazotrophic genera. In detail, read abundance of the genera Calothrix and Bradyrhizobium correlated with soil pH, concordant with earlier studies isolating Calothrix strains from alkaline (Pandey et al., 2005; Nayak and Prasanna, 2007; Rinkel and Manoylov, 2014) and Bradyrhizobium strains from acidic environments (Graham et al., 1994; Ozawa et al., 1999). Although Cu is an important co-factor for enzymes, it can have a toxic effect on bacteria (Trevors and Cotter, 1990; Ladomersky and Petris, 2015), which might explain the decrease of Bradyrhizobium read abundance. In contrast, Geobacter and Skermanella reads were positively correlated with Cu in our study. Previously, a Geobacter species was shown to survive on Cu (Kimber et al., 2020) and, a Skermanella strain resistant to the toxic metalloid antimony was isolated from a coal mine (Luo et al., 2012), suggesting that Cu tolerance is plausible in these groups. Precipitation in the coldest quarter, a water-related factor, determined the relative abundance of Azorhizobium and an unclassified Burkholderia group.

In conclusion, the most significant abiotic environmental factors that correlated with diazotrophic OTUs seemed to be related with water content and, therefore indirectly also with oxygen availability in the soil. Soils with higher water content contain more anoxic niches and shift in their redox potential (Fenchel et al., 2012). In turn, this leads to changes in the microbial community and the expression of genes related to anaerobic metabolisms (Ramírez-Flandes et al., 2019), which is also reflected in the higher proportion of anaerobic diazotrophs (cluster III and cluster I Geobacter reads) in grasslands with higher precipitation in the warmest season.



Indications for Plants Influencing Diazotrophic Communities

Variation in perennial grass, grass-like, and forb cover most strongly correlated with variation in diazotrophic community composition. Some Cyanobacteria OTUs tended to decline in relative abundance with increasing forb and grass cover, which could be explained at some sites where light is more limited by dense plant cover. In contrast, Deltaproteobacteria-OTUs were positively correlated with forb cover and a higher soil C:N ratio. As this taxonomic group harbors anaerobic bacteria, we hypothesize that both variables might be linked to creating anoxic niches, potentially by increasing water retention, or respiration rates. One taxon assigned to Clostridia increased in relative abundance with increasing grass-like cover. As this OTU belongs to the genus Cellulosilyticum, it is most likely able to degrade cellulose (Miller et al., 2011) and could be associated with certain plants. Neither legume cover nor legume community composition showed any effect on the community composition of diazotrophs in our study, even though common root-nodulating rhizobia (Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium, and Sinorhozobium; Sprent et al., 2017) made up 21.7% of total nifH reads in our soils. Non-legume plants known to be associated with diazotrophs (Santi et al., 2013) were not present in our plant communities, and their respective diazotrophic genera were only detected with low abundance (Azoarcus, Azospirillum, Azotobacter, Burkholderia, Gluconacetobacter, Herbaspirillum, Frankia, and Pseudomonas; combined 1.6% of total nifH reads). Taken together, our vegetation data indicate that the abundance of perennial grasses, grass-like, and forbs influence diazotrophic communities. However, the observed correlations could also be explained by similar environmental conditions shaping both communities.



Elevated Nutrient Levels Have a Limited Effect on the Diazotrophic Community

Most terrestrial ecosystems experience either direct or indirect nutrient inputs from anthropogenic activities (Mackenzie et al., 1998; Galloway et al., 2004; Bouwman et al., 2009), yet the effect of increased N or P availability on the composition of diazotrophic communities across a global range of grasslands has not been investigated. As P is known to enhance N2 fixation activity (Reed et al., 2007; Tang et al., 2017; Dynarski and Houlton, 2018; Wang et al., 2018; Smercina et al., 2019), we hypothesized that P addition would alleviate potential P limitation of diazotrophs and thus influence diazotrophic community composition as found in previous work (Che et al., 2018; Feng et al., 2018; Lin et al., 2018; Han et al., 2019). Although in parallel investigations of the same grassland soils, P addition induced a bacterial and fungal community shift (Leff et al., 2015), this was not the case for diazotrophs, which is in accordance with other studies (Wang et al., 2018; Hu et al., 2019). This indicates that different functional groups might respond differently to P addition and that diazotrophic communities in our grasslands are not strongly P-limited.

The effect of N addition was context-dependent, only influencing the diazotrophic community in two North American sites. This contrasts with parallel investigations at these sites, where a clear community shift was observed for bacteria, archaea, and fungi due to N addition (Leff et al., 2015). At the two sites that exhibited a diazotrophic community shift due to N, the relative read abundance of two Cyanobacteria OTUs decreased significantly, which were assigned to heterocystous Cyanobacteria genera (Calothrix, Nostoc). This indicates that this group might be specialized in fixing N2 and lost their competitive advantage under N fertilization. Alternatively, N fertilization could have promoted plant growth, decreasing light availability for cyanobacterial growth. This is consistent with cyanobacterial OTUs being negatively correlated with plant cover in our study. Proteobacteria OTUs at the two sites responded differently to N addition, with some declining and some increasing significantly, similar to the varying correlations between Proteobacteria OTUs and environmental factors seen in our study. As only a few OTUs significantly changed in relative abundance in response to N addition, we hypothesize that, relative to all other soil bacteria, the diazotrophic guild is more resilient to short-term changes in N availability. It remains to be seen whether shifts in community composition will occur after more prolonged exposure to chronically elevated nutrient supply. Additionally, investigating the effect of N and P addition on the quantitative abundance of diazotrophic communities and on other functional groups related to the N cycle is needed to increase our knowledge of how much anthropogenic influence will affect N cycle processes in grassland soils.




CONCLUSION

In this study, we show that the diazotrophic community composition in globally distributed grassland soils is diverse and heterogeneous across sampling sites. We attribute this site effect mainly to a wide range of climatic and edaphic conditions selecting for a specific community, but likely in combination with processes constrained by spatial distance. To the best of our knowledge, this is the first study correlating seasonal climatic variables, vegetation cover, and spatial distance with diazotrophic beta diversity on a global scale. Best predictors for the diazotrophic OTU-based community composition seem to be related to water availability and the presence of certain perennial plant types. A genus-level-based analysis to reduce compositional heterogeneity across grasslands supported the effect of soil water availability but also extended the identified influencing factors to edaphic variables, like pH and soil cations. Our analysis further suggests that in the short-term, diazotrophic communities across grasslands are mainly resilient with slight community shifts after 4 years of chronic N addition, although the long-term impact of elevated nutrient supply remains to be investigated.
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