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Prokaryotic Community Composition and Extracellular Polymeric Substances Affect Soil Microaggregation in Carbonate Containing Semiarid Grasslands
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In the barren semiarid landscape individual plant species improve soil structure, reducing the erosion risks, whereby microaggregates form the most fundamental soil structural components. Extracellular polymeric substances (EPS) are considered an important glue determining aggregation in addition to inorganic binding agents such as carbonates. However, the role of the prokaryotic community in EPS formation and consequently for microaggregation in natural environments is not substantially clarified yet. EPS should be particularly important under semiarid conditions as it forms a protection mechanism of the prokaryotes against desiccation. Therefore, we examined the influence of the prokaryotic community on soil EPS content and subsequently on soil microaggregation in semiarid grasslands, depending on the parent material, common plant species and the distance to the plant. Soil samples were taken over a distance gradient from two major semiarid grassland plant species in Southern Spain, the legume shrub Anthyllis cytisoides and the grass tussock Macrochloa tenacissima, to the surrounding bare soil at two sites, rich and poor in carbonates. Total community DNA and EPS were extracted, followed by quantification of EPS-saccharide, bacterial abundance and examination of the prokaryotic community composition. Further, the particle size distribution of the microaggregate fraction was determined as an indication of microaggregation. We found that the overall prokaryotic community composition differed between the two sites, but not between plant species. Nonetheless, a link between the community composition and EPS content was established, whereby soil organic matter (OM) seems to be a regulating factor as increasing soil OM contents resulted in more EPS-saccharide. Furthermore, microaggregation was enhanced by the canopy, especially at the edge of Macrochloa tussocks. Contrary to the expectation that increasing inorganic C contents would diminish importance of EPS, the parent material richest in inorganic C resulted in a significant effect of EPS-saccharide contents on microaggregation according to the structural equation model. For the inorganic C poor site, EPS-saccharide had no observed direct effect on microaggregation. Based on our results we conclude that the availability of decomposable OM influences the prokaryotic community composition and thereby triggers EPS production whereas large contents of polyvalent cations promote the stabilizing effect of EPS on microaggregates.
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INTRODUCTION

Under semiarid climates, increasing aridity results in a lower vegetation cover, while seasonal precipitation still provides a large potential for soil erosion, culminating in very vulnerable soil systems (Morgan, 2005; Peña-Angulo et al., 2019). For soil erosion, induced by raindrop impact and overland flow, soil structural strength in the upper cm of the soil profile plays a major role (Boix-Fayos et al., 2001; Cantón et al., 2009). Plant roots and aboveground biomass have previously been described to improve overall soil structural strength by e.g., adding organic substances to the soil and providing additional surface roughness (Gyssels et al., 2005). As organic inputs and vegetation cover are limited under semiarid climate conditions, the relevance of soil microorganisms for soil structure becomes more important. Several soil prokaryotic strains, both bacterial and archaeal, are known to produce and live in biofilms, consisting of extracellular polymeric substances (EPS) (Flemming and Wuertz, 2019). EPS produced by prokaryotes are primarily composed of polysaccharides, structural proteins, enzymes and other biopolymers like nucleic acids (Flemming et al., 2016). Although EPS are known to adsorb to mineral surfaces and create bridges between mineral surfaces, the potential role in soil structure formation in natural systems has received only little attention (Chenu and Cosentino, 2011; Blankinship et al., 2016; Lehmann et al., 2017; Costa et al., 2018).

In southeast Spain, the most arid part of Europe, vegetation is dominated by a patterned or two-phase mosaic vegetation distribution as a result of limited water availability to the plant, leading to a heterogeneous soil formation (Cammeraat and Imeson, 1999; Puigdefábregas et al., 1999). The vegetation is dominated by perennial grass species and woody shrub species (Valentin et al., 1999). Especially the grass species Macrochloa tenacissima (L) Kunth, also known under its basionym Stipa tenacissima L, is widely distributed in the western Mediterranean basin. The stem of Macrochloa grows in compact cluster structures (i.e., tussocks) with a dense shallow root matrix (∼20 cm deep) able to capture overland flow, which increases the total water and nutrient availability per tussock (Bochet et al., 1999, 2000; Maestre et al., 2002; Rodríguez-Caballero et al., 2018). Especially at the canopy edge, highest potential infiltration rates have been observed (Maestre et al., 2002; Cammeraat et al., 2010). In the dryland ecosystem of this region, woody shrub species grow I or Y shaped. This growth form gives soils only limited mechanical protection against overland flow (Bochet et al., 1998, 2000), but these plants still stabilize their surrounding soil via root/litter input and thereby increase the soil infiltrability (Bochet et al., 1999). In addition, legume shrubs, like Anthyllis cytisoides L, can form an important source of nutrients in these dryland ecosystems by their symbiosis with N-fixing bacteria (Requena et al., 2001). The root system of Anthyllis cytisoides consists of a deep tap root and superficial lateral roots spreading under the shrub canopy (Bochet et al., 1999). The spatial differentiation in nutrient availability for microorganisms, induced by the sparse vegetation cover, together with microclimatic conditions under the plant canopies shape the composition of microbial communities in soils (Goberna et al., 2007; Fierer, 2017; Tecon and Or, 2017).

Soil structural strength is widely studied by addressing the stability of soil aggregates. According to the hierarchical aggregate model, first postulated by Tisdall and Oades (1982), binding agents vary with the size of aggregates (Six et al., 2004). Thereby it is often stated that the smaller the aggregates, the larger becomes the importance of inorganic binding agents and coatings from organic residues (Tisdall, 1996; Six et al., 2004; Totsche et al., 2018). Macroaggregates (>250 μm) are mainly held together by organic matter (OM), originating from plants, and fungal hyphae. This relatively fresh OM is decomposed and processed by microbes, until, triggered by external forces, the macroaggregates disrupt and release microaggregates (<250 μm) and primary particles (Six et al., 2000). Microaggregates consist on the one hand of microbial products and remnants of OM, and on the other hand of inorganic binding agents, like carbonates or clay minerals. Thus the soil microbiome is important for soil aggregation on different scales: fungi are more involved in macroaggregate formation by enmeshing particles in their hyphae, while prokaryotes are more important for microaggregate formation via the release of EPS for biofilm formation (Chenu and Cosentino, 2011). Flemming and Wuertz (2019) estimated that about 80% of soil prokaryotes live in biofilms. Furthermore, the nature of the binding factors plays an important role in the overall aggregate stability strength, since hydrophobic rather than hydrophilic components of OM improve aggregate stability (Piccolo and Mbagwu, 1999; Chenu and Cosentino, 2011; Kraemer et al., 2019). By the properties of the bonds between the units of an aggregate, it can be assumed that with decreasing diameter of the aggregates, the stability increases. Therefore, microaggregates tend to be more stable than macroaggregates (Tisdall, 1996; Six et al., 2000). Consequently, the microaggregates form a fundamental part of the overall soil structure and therefore are an important component to assess vulnerability for erosion. However, what determines their stability is much less studied and understood in comparison to macroaggregates (Totsche et al., 2018).

Mineral composition of the soil controlled by the parent material, has an important impact on soil aggregation and the microbial community assemblage, and how it responds to OM inputs by e.g., promoting or inhibiting growth of particular microbial taxa (Babin et al., 2014). For instance, carbonates affect soil pH and have therefore distinct effects on the soil microbiome (Fierer, 2017). From a microbial perspective the soil forms a highly diverse habitat with different pore sizes, determining the distribution of water, nutrient availability and oxygenic conditions (Ebrahimi and Or, 2015). Especially under arid climates, microbial processes appear to be limited by diffusion and a limited supply of resources, as prevailing low water potentials disconnect microbes from nutrient sources (Schimel, 2018). To increase endurance, it is assumed that prokaryotes produce EPS to build themselves a robust microenvironment (Schimel, 2018; Nunan et al., 2020). EPS can adsorb to mineral surfaces and form bridges between them. Saccharides, as an important component of EPS, are widely hypothesized to increase soil aggregate formation and stability (Chenu and Cosentino, 2011; Sandhya and Ali, 2015; Costa et al., 2018). Additionally, several prokaryotic taxa have previously been associated with stable microaggregates, hinting on a direct influence of certain prokaryotic strains on microaggregation (Caesar-TonThat et al., 2007; Davinic et al., 2012). Nevertheless, most evidence on the influence of EPS on soil aggregation is based on inoculating EPS producing microorganisms under natural or greenhouse conditions (Costa et al., 2018), while a direct link between prokaryotic EPS-producers, EPS content and soil aggregation has hardly been made in natural terrestrial ecosystem.

In this study, we examined the spatial influence of Anthyllis cytisoides and Macrochloa tenacissima on the prokaryotic community composition, EPS content and microaggregate stability. Soil samples were taken over a distance gradient from the plants on two sites that had contrasting parent materials, i.e. rich and poor in carbonates. We hypothesized that (1) the prokaryotic community composition will be shaped by plant species and the parent material, with a larger plant influence closer to the stem, where canopy and root density as well as exudation is highest; (2) the prokaryotic community drives EPS-saccharide contents depending on parent material and plant species and (3) EPS-saccharide increases the stability of microaggregates. We expect that the relative contribution of EPS on microaggregation will be less important at the site with high concentration of carbonates due to their binding agent capacities.



MATERIALS AND METHODS


Site Description

In the Almería province, southeastern Spain, two sites were selected based on their exposition, steepness, vegetation cover and the dominance of both Macrochloa tenacissima and Anthyllis cytisoides plant species. The Alboloduy site (37°4′9″ N, 2°36′43″ W, Figure 1), further on referred to as AB, is located west of the Tabernas basin, at the eastern end of the Sierra Nevada. The site has a southeast to south exposition and an overall slope gradient of 10–17°. The soil is developed on mica-schist, dominated by feldspar and chlorites, which contains carbonates from weathering and dust deposition. It is classified as Skeletic Leptosol according to the World Reference Base for Soil Resources [WRB] (2014). The Rambla Honda site (37°7′45″ N, 2°22′30″ W, Figure 1), further on referred to as RH, is located north of the Tabernas basin, on the Southern slope of the Sierra de los Filabres mountain range, developed on mica-schist with graphite and garnets crossed by many quartz veins (Puigdefábregas et al., 1996). The site has an east to southeast exposition and an overall slope gradient of 19–24°. The carbonate content of the site is low and originates mainly from dust deposition (IC, Table 1). According to the IUSS Working Group World Reference Base for Soil Resources [WRB] (2014), the soil in the RH study site can be classified as Skeletic Leptosol (colluvic). Both sites are influenced by dust deposition originating from local sources, i.e., marly Miocene sediments, but also from North Africa as showed qualitatively by Queralt-Mitjans et al. (1993). The climate in the area is semiarid Mediterranean with a dry period from May until September and an average annual temperature of 17.8°C in Tabernas. The annual precipitation of almost 300 mm falls mainly in autumn and winter and high intensity storms are less frequent than in other Mediterranean more mesic areas (Lazaro et al., 2001). However, during the first three months of the year 2017, about 72.8 mm of precipitation was measured at the Fiñana weather station and 71.2 mm at the Tabernas weather station, of which 60%, respectively 74%, fell during a two-day event, two weeks prior to the sampling campaign. Daily weather records are freely available from the regional government of Andalucía (last accessed March 1st, 2020)1.
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FIGURE 1. Location of the study area, sample sites Alboloduy and Rambla Honda and the weather stations Finana and Tabernas (left). Sampling design, i.e., butterfly approach, whereby 250 cm3 cores were placed as close as possible to the stem (dark green) and cores with the same numbers were combined in a composite sample. Numbers stand for the distance from the center of the core to the stem, i.e., 4 (1), 19.5 (2), 35 (3), 50.5 (4), and 66 (5) cm. Average canopy diameter is indicated with light green (blocked pattern) for Anthyllis and brown for Macrochloa.



TABLE 1. Mean and standard deviation of the soil properties of the two studied sites (n = 5).

[image: Table 1]


Sampling

During the sampling campaign in April 2017, five mid-slope plots at each site were set out, which were hydrologically disconnected from each other. At each plot, one mature Macrochloa tussock and one Anthyllis shrub were selected independently from each other (i.e., subplots), based on similar size (for each species) and an inter canopy space of at least 1 m from neighboring perennials. As the gradient in soil properties from the plant into the bare soil is assumed to be strongest perpendicular to the slope for both species (Bochet et al., 1999), samples were taken according to a so-called “Butterfly scheme” (Figure 1). Plants and undergrowth were first clipped to make sampling under the canopy possible. Six 250 cm3 cores, height 5 cm and diameter 8 cm, were placed directly at the stem (sampling point 4 cm), after removing loose (organic) material from the soil surface. The six core samples from the same distance to the stem were gently mixed to create a composite sample. This was repeated at 19.5, 35, 50.5, and 66 cm distance from the stem, resulting in five sampled distances. After analysis of carbon, nitrogen, pH and EPS-saccharide content, no distinct plant effect was found over the 5 distances (see for instance Figure 2). Hence, focus was put on three distances, namely 4, 35, and 66 cm (see section “Effects of Parent Material, Plant Species and Distance to the Plant on General Soil Properties”). These three distances can be described as: at the plant stem, canopy edge and bare inter canopy space, respectively. Two additional cores at 4, 35, and 66 cm were sampled for bulk density determination. As from every plot one specimen per plant species was sampled, five independent field replicates of each composite sample were available. Parts of the composite soil sample were stored in plastic boxes, whereby coarse gravel (>4 mm) and stones were removed to protect the fragile soil aggregates against mechanical disturbance. Another part was sieved to <2 mm in the field, which was partly first stored at 4°C for practical reasons of transportation and later frozen to -20°C until DNA and EPS extraction. The remaining part of the sieved soil samples (<2 mm), dedicated to measure texture, carbon and pH, was air-dried at 40°C for 5 days and stored at ambient temperatures.
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FIGURE 2. Organic carbon (A) and total nitrogen (B) content of the soil samples from Alboloduy (AB) and Rambla Honda (RH). Box-and-whisker diagrams showing the median (black line), 25th/75th percentile (resp. upper/lower part box), min./max. (whiskers) and mean values (orange dot), with 5 replicates per box.




Analysis

The pH and electrical conductivity (EC) were determined in 1:2.5 soil-to-water ratio extract, which was shaken for 2 h, left overnight in air-closed tubes and centrifuged prior to measurement. Inorganic carbon was determined by measuring total carbon (TC) before and after acid treatment with excess of HCl, i.e., inorganic C = TCbefore – TCafter, using an elemental CN analyzer (Vario EL, Elementar, Langenselbold, Germany). The same device was used to measure total N. The samples from the RH site contained graphitic C, which was measured by smart combustion method (Zethof et al., 2019) using the soli-TOC cube (Elementar, Langenselbold, Germany). Graphitic C was used to estimate the non-geogenic organic C. In summary: organic C = (TC-inorganic C) – graphitic C. Texture was determined after oxidizing the organic material with H2O2 and removal of carbonates using HCl, after which samples were wet sieved <63 μm and the silt/clay fraction further quantified by a Sedimat 4-12 (UGT, Müncheberg, Germany).


Extraction and Purification of Total Community DNA

Total community DNA extraction from 0.5 g (wet weight) of every soil sample was done using the FastDNA®SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, United States) followed by purification with the GENECLEAN®SPIN Kit (MP Biomedicals, Santa Ana, CA, United States) according to the instructions of the manufacturers. For cell lysis, a FastPrepTM FP120 (Qbiogene, Inc., Carlsbad, CA, United States) bead-beating system was used, performing two cycles of bead-beating (30 s at 5.5 m s–1). Quality of total community DNA was assessed by gel electrophoresis (0.8% agarose), stained afterward with ethidium bromide (0.005%) and photographed under UV-light (Intas Gel Jet Imager 2004, Intas, Göttingen, Germany).



Quantification of Bacterial 16S rRNA Gene Fragments by Quantitative Real-Time PCR (qPCR)

16S rRNA gene copy numbers were determined by qPCR with primers and TaqMan probe specific for the domain Bacteria as described by Suzuki et al. (2000). The qPCR was performed in a CFX96 Real-Time System (Biorad, München, Germany) with a reaction volume of 50 μl. PCR conditions were described by Vogel et al. (2014). Log10 rrn gene copy numbers were calculated per soil dry weight.



Illumina Sequencing of Bacterial and Archaeal 16S rRNA Gene Amplicons

Sequencing libraries were prepared using a dual-PCR setup, targeting variable regions V3 and V4 of the 16S rRNA gene, ∼460 bp. In the first step, primers Uni341F (5′-CCTAYGGGRBGCASCAG-3′) and Uni806R (5′-GGACTACHVGGGTWTCTAAT-3′) for amplification of both archaeal and bacterial 16S rRNA genes, originally published by Yu et al. (2005) and modified as described in Caporaso et al. (2011) and Sundberg et al. (2013), were used. In a second PCR reaction step, the primers additionally included Illumina specific sequencing adapters and a unique combination of index for each sample (Nunes et al., 2016). PCR reactions were performed in a 25 μl volume using NEB HotStart Taq polymerase (New England Biolabs, Frankfurt, Germany) and 2 μl template DNA, following manufacturer’s instructions and the following program: 95°C for 1 min followed by 30 or 15 cycles (for, respectively, PCR1 or PCR2) of 95°C for 15 s; 56°C for 15 s and 72°C for 30 s. After both PCR reactions, amplicon products were purified using HighPrepTM PCR Clean Up System (AC-60500, MagBio Genomics Inc., Gaithersburg, MD, United States) using a 0.65:1 (beads per PCR reaction) volumetric ratio to remove DNA fragments below 100 bp in size. Samples were normalized using SequalPrep Normalization Plate (96) Kit (Invitrogen, MD, United States) and pooled using 5 μl volume of each. The pooled sample libraries were concentrated using DNA Clean and ConcentratorTM-5 kit (Zymo Research, Irvine, CA, United States). The pooled library concentration was determined using the Quant-iTTM High-Sensitivity DNA Assay Kit (Life Technologies). Before library denaturation and sequencing, the final pool concentration was adjusted to 4 nM. Amplicon sequencing was performed on an Illumina MiSeq platform using Reagent Kit v2 [2 × 250 cycles] (Illumina Inc., CA, United States).

Raw sequence reads were trimmed of primer sequences used in the first PCR, discarding read pairs of which none of the two primer sequences could be detected using Cutadapt version 2.3 (Martin, 2011). Primer-trimmed sequence reads were error-corrected, merged and amplicon sequence variants (ASVs) were identified using DADA2 version 1.10.0 (Callahan et al., 2016) within QIIME2 (Bolyen et al., 2019) with the following parameters and otherwise default values: –p-trim-left-f 5 –p-trim-left-r 5 –p-trunc-len-f 0 –p-trunc-len-r 0. Each ASV sequence was given a taxonomic annotation using q2-feature-classifier classify-sklearn module trained with SILVA SSU NR99 rel. 132 database (Quast et al., 2013). Prior to the training of the classifier, the V3-V4 regions of the SILVA database sequences were extracted at the same primer position. Raw amplicon data were deposited at NCBI Sequence Read Archive (SRA)2 under accession number PRJNA588145.

SILVArel132 database was used for classification of representative ASVs. Sequences that were affiliated to Cyanobacteria/chloroplasts or mitochondria or were unclassified at domain level were removed from the data set, resulting in a total of 8,582 ASVs. On average, 11,043 quality-filtered sequences were obtained per sample.



EPS Extraction and Quantification

EPS were extracted following the protocol of Redmile-Gordon et al. (2014), using 1 g cation-exchange resin (Sigma-Aldrich/DOWEX, PN 91973) per 2.5 g soil material (dry weight equivalent). Moisture content, for reference to dry weight equivalent, was determined by drying part of the soil sample at 105°C for 24 h. Total saccharide content (EPS-saccharide) from extracted EPS was quantified after Dubois et al. (1956) using D(+)-Glucose (Roth, PN X997) as a standard. Furthermore, total dissolved carbon (TDC) and nitrogen (TDN) was determined after filtration through a 0.45 μm syringe filter (PET-45/25 Chromafil, Macherey-Nagel, Düren, Germany) using a Vario TOC cube (Elementar, Langenselbold, Germany).



Soil Aggregation

The dried samples for soil aggregation analysis were sieved on a sieve shaker (Retsch AS 200, Haan, Germany) to obtain the microaggregate fraction (<0.25 mm). The particle size distribution of the microaggregate fraction was obtained by a laser diffraction particle size scanner (Beckmann Coulter LS 200, Brea, United States) and used to calculate the Mean Weight Diameter (MWD). By directly adding deionized water to the soil in a soil-to-water mixture of 1:20, an adaptation of the fast-wetting method from Le Bissonnais (1996) was applied. The fast-wetting method was chosen as it represents the disruptive effect of heavy rainstorms on soils. Additional disruptive forces (e.g., from particle size scanner) were accounted for and kept the same between measurements. The soil-water suspension was pipetted into the device until the right obscuration (∼10%) was reached. As an additional measure for aggregate stability, a fresh soil-to-water mixture of 1:20 was treated with 200 J ml–1 using an ultrasonic homogenizer fitted with a KE76 tip for 110 s (UW3200 Sonoplus, Bandelin, Berlin, Germany). As the tip of the ultrasonic homogenizer was inserted 15 mm into the liquid, calibrated output was 37.1 W, while the device was set to 70 W. The applied energy level was chosen based on pretests revealing that minimum MWDs were reached after 200 J ml–1 (Supplementary Figure S1). Additionally, the contact angle as a measure for particle wetting properties was determined for the microaggregate fraction with the sessile drop method of Bachmann et al. (2013) using a charge-coupled device (CCD)-equipped contact angle microscope (OCA 15, DataPhysics, Filderstadt, Germany). After ending of mechanical perturbances, the contact angle was evaluated by drop shape analysis (ellipsoidal fit) and fitting of tangents on both sides of the drop with the software SCA 20 (DataPhysics, Filderstadt, Germany). Contact angle is given as the mean of the left and right side. Per sample, six drops were set (12 readings, n = 6). The drop volume was 1 μl.



Data Analysis and Statistics

Due to the hierarchical sampling design, i.e., distant samples are nested in subplot, the assumptions of independency and homogeneity of variance are violated, impeding parametric statistical significance tests. To account for this, we used linear mixed effect modeling, whereby effects of sites, plants, distance to the plants and their interactions on the individual soil parameters were analyzed following the protocol of Zuur et al. (2009). The software R (R Core Team, 2018) and nlme package of Pinheiro et al. (2018) were used for this purpose. The two sites, plant species and distances to the plants were taken as fixed effects. As data are nested over the sampling subplots, a random intercept for subplots was included. Using the likelihood ratio test, it was tested if including random slopes or multiple residual variances for sites, plant species and/or distances improved the linear mixed effect modeling significantly. Additionally, residual plots were visually inspected for any (obvious) deviations from homoscedasticity or normality to ensure that the best model, according to the likelihood ratio test, did not violate these assumptions. In the case of violation, a linear mixed effect model with lower quality indexes was taken that showed no deviations from homoscedasticity or normality. Final models were fitted using a restricted maximum-likelihood estimator and the fixed effects tested using an ANOVA. When combined fixed effects or the “distance to the plant” fixed effect showed significant differences, the different combinations were tested with lsmeans (Russell, 2016) to check which combination/distances were significantly different. Initial and final model statistics were added in Supplementary Tables S1, S2. General trends and correlations in the data were additionally checked and tested using the Linear fit function of the software OriginPro 2019 (OriginLab Corporation).

Alpha-diversity indices (Shannon, Pielou, Chao-1, richness) of the ASVs data set were calculated based on a 100 times randomly subsampled data set (n = 3933, representing the sample with the lowest reads) by use of packages in R described below. To detect genera with a significantly different relative abundance (responders), data was normalized according to edgeR developer recommendations (Robinson et al., 2010) and likelihood ratio tests under negative binominal distribution and generalized linear models were used.

To evaluate differences in the prokaryotic community composition, a Principal Coordinate Analysis (PCoA) of the ASV count data based on Bray-Curtis dissimilarity was used. Environmental parameters were added as vectors to the PCoA plot using the envfit function of vegan package in R (Oksanen et al., 2019). PERMANOVA (also based on Bray-Curtis dissimilarity, 999 permutations) was conducted to determine how changes can be explained by the respective environmental factor.

All mentioned analyses of the ASV data were carried out using R version 3.5.3 with packages vegan (Oksanen et al., 2019), multcomp (Hothorn et al., 2008), questionr (Barnier et al., 2018), agricolae (De Mendiburu, 2019), permute (Simpson, 2019), edgeR (Robinson et al., 2010), phyloseq (McMurdie and Holmes, 2013), gplots (Warnes et al., 2019), RColorBrewer (Neuwirth, 2014), and rioja (Juggins, 2017).

Structural equation modeling (SEM) was used to bring together the general soil properties, prokaryotic community composition, content of EPS-saccharide and microaggregation in a hypothetical model, to gain more insight into the complex interdependencies in soil systems (Eisenhauer et al., 2015). As the parent material proved to be the main influencing factor on the studied parameters (see section “Effects of Parent Material, Plant Species, and Distance to the Plant on General Soil Properties” and “Soil Prokaryotic Community Compositions Shaped by Parent Material, Plant Species, and Distance to the Plant”), SEM was performed on site level and plants were taken as part of the (spatial) variation. Further separation on plant species reduced the number of samples to the point that SEM outcomes were no longer reliable. For the hypothetical model, it was assumed that the prokaryotic community is mainly driven by the soil pH, carbon and total N contents. As pH was well explained by the inorganic C content on site level and as the exclusion of pH improved the models, pH was omitted from the SEM by including a direct relation between inorganic C and prokaryotic community. To create a link between the prokaryotic community composition and the environmental parameters per site, the scorings for the first PCoA axis were taken as a prokaryotic community index. Furthermore, the bacterial 16S rRNA gene copy number, as determined by qPCR, was used as a proxy for bacterial abundance. EPS-saccharide contents were assumed to be driven by the bacterial abundance, prokaryotic community composition, total N and organic C contents. The microaggregate hydrophobicity was assumed to be a result of partly organic C and partly EPS-saccharide contents. Lastly, the MWD of the microaggregate fraction was assumed to be explained by the EPS-saccharide content, its wettability, organic and inorganic C contents and by clay contents, as they are all well-known properties that induce soil aggregation. The MWD derived from the soil texture analysis was included to test and exclude a potential influence by variabilities in soil texture on the MWD of the microaggregate fraction. The hypothetical model did not fit the RH site well, as a consequence the model for the RH site had been adapted. As the parent material from the RH site provides an additional N source (see section “Effects of Parent Material, Plant Species, and Distance to the Plant on General Soil Properties”), total N was removed, which improved the model substantially (p = 0.035). Together with the inclusion of the graphitic C (important part of the bedrock in RH) in the SEM resulted in a significant model for the RH site, too. All data were standardized by calculating Z-scores with the scale function for each site. The Lavaan package was used to perform the final SEM analysis, whereby clustering per subplot was taken into account (Rosseel, 2012). The model was evaluated by several widely used measures of model fit, namely the chi-square test with a perfect model fit, the comparative fit index (CFI), the akaike information criterion (AIC) and the root mean square error of approximation (RMSEA).

In all tests we assumed a significant difference if the p-value is below the 0.05 level, with exception of SEM as here a higher p-value indicates a better model fit.



RESULTS


Effects of Parent Material, Plant Species and Distance to the Plant on General Soil Properties

The general soil properties were significantly different between the sites, except for the organic C content (Table 1, more detailed info in Supplementary Tables S3, S4). Especially inorganic C content was significantly higher at the AB site, with 14 vs. 1.4 g C kg–1, while total N was significantly higher at the RH site, with 1.9 vs. 1.4 g N kg–1 on average. Examination of an unweathered rock sample revealed that parent material forms a source of additional N in the RH site with 0.8 g N kg–1 rock. Together with a high total N content, this resulted in a relatively low C/N ratio at the RH site (6.0 vs. 8.4 at AB). Organic C content differed more over distance to the plant than between the plant species or sites, except for Macrochloa at the AB site, whereby largest contents could be found close to the stem (Figure 2A).

The spatial variability of our data at the sampled plots was mostly larger than the influence of individual plants (Figure 2 and Supplementary Figure S2). This observation underlines the need for taking the hierarchical structure of the data into account. Therefore, we introduced a random intercept for subplots in the linear mixed effect modeling.

Overall, the clay content was low, with an average of 22 g kg–1 at RH and 91 g kg–1 at the AB site. Nevertheless, it was significantly influenced by the parent material, plant species and distance to the plant. More clay particles were found under the Macrochloa canopy closer to the plant stem (Supplementary Figure S3), indicating active movement of soil particles at both sites.



Soil Prokaryotic Community Compositions Shaped by Parent Material, Plant Species and Distance to the Plant


Bacterial 16S rRNA Gene Copy Number

The mean values of bacterial 16S rRNA gene copy numbers ranged from 8.9 to 9.4 (log10) per g dry soil (Supplementary Figure S4A). Although no significant differences between sites, sampling distances and/or plant species were found, bacterial 16S rRNA gene copy numbers tended to be lowest at the outermost sampling distance in the AB site (66 cm). Highest values were found at a distance of 35 cm from Anthyllis at RH and 35 cm from Macrochloa at AB (Supplementary Figure S4A).



Composition of Soil Prokaryotic Communities

Principal Coordinates Analysis (PCoA) of the prokaryotic community composition in relation to sampling site, plant species and distance to the plant and general soil properties revealed a clear separation according to the sampling site (Figure 3). Specifically, a significant relation between prokaryotic community (dis)similarities and pH, inorganic C, total N, clay, silt and sand content was found. Except for silt content, all these parameters were significantly different between the two sites (Supplementary Table S3), explaining the observed differentiation on site level in the PCoA.
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FIGURE 3. Principal Coordinates Analysis (PCoA) of the prokaryotic community composition based on 16S rRNA gene amplicon sequence variants (ASVs), plotted with the environmental variables that significantly (p < 0.05) influenced the community composition. Length of the arrow displays the extent of influence of the abiotic parameter on the community composition.


Alpha diversity indices (i.e., species richness, Shannon, Chao-1) were similar among all samples despite the different sampling sites, plant species or distances to the plant (Supplementary Table S5). Species evenness expressed by Pielou’s index, was the only index that was significantly higher at the inorganic C poor RH site (Supplementary Table S6).

The relative abundances of Acidobacteria, Actinobacteria, Entotheonellaeota, Alphaproteobacteria, Thaumarchaeota, and Verrucomicrobia were significantly different between RH and AB sites (Figure 4). Relative abundances of major phyla or proteobacterial classes are displayed in Supplementary Table S7. Besides Alphaproteobacteria, which was almost significantly different (p = 0.058, Supplementary Table S5), no differences in relative abundances of phyla were found between the studied plant species.


[image: image]

FIGURE 4. Relative abundance (%) of phyla showing significant differences between Rambla Honda (RH) and Alboloduy (AB) site for Anthyllis cytisoides or Macrochloa tenacissima: Acidobacteria (A), Actinobacteria (B), Alphaproteobacteria (C), Verrucomicrobia (D), Thaumarchaeota (E), and Entotheonellaeota (F).


Independent from site or plant species, the distance to the plant turned out to have an effect for most of the phyla (Supplementary Table S5). For instance, the relative abundance of Acidobacteria was significantly higher at the canopy edge (35 cm) of Macrochloa at RH and AB compared to the furthest distance (66 cm, Figure 4A). A plant species dependent effect of sampling distance could be observed for Actinobacteria, where under Anthyllis the abundance significantly differed between the canopy edge (35 cm) and largest distance (66 cm) from plant stem (Figure 4B). In contrast, for Deltaproteobacteria a significant higher relative abundance was found at the furthest distance compared to the Anthyllis stem (Supplementary Table S7). Entotheonellaeota showed a higher relative abundance at AB (Figure 4F) and tend to be highest at furthest distance to the plant, except under Anthyllis at RH. An effect of sampling distance independent from site and plant species was present on the relative abundance of Gemmatimonadetes, too, whereby in general highest relative abundances were found at the plant stem (Supplementary Table S7).

At a lower taxonomic level several genera were significantly enriched (positive responders) by one of the sampling sites (RH vs. AB) or plant species (Anthyllis vs. Macrochloa). However, the differences were relatively low in many cases (Table 2) and could mainly be observed between the two sites. For Anthyllis, a remarkable difference in relative abundance was detected for an unclassified genus affiliated to “Order SAR202 clade” (phylum Chloroflexi), showing a 6.57-fold higher relative abundance at the inorganic C rich AB site compared to RH (Table 2A). A Gemmatimonadaceae genus (phylum Gemmatimonadetes) was significantly enriched under these conditions (around Anthyllis at AB) as well. In contrast, a genus belonging to Beijerinckiaceae (phylum Proteobacteria, class Alphaproteobacteria) was significantly increased in relative abundance at the RH site independent of the plant species, accounting for ∼6% of all sequences in these samples (Tables 2A,B). Sequences belonging to a genus with closest identification on family level as Nitrososphaeraceae (phylum Thaumarchaeota) were significantly enriched at AB compared to RH site around Macrochloa. Furthermore, it accounted for almost 10% of the total sequences in these samples (Tables 2A,B), which confirms the results for Thaumarchaeota shown in Supplementary Table S7. Another positive responder to AB site under Macrochloa, summing up to around 4% of the sequences, was affiliated to the family Rubrobacteriaceae (phylum Actinobacteria).


TABLE 2. Relative abundances (%) ± standard deviation of prokaryotic genera (>0.5%) that significantly differed between the Rambla Honda (RH) and Alboloduy (AB) sites for Anthyllis cytisoides (A) and Macrochloa tenacissima (B), and between Anthyllis and Macrochloa at Alboloduy (C) site at a distance of 4 cm from plant (p < 0.05, higher relative abundances shown by bold numbers).

[image: Table 2]Comparing the two plant species on site level revealed only a difference between the Anthyllis and Macrochloa at 4 cm from the stem at the AB site. The responder analysis revealed that the relative abundance of this Rubrobacteriaceae genus (2.65%) was more than twice as high under Macrochloa as under Anthyllis at AB at a distance of 4 cm from plant (Table 2C).



EPS-Saccharide Content as Explained by Prokaryotic Community Composition and General Soil Properties

The EPS-saccharide content was not significantly influenced by plant species, sites and/or distance to the plant (Supplementary Table S3), although they were slightly higher at the canopy edges (35 cm from the plant stem) compared to other distances from the plants at RH (Figure 5A). Furthermore, higher EPS-saccharide contents were measured under some of the Anthyllis plants, although the variability between individual specimens was high. The contents of EPS-saccharide correlated significantly with total C (overall R2 = 0.65, RH: 0.80, AB: 0.78) and total N contents (overall R2 = 0.78, RH: 0.85, AB: 0.74) of the EPS extracts (Supplementary Figure S5).
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FIGURE 5. EPS-saccharide content, expressed as glucose equivalent (A) and Mean Weight Diameter (MWD) of the microaggregate fraction (<0.25 mm) (B) derived of the soil samples from Alboloduy (AB) and Rambla Honda (RH). Box-and-whisker diagrams showing the median (black line), 25th/75th percentile (resp. upper/lower part box), min./max. (whiskers) and mean values (orange dot), with 5 replicates per box. In subfigure (C) linear regression correlations between EPS-saccharide content and initial contact angle of the microaggregate fraction for the plant/site combinations are displayed.


The SEM revealed that the organic C content of the soil is the main driver for the contents of EPS-saccharide and for the bacterial abundance in the RH soil. Differences in prokaryotic community composition (ProkCom) of the RH soil were explained by the graphitic C content (Figure 6A), but the community composition had no significant direct effect on the EPS-saccharide contents. The model explained 64% of the variance in EPS-saccharide contents.
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FIGURE 6. Results from structural equation modeling (SEM), showing the direct and indirect effects of the prokaryotic community and environmental parameters on microaggregation, expressed as the mean weight diameter (MWD) without sonication, for Rambla Honda (A) and Alboloduy (B) sites. As explained in section “Data Analysis and Statistics,” the SEM for Rambla Honda (A) had to be modified to obtain a significant result, whereby the total N was excluded (indicated in light gray). Note that Bac16S stands for the bacterial abundance as measured by bacterial 16S rRNA gene copy numbers (Supplementary Figure S4A) and ProkCom stands for the prokaryotic community composition similarity as derived from the first PCoA axis (Supplementary Figure S7). The width of the arrows is proportional to the strength of path coefficients. An orange dashed arrow indicates a negative significant effect, blue arrows a positive significant effect and a solid or dashed black arrow indicate a non-significant positive or negative effect, respectively. Additionally, the numbers indicate the standardized path coefficients, analogous to relative regression weights, and indicative of the effect size of the relationship. Significance levels for the effects are as follows: *p < 0.05, **p < 0.01, and ***p < 0.001. In gray squares, the proportion of variance (R2) of the variable as explained by the model, is displayed. Model statistics are given in the figure with degrees of freedom (d.o.f.), comparative fit index (CFI), akaike information criterion (AIC) and root mean square error of approximation (RMSEA).


At the inorganic C rich AB site, organic C also showed a large and significant effect on the EPS-saccharide content, but the prokaryotic community composition (ProkCom) and total N revealed a similarly strong influence (Figure 6B). Total N contents of the soil proved to be the most important driver for the EPS-saccharide content at the N poor AB site. Total N had namely both a large direct (0.33) and indirect (0.73∗0.34) effect, via the relation between total N content and differences in the prokaryotic community composition (Figure 6B). Overall, the models explained 64 and 70% of the variance in EPS-saccharide content for the RH and AB site, respectively (Figure 6).



Microaggregation and Microaggregate Stability as Explained by General Soil Properties, EPS-Saccharide Content and Wetting Properties

The amount of microaggregate fraction (<0.25 mm) of the soil (<4 mm) tended to be larger at the middle distance (35 cm from the stem), except for Macrochloa at AB site (Supplementary Table S4). This partly coincides with a larger mean weight diameter (MWD) of the microaggregate fraction at the canopy edge, especially for the Macrochloa subplots (Figure 5B), which was even significantly different from the largest distance (66 cm) with 200 J ml−1 of energy treatment (Supplementary Table 4). As the initial contact angle was <90° in all samples, the microaggregate fraction had a reduced wettability rather than being really hydrophobic (Supplementary Table S4). Initial contact angle was largest at the Anthyllis plants, meaning that the microaggregate fraction had the largest reduced wettability at the Anthyllis plants, independent of the parent material.

The SEM of both sites revealed that the reduced wettability (i.e., hydrophobicity) of the microaggregate fraction was significantly affected by the organic C content, whereby higher organic C contents decreased wettability independent of parent material (Figure 6). This effect was largest at the AB site, while at the RH site the EPS-saccharide content had a large and significant effect on the microaggregate wettability as well (Figure 6A). The relation between EPS-saccharide contents and initial contact angles was strongest at the Anthyllis plots for both sites (Figure 5C).

Although not significant, the wettability had a larger effect on the MWD of the microaggregate fraction at the RH site than either organic C or EPS-saccharide contents. Furthermore, inorganic C had a significant effect on the MWD without energy treatment at the inorganic C poor RH site. Overall, the SEM model explained 40% of the variance found in the microaggregate MWD of the RH site (Figure 6A).

At the inorganic C rich AB site, the MWD of the microaggregate fraction was mainly affected by the organic C content, both directly and indirectly via the EPS-saccharide content (Figure 6B). It is notable that the contents of EPS-saccharide had a significant effect on the MWD of the microaggregate fraction (Figure 6B). Additionally, the clay content at AB site affected the MWD of the microaggregate fraction positively, which means that the MWD increased with increasing clay content. Overall, the hypothetical model explained 63% of the variance found in the MWD of the microaggregate fraction.



DISCUSSION


Is the Prokaryotic Community Shaped by (A)biotic Influences – Plant vs. Parent Material Effects?

The ASVs data analysis revealed that the composition of the prokaryotic communities differed mainly between the two sampling sites (Supplementary Table S5). Further, PCoA analysis showed differences in pH, inorganic C, soil texture and total N, which were mainly site-dependent factors that contributed to differentiation in the prokaryotic communities (Figure 3).

Despite the fact that the plant species did not significantly influence the total composition of the prokaryotic communities, it should be noted that minor differences induced by plant species on soil parameters were observed. For instance at the N poor AB site, the Anthyllis samples showed clearly higher total N contents than Macrochloa samples (Figure 2B). Furthermore, the prokaryotic community index was strongly affected by total N content (Figure 6B). This indicates a propagation of N fixing bacteria associated to the Anthyllis roots, as for example the relative abundance of Alphaproteobacteria tended to be slightly higher under Anthyllis at the AB site as compared to Macrochloa. Rhizobiales and Sphingomonadales include many N fixing families (Tsoy et al., 2016) and most of the alphaproteobacterial sequences belonged to these orders (Rhizobiales ca. 56–70%, Sphingomonadales ca. 15–18% of Alphaproteobacteria at AB, data not shown). At the N rich RH site, it might be that the effect of total N is offset by the inherent high total N content at RH. According to Sprent (2005), symbiotic nitrogen fixing bacteria will use the present N rather than fixing N2 from the atmosphere and thus a symbiosis might not develop. Additionally, a strong effect of the graphitic C content on the prokaryotic community composition was found, indicating a potential interaction between the prokaryotes and the graphite. Only recently it has been recognized that graphite might be utilized by soil microbes (Liu et al., 2015; Hemingway et al., 2018), but little is known about the exact role of graphite on overall soil microbial life. As stated in previous publications (e.g., Ding et al., 2013; Babin et al., 2014; Fierer, 2017), factors affecting prokaryotic community composition in soil can be manifold. For now, we can therefore not exclude an effect of other parameters on the prokaryotic community that were not taken into account in this study.

Among the eleven most abundant prokaryotic phyla, the phylum Entotheonellaeota was remarkable as its relative abundance was significantly higher at the AB site, independent from the present plant species. Entotheonellaeota, a recently described phylum without available culturable representatives, has been so far only linked with the microbiome of the marine sponge Theonella (Wilson et al., 2014). This phylum seems to be specific for the AB site. The presence of Entotheonellaeota as well as the higher clay and inorganic C content might indicate a strong influence of Upper Miocene sea sediments, which covered the area nearby the AB site. Aeolian deposits from this area most likely influenced the AB site, which might have led to a favorable nutrient/mineral composition for Entotheonellaeota (Queralt-Mitjans et al., 1993; Braga et al., 2003).

Most of the enriched ASVs could not be affiliated to a distinct genus and were classified only down to family or order level (Table 2). Therefore, information that can be taken from the responder analysis is limited (Table 2). Remarkably, a relative abundance of about 10% could be observed for an archaeal genus of Nitrososphaeraceae at the N poor AB site under Macrochloa grass tussocks. Members of Nitrososphaeraceae are ammonia oxidizers and thus are important for soil nitrogen cycling (Stieglmeier et al., 2014; Pelissari et al., 2017). Interestingly, a genus belonging to the family Rubrobacteriaceae, which has previously been reported to be highly abundant inside of microaggregates and assumed to play a crucial role in microaggregate formation (Mummey et al., 2006; Davinic et al., 2012), was enriched under Macrochloa (4 cm from the plant) at AB (Table 2C). However, this sampling point had the lowest MWD, indicating less microaggregation (Figure 5B). What seems contradictory at first glance suggests strain-specific differences in functionality and points toward the complex role of the diverse soil prokaryotic community composition on soil aggregation.

Differences in the composition of prokaryotic communities, depending on the distance to the plant, could only be observed for the relative abundances of Acidobacteria, Actinobacteria, Entotheonelleaota, Gemmatimonadetes, Deltaproteobacteria, Gammaproteobacteria, and Verrucomicrobia, especially under Anthyllis (Figure 4). The bacterial abundance (as expressed by bacterial 16S rRNA gene copy number) was not significantly affected by sampling distance but tended to be highest at a distance of 35 cm from Anthyllis at RH and 35 cm from Macrochloa at AB (Supplementary Figure S4A). These findings do not fully support our hypothesis of an overall effect of sampling distance driven by canopy coverage and plant litter input (Goberna et al., 2007; Fierer, 2017; Tecon and Or, 2017; Veen et al., 2019). Nevertheless, a minor effect of plants on the soil prokaryotic community was found and further studies might reveal larger differences between plant species when considering the rhizosphere. In the rhizosphere, which is defined as the soil compartment directly influenced by the plant roots (Hiltner, 1904), plant (species) effects should be larger than in the soil samples taken at greater distances from the plant (Berg and Smalla, 2009; Philippot et al., 2013).

In summary, the sampling sites shaped their respective prokaryotic communities by differences in pH, inorganic C, clay and total N content. Within sites, differences in the composition of the prokaryotic community could be related to either graphitic C (at RH) or total N (at AB). Neither plant species nor sampling distance had a significant influence on the overall composition of the prokaryotic communities, although for some phyla and genera significant differences in relative abundance were found to be specific for plant species and/or sampling distance as described section “Soil Prokaryotic Community Compositions Shaped by Parent Material, Plant Species and Distance to the Plant.”



Is Soil EPS Content Linked to Prokaryotic Community Composition and/or Abiotic Factors?

In our study we extracted between 50 and 250 mg glucose eq. kg–1 soil of EPS-saccharide, indicating that the EPS-saccharide content was at the lower end, as could be expected for a dryland ecosystem. However, in a similar ecosystem on more acidic soils between 375 and 875 mg glucose equivalent kg–1, depending on the moisture conditions, was extracted using a hot-water extraction method (Marchus et al., 2018). Chenu (1995) estimated in a review that soils contain on average between 20 and 1500 mg (dry-weight) EPS-saccharide per kg soil. By extraction with the cation exchange resin method, Redmile-Gordon et al. (2014) reported EPS-saccharide contents of 160 and 470 mg glucose eq. kg–1 soil for a temperate bare- and grassland soil, respectively. Using the same methodology, Wang et al. (2019) extracted about 600 and 800 mg glucose eq. kg–1 soil from Ultisols in a subtropical climate. It should be noted that a lack of standardization in EPS extraction methods obviates a proper comparison between different studies, especially as we applied a methodology in which easily extractable substances were removed before the actual EPS extraction, reducing the overall EPS extracting yields (More et al., 2014). At the same time, we hypothesized that the extracted EPS in the present study represent the proportion of EPS forming bonds with particles. Namely, without the first water extraction step, the EPS-extract would have contained water extractable substances that would have been dissolved upon measuring microaggregation.

The contents of EPS-saccharide were not significantly influenced by the parent material or plant species, but these contents were higher around the canopy edges, especially at the RH site (Figure 5A). Under the canopy, highest litter input takes place, but the canopy of Macrochloa is much denser than of Anthyllis hampering light and moisture input (Bochet et al., 1998). Despite the large spatial heterogeneity, the content of EPS-saccharides could be (in)directly linked to the bacterial 16S rRNA gene copy number and differences in prokaryotic community composition (Bac.16S/ProkCom, Figure 6). Especially at the inorganic C rich AB site, EPS-saccharide content was significantly linked to the prokaryotic community composition (Figure 6B). The community composition index, derived from the PCoA, was used to describe the difference within the prokaryotic community. This index was linked to the bacterial 16S rRNA copy number and the total N content of the AB site. As previously discussed, available N is a well-known factor influencing the bacterial community composition, especially in OM poor soils like those in our study (Fierer, 2017). At the N rich RH site, a strong correlation between EPS-saccharide contents and 16S rRNA gene copy numbers was only found at Anthyllis shrubs (Supplementary Figure S4B). This explains the non-significant link between bacterial 16S rRNA gene copies and EPS-saccharide contents as both plant species were taken in the SEM analysis (Figure 6). Anthyllis forms an important source of nutrients for microorganisms in the semiarid landscape (Requena et al., 2001), thus likely promoting the growth of copiotrophs, which again may lead to higher EPS contents. However, it should be noted that the bacterial 16S rRNA gene copy number serves only as a rough estimate for bacterial abundance since different bacterial taxa can harbor different amounts of 16S rRNA gene operons depending on their life style (Klappenbach et al., 2000; Lee et al., 2008). In short, it can be hypothesized that EPS-saccharide content is (indirectly) driven by the amount and quality of OM, whereby OM affects the prokaryotic community composition as indicated by interlinks with (organic) C and total N contents of the soil. At the same time, increasing EPS contents will lead to higher organic C contents in the soil, which is presumably stabilized organic C as bound to mineral surfaces.

In summary, the content of extracted EPS-saccharide was mainly linked to the organic C and total N content of the soils. Additionally, at the inorganic C rich and N poor AB site, EPS-saccharide content was linked to differences in the prokaryotic community composition. These differences in the community composition were driven by total N content.



Do EPS-Saccharide Contents Influence Soil Microaggregation – EPS vs. Other Controlling Factors?

First of all, we observed that the MWD of the microaggregate fraction (<250 μm) is enhanced at the Macrochloa canopy edge (Figure 5B). At the canopy edge, highest infiltration has been observed in comparison to the stem or in the bare inter-patch area (Maestre et al., 2002; Cammeraat et al., 2010). The higher infiltration rates indicate better soil structure, i.e., better soil aggregation. This results in higher soil moisture availability and thereby better micro-climatic conditions for microbial growth, especially when nutrient carrying overland flow infiltrates (Bochet et al., 1999; Tecon and Or, 2017). The previously discussed observations of improved conditions by the canopies and subsequent higher EPS-saccharide contents seem to be associated with an improved microaggregation at the Macrochloa canopy edge (35 cm) and under the Anthyllis canopy (4 and 35 cm).

At the inorganic C poor RH site, EPS-saccharide content had a non-significant, but relatively large effect on the MWD of the microaggregate fraction (Figure 6A). This means that a trend between the two parameters could be observed, but the variability of the data was too large to assume a direct effect (Supplementary Figure S6A). Exchanging the EPS-saccharide content for the total C content of the EPS extracts in the SEM analysis resulted in a stronger relation to microaggregation, which was still not significant at the 0.05 level (not shown). This positive change could hint on other EPS constituents playing an important role in microaggregation. EPS-proteinaceous components are known to enhance soil aggregation as well by providing adhesion of bacterial cells to, e.g., iron oxide surfaces (Omoike and Chorover, 2006). However, in the present study colorimetric protein quantification failed by the interference of high amounts of polyphenolic components in the extract. Although the microaggregate-associated Rubrobacteriaceae (Davinic et al., 2012) were found to be significantly more abundant at the AB site, these samples showed the lowest microaggregation (Figure 5B). However, directly linking individual genera or families to EPS contents in vivo is challenging, as we analyzed total community DNA (genetic potential). Furthermore, the heterogeneous character of the soil environment induces a highly diverse bacterial community, in which different consortia are likely responsible for EPS formation (Nadell et al., 2016; Tecon and Or, 2017; Flemming and Wuertz, 2019).

So far, not many studies have examined EPS production and its effect on aggregation in slightly alkaline soils. Main evidence is reported from biocrust formation and its subsequent positive effect on soil aggregate stability (Chamizo et al., 2018). We hypothesized that in the inorganic C rich soil of the AB site, EPS-saccharide would be a less important binding agent for microaggregates. However, the opposite was found: EPS-saccharide contents were significantly linked to microaggregation only at the AB site, while inorganic C had no significant effect. CaCO3 and other carbonates as the main components of the inorganic C fraction are considered as one of the most important abiotic factors for microaggregate formation and stability (Six et al., 2004; Totsche et al., 2018). We think that the inorganic C content at the AB site excels the range in which an effect of inorganic C on microaggregate stability becomes evident. Especially the relative large and significant effect of inorganic C on microaggregation at the RH site indicates that these differences seem to have a more pronounced effect on microaggregation at lower inorganic C contents.

In a lab study, Brax et al. (2019b) recently showed that the addition of Ca2+ ions has an important effect on the structure of soil polysaccharides. This alteration in molecular structure eventually leads to an increase in microaggregate stability, independent from origin of the soil polysaccharides (Brax et al., 2019a). This observation is in line with an earlier study of Muneer and Oades (1989), who observed that the addition of glucose with CaCO3 or CaSO4 resulted in much higher contents of water-stable microaggregates compared to the single addition of either glucose or CaCO3/CaSO4. Translated to our soils, this suggests that in a calcium carbonate-enriched soil (our AB site) the EPS-saccharide bonds between particles might be more rigid compared to the less alkaline soil of the RH site. Along these lines, it can be hypothesized that Ca2+ bridging might be even crucial to form stable soil aggregates by EPS.

Traditionally, soil wetting properties are linked to OM content, whereby waxes and oils from the leaf litter are the main drivers. In line with Verheijen and Cammeraat (2007), we also observed a lower wettability near the Anthyllis plant in comparison to Macrochloa, likely induced by differences in litter composition. Additionally, EPS covering mineral surfaces also tend to be hydrophobic (Chenu and Cosentino, 2011; Werb et al., 2017). For example, Bacillus subtilis, widely found in the upper soil layers, produces hydrophobin proteins creating a hydrophobic layer on the biofilm surface (Arnaouteli et al., 2016). The strong correlation between EPS-saccharide contents and contact angles supports this theory (Figure 5C). Furthermore, the nutrient availability has a strong influence on the biofilm composition, whereby decreasing C/N ratios were linked to higher protein and relatively lower saccharide contents (Durmaz and Sanin, 2001). This could explain why the link between EPS-saccharide contents and water repellency was strongest and significant at the N rich RH site as the biofilm might contain more (hydrophobicity-inducing) proteins.

In general, hydrophobic rather than hydrophilic components of OM are assumed to improve aggregate stability (Piccolo and Mbagwu, 1999; Chenu and Cosentino, 2011; Kraemer et al., 2019). Especially in the case of water-stable microaggregates (as in our study), a relation between the wettability and microaggregation could be expected. The SEM did not reveal a significant relation between the reduced wettability and microaggregation at 0 J ml–1 (without sonication). However, a closer look to the data reveals that the scattering induced by Macrochloa samples might have caused the failing of the significance test (Supplementary Figure S6B). In other words, only at Anthyllis plots a correlation between particle wettability and microaggregation was found. At the same time, we also found the strongest relations between increasing EPS-saccharide contents and increasing initial contact angle in Anthyllis plots (Figure 5C). Furthermore, we assume that EPS-saccharide contents at the inorganic C rich AB site were linked to the prokaryotic community composition via the N content of the soil. Therefore, it can be hypothesized that the legume shrub Anthyllis harbors or promotes EPS-producing prokaryotes, which in turn increases the soil hydrophobicity. Further study into the detailed prokaryotic community of the Anthyllis cytisoides plants at the RH site might illuminate this mechanism.

To summarize, EPS-saccharide content had a direct significant effect on microaggregation at the inorganic C rich AB site, suggesting an important role of cations in the formation of rigid bonds between mineral particles by EPS. Although at the RH site no direct effect was found, contents of EPS-saccharide were linked to microaggregate wettability. Especially in the Anthyllis plots of the RH site, a link between wettability and microaggregation could be assumed hinting on a potential indirect effect of EPS-saccharide on microaggregation.



CONCLUSION

In this study, parent material had the largest influence on overall prokaryotic community composition compared to plant species. On site level, a strong link between organic C (and total N in case of AB site) and EPS-saccharide content was found. Therefore, it can be hypothesized that EPS-saccharide production is mainly driven by (easily decomposable) OM that serves as a nutrient source and affects the prokaryotic community composition.

Despite homogenization of 6 subsamples into one composite sample, variability between plots was very large. This spatial variation between plots turned out to be of greater importance than the plant influence on the studied soil characteristics. Therefore, further studies on plant influence in the semiarid sloping grasslands should focus more on the rooting zone, where a larger influence from the root environment on the prokaryotic community, subsequently on the EPS production and soil aggregation, can be expected. Isolation of individual, or consortia of, prokaryotic species might provide a possible link to EPS contents and subsequently to soil aggregation.

Contradicting our hypothesis, only a direct effect of EPS-saccharide content on microaggregation was found in the inorganic C rich AB site, which has been attributed to the potentially enhancing effect of CaCO3 by changing the EPS-saccharide structure and potentially increasing the overall production of EPS.

Overall, it seems that OM drives soil EPS-saccharide content by shaping the soil prokaryotic community. Large contents of polyvalent cations, as found in carbonat- enriched soils, promote the stabilizing effect of EPS on soil microaggregation.
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Parameter Unit Rambla Honda (RH) Alboloduy (AB)

Anthyllis Macrochloa Anthyllis Macrochloa
pH* - 7.57 £0.23 7.67 £0.13 7.94 +0.09 7.97 £0.10
BD* [gem~3] 1.41 £0.07 1.38 £0.10 1.46 £ 0.06 1.45 £0.09
TC* [gCkg™] 16.98 + 4.82 16.16 £ 3.33 25.96 + 5.34 25.20 + 3.84
OoC [gCkg™"] 11.98 £4.55 10.72 £3.25 12.42 £3.25 10.40 + 1.82
TN* [gN kg~ 1.85 £ 0.31 1.88 £0.30 1.51 £0.43 1.30 £0.18
C/N - ratio®* - 6.29 + 1.68 5.63 &+ 1.01 8.43 + 1.50 8.11 +£1.565
Ic* [gCkg™"] 1.18 £ 0.66 1.54 £0.59 13.36 + 5.46 1470 £ 4.24
Graphitic C [gCkg™"] 3.82 +1.59 3.90 &+ 1.50 — -
Clay (<2 pm)*$ lgkg™"] 18.0+9.7 26.7 £12.2 79.7 £13.2 101.6 £ 18.9
Silt (2-63 um) lgkg™"] 210.4 + 36.6 239.6 +47.0 206.4 + 20.1 1929 + 15.1
Sand (63 pm-2 mm)* lgkg™ " 771.6 +38.6 733.7 £ 53.5 714.0 £25.7 705.5 +26.2
Microaggregates® lgkg™"] 3075+ 285 293.8 £28.9 298.7 + 64.3 310.7 £ 13.8
Initial contact angle® I 33.1 £14.2 28.5+9.6 332487 31.8+6.8

Parameters with * are significantly different between sites and parameters with $ between plant species on p < 0.05 level (no significance in combined site and plant
effect was found). Data related to different distances to the plants and respective statistics can be found in Supplementary Tables S3, S5, S6. BD, bulk density; TC, total
carbon; OC, organic carbon; TN, total nitrogen; IC, inorganic carbon; graphitic C, graphitic carbon. 2C/N ratio as ratio between OC and TN. PAs part of the soil < 4 mm.
¢Of the microaggregates.
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(A) Anthyllis RH vs. AB

Phylum Genus/Closest taxonomic identification RH AB Fold increase
Actinobacteria Family Streptomycetaceae 1.3+0.3 0.6 +0.8 23
Alphaproteobacteria Family Beijerinckiaceae 6.6 + 0.3 43105 1.5
Actinobacteria Crossiella 0.4 £0.0 1.1+0.8 3.0
Chiloroflexi Order SAR202 clade 0.3+28 1.8 +1.2 6.6
Gemmatimonadetes Family Gemmatimonadaceae 204086 3.9+03 2.0

(B) Macrochloa RH vs. AB

Phylum Genus/Closest taxonomic identification RH AB Fold increase
Actinobacteria Family Microbacteriaceae 1.1+0.2 05400 2.3
Actinobacteria Family Geodermatophilaceae 3.0+ 0.3 18408 1.7
Chiloroflexi Family JG30 KF CM45 1.6 + 2.1 0.6+22 2.8
Alphaproteobacteria Family Beijjerinckiaceae 55+ 0.2 29+08 1.9
Gammaproteobacteria Family Burkholderiaceae 1.5+ 1.1 0.8+05 2.0
Alphaproteobacteria Family Devosiaceae 09+ 1.0 0.4 +3.0 2.5
Verrucomicrobia Family Chthoniobacteraceae 1.9+ 0.6 06+22 2.9
Actinobacteria Family Rubrobacteriaceae 21+04 3.9+1.0 1.9
Chiloroflexi Order SAR202 clade 0.3+0.0 1.2 £ 0.1 3.4
Entotheonellaeota Candidatus Entotheonella 02+05 0.7 £ 0.2 4.3
Proteobacteria Family bacteriap25 1.1+0.8 21+0.3 1.8
Thaumarchaeota Family Nitrososphaeraceae 6.3+0.8 9.6 +£ 0.5 1.5

(C) AB Anthyllis vs. Macrochloa, 4 cm from plant

Phylum Genus/Closest taxonomic identification Anthyllis Macrochloa Fold increase
Acidobacteria Pylum Acidobacteria 0.1£0.2 0.5 + 0.6 5.1
Actinobacteria Family Rubrobacteriaceae 1.1+0.4 2.6 + 3.0 23
Actinobacteria Order_Microtrichales 0.1+ 01 0.5+ 0.2 8.4
Chloroflexi Class Chloroflexi TK10 0.0£0.0 0.5+ 0.7

Firmicutes Bacillus 0.0£0.0 0.8 +1.1

Patescibacteria Order_Saccharimonadales 03+04 15+1.1 4.2
Deltaproteobacteria Class_Deltaproteobacteria 0.0£0.0 1.2+1.5 75
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