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A B S T R A C T   

In the past years, extracellular polymeric substances (EPS) produced by soil microorganisms received an 
increasing interest, as they not only protect microbes against environmental stresses, but seem to play a pivotal 
role in soil structure formation as well. Within soils, root deposits provide an important source of easily 
accessible energy and nutrients, stimulating microbial growth to produce EPS. Especially under semiarid cli-
mates, where a full vegetation cover cannot be sustained, large gradients in living conditions for microbes can be 
found between the root-soil interface and barren intercanopy spaces. 

In this study, we aimed to elucidate the plant-specific effects on microbes, EPS production and soil aggrega-
tion. At two sites in southern Spain, differing in carbonate and graphite content, legume shrubs of Anthyllis 
cytisoides and grass tussocks of Macrochloa tenacissima were selected. Soil samples were taken in the adjacent bare 
interspace, under the canopy and of the rhizosphere. From these samples the microbial community (here bacteria 
and archaea), EPS(-saccharide) content and soil aggregation (<1 mm) were analysed. DNA extracted from the 
microbial cells detached from the surface of the sampled roots (rhizoplane), was subjected to 16S rRNA gene 
amplicon sequencing. 

The rhizoplane microbial communities differed strongly between plant species and sites, whereby site was the 
most important factor shaping the communities. The plant species effect on microbial communities diminished 
strongly with distance to the root surface. At the carbonate-poor Rambla Honda site (site 1), plant species- 
specific effects were observed in the rhizoplane and rhizosphere, whereas in the carbonate-rich Alboloduy site 
(site 2) almost no plant species-specific effects were found at the genus level. The larger heterogeneity in mi-
crobial communities at site 1 was reflected in EPS-saccharide contents and subsequent soil aggregation, while no 
difference in soil aggregation was found at site 2. Both parameters increased strongest in the Anthyllis cytisoides 
rhizosphere at site 1. 

Despite the lack of a strong gradient with distance from the root at the carbonate-rich site 2, microbial taxa 
were found by network analysis that positively correlated to EPS-saccharide contents and/or soil aggregation. 
The relationship between the identified taxa and EPS and/or aggregation relationships were clearest at the root- 
soil interface, while several other taxa were found to be widely occurring in the other soil compartments too. 

In conclusion, we found in all compartments potential EPS producers, which could have influenced soil ag-
gregation. Nevertheless, microbes with higher relative abundance in the rhizoplane were linked to higher EPS 
contents, especially in conjunction with legume shrubs, and subsequently related to soil aggregation. The spatial 
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extent of the root effect was only governed by carbonate contents, as higher carbonate content diminished the 
observed root effects on the microbial community and subsequent soil aggregation.   

1. Introduction 

Plants are important drivers of spatial variability in soil microbial 
communities as they create plant species-specific microbial commu-
nities in the rhizosphere via rhizodeposits (Berg and Smalla, 2009; 
Zhalnina et al., 2018). It is indeed not only the plant species that shapes 
the soil microbial community, but the physical and chemical composi-
tion of the soil are important drivers as well (Berg and Smalla, 2009; 
Rousk et al., 2009; Schreiter et al., 2014; Fierer, 2017). Bulgarelli et al. 
(2012) showed, for instance, that despite 40% of the root-inhabited 
microbiota were similar between the Arabidopsis thaliana roots, the in-
fluence of soil types was more dominating. It is often recognized that 
local differences in microbial community composition result from 
nutrient availability and other environmental conditions like soil 
moisture contents (Fierer, 2017). In this regard, extracellular polymeric 
substances (EPS) might play a role as they prevent disconnection of the 
microbes from their nutrient sources (Schimel, 2018), whereby many 
bacterial isolates from soil have the potential to synthesize EPS (Flem-
ming and Wuertz, 2019). EPS consist mainly of polysaccharides, struc-
tural proteins and enzymes, but also contain other biopolymers like 
nucleic acids (More et al., 2014; Flemming et al., 2016). The EPS matrix 
allows microbial cells to adhere to each other and attach to surfaces 
(Flemming and Wingender, 2010). At the same time EPS form bridges 
between soil particles, thereby changing the soil structure and poten-
tially improving soil structural stability (Costa et al., 2018). A few 
studies attempted to create direct links between soil aggregate stabili-
zation and the presence of certain bacterial strains (i.e. Caesar-TonThat 
et al., 2007; Davinic et al., 2012). Innovative and reliable approaches to 
obtain a better mechanistic understanding of this relationship are still 
lacking, especially as soil aggregates form heterogeneous habitats for 
soil bacteria themselves (Ebrahimi and Or, 2015; Tecon and Or, 2017), 
thereby influencing the overall microbial community composition. 

Tisdall and Oades (1982) recognized the important role of microbial 
saccharides in soil aggregate formation and stabilization when they 
proposed the hierarchical aggregation model. A range of laboratory 
studies confirmed that EPS, adsorbed to mineral surfaces, take part in 
soil structure formation (i.e. Vardharajula and SkZ, 2015; Crouzet et al., 
2019). However, natural systems have received only little attention 
(Chenu and Cosentino, 2011; Blankinship et al., 2016; Lehmann et al., 
2017). As a result of recent advances in extraction methods for soils, the 
EPS constituents can be quantified and their role under field conditions 
studied (More et al., 2014; Redmile-Gordon et al., 2014; Bérard et al., 
2020; Zethof et al., 2020). This allowed us in a previous study to show 
the importance of carbonates in microaggregate stability governed by 
EPS (Zethof et al., 2020). However, still little is known about the 
importance of these bonds for aggregate formation in the presence of 
other factors such as plant roots. 

Under semiarid climates, landscapes are dominated by sparse vege-
tation cover growing in a banded or patchy pattern. This leaves the soil 
very vulnerable to erosion during seasonal rainfall. The role of indi-
vidual plants in the protection of soil against degradation by their root 
systems and canopy cover are well understood and described (i.e. 
Morgan, 2005; Sandercock et al., 2017). Plant-derived rhizodeposits are 
quickly utilized by the soil microbial community, indicating the 
importance of roots for metabolic activity of soil microorganisms, which 
they (partly) use for EPS production (Oburger and Jones, 2018). This 
process takes mainly place at the root-soil interface, but the further 
spatial extent of plant influence on the microbial community in the 
surrounding soil is often overlooked (Veen et al., 2019), especially as 
plant canopies still provide an additional organic matter input and in-
fluence microclimatic conditions as compared to the surrounding bare 

soil (Goberna et al., 2007; Fierer, 2017; Tecon and Or, 2017). 
In a previous study we showed that EPS-saccharide contents in 

semiarid soils around the legume shrub Anthyllis cytisoides L and grass 
species Macrochloa tenacissima (L) Kunth were shaped by microbial 
community composition and indirectly by organic matter availability 
(Zethof et al., 2020). Especially in a carbonate-rich soil a significant role 
of EPS in microaggregation was shown (Zethof et al., 2020). The parent 
material was the most important driver for microbial community com-
positions, rather than the studied plant species. To disentangle the effect 
of the plant species, in the present study rhizoplane and rhizosphere 
samples were analysed, as the plant-soil interface is known to be most 
dynamic and largest plant species-specific influences can be expected 
(Balbín-Suárez et al., 2020). The influence of these two plant species on 
their root-associated bacterial and archaeal communities (further on 
microbial communities) and subsequent EPS production has so far been 
unexplored. 

In the current study, we aimed to obtain further insights into the role 
of soil microbial communities, associated to Anthyllis cytisoides and 
Macrochloa tenacissima, for the EPS contents and their influence on soil 
aggregation. We hypothesized that 1) the largest influence on microbial 
community composition of the studied plant species, i.e. the legume 
shrub Anthyllis cytisoides and the grass species Macrochloa tenacissima, 
can be expected in the rhizoplane, followed by the rhizosphere, as 
concentration of plant-specific rhizodeposits is highest in the rhizoplane. 
Therefore, plant species-specific communities are expected to be iden-
tified in the rhizoplane. 2) Differences in root systems and canopy 
shape/extent will have an important effect on the spatial extent of the 
plant influence, as the dense fibrous root system of Macrochloa will 
likely have a larger impact on the soil under the canopy compared to the 
taproot system of Anthyllis. Added to this, parent material has an 
important influence on shaping these root effects, since larger amounts 
of carbonates present might buffer rhizosphere effects. 3) Rhizodeposits 
will induce microbial growth and EPS production among some microbial 
taxa, resulting in increased EPS contents of the soil closest to the root. 
Differences in relative abundances of certain taxa might explain vari-
ances in EPS contents and subsequent soil aggregation. 

2. Material and methods 

2.1. Site description 

Two study sites were previously selected in Almería province, 
southeastern Spain, based on their topography and the dominance of 
both Macrochloa tenacissima and Anthyllis cytisoides plant species (Zethof 
et al., 2020). The slope of the Rambla Honda site (37◦7′45′′ N, 2◦22′30′′

W), further on referred to as site 1, facing the southeast is characterized 
by shallow soils developed in mica-schist with graphite and garnets 
crossed by many quartz veins (Puigdefábregas et al., 1996). Also, the 
south-facing slope of the Alboloduy site (37◦4′9′′ N, 2◦36′43′′ W), further 
on referred to as site 2, is dominated by shallow soils developed in 
mica-schist, dominated by feldspar and chlorites, but without graphite. 
Soils at site 2 tend to be richer in inorganic C content, although relatively 
large spatial differences exist at the site 1. Both sites are influenced by 
dust deposition originating from local sources, i.e. marl Miocene sedi-
ments, and from North Africa as qualitatively shown by Queralt-Mitjans 
et al. (1993). 

The climate in the area is semiarid Mediterranean, characterized by a 
dry period from May until September and an average annual tempera-
ture of 17.8 ◦C, as measured close by the town 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 
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humid areas (Lázaro et al., 2001). 

2.2. Sampling 

During a sampling campaign at the end of April 2018, at the same 
five mid-slope plots as set out by Zethof et al. (2020), an Anthyllis cyti-
soides shrub and a Macrochloa tenacissima grass tussock were selected for 
sampling, resulting in a replication of five subplots per plant species/site 
combination. Due to limited rhizosphere material of the Anthyllis plants, 
not all measurements could be performed on all five replicates, resulting 
in a replication of four at those parameters indicated. First, a composite 
soil sample was taken by placing a 250 cm3 sampling ring (8 cm 
diameter, 5 cm height) at both sides of the plant (Fig. 1), 70 cm from the 
stem, further on referred to as bare soil. Samples were taken at a 5–15 
cm depth, to resemble the minimum rooting depth, and gently mixed to 
create a composite sample. After clipping of plants and undergrowth and 
removal of the loose (organic) material, a 30 cm circle around the stem 
of the plant was cut and the plant was excavated. The loose soil in this 
excavated clod was defined as plant affected soil. Roots were removed 
by gently breaking apart the clod and soil adhering to the root, i.e. 
rhizosphere, was mechanically sampled by gently brushing the roots. 
Brushed root fragments and the soil samples were stored cool during 
transportation. Finally, from these root fragments, total community 
DNA was extracted from the rhizoplane, i.e. external root surface 
(Estermann and McLaren, 1961), as described in the next section. 
Sample material destined for DNA and EPS extraction was sieved to 2 
mm in the field, whereby soil aggregates were mechanically broken. In 
summary, four compartments, i.e. rhizoplane, rhizosphere, plant 
affected soil and bare soil, of each plant/site combination were sampled 
with a replication of five. 

2.3. Analysis 

2.3.1. Extraction and purification of total community DNA 
Following the instructions of the manufacturer, a FastDNA®SPIN Kit 

for Soil (MP Biomedicals, Santa Ana, California, USA) was used for total 
community DNA extraction from 0.5 g (wet weight) of every soil sample. 
DNA from rhizoplane was extracted from cells detached from the roots 

by thoroughly shaking 0.5 g of roots per sample with 4.5 ml 0.85% NaCl 
and centrifugation (10 min at 7000×g) after removal of the root mate-
rial. Cell lysis was done by two cycles of bead-beating (30 s at 5.5 m s− 1) 
with a FastPrep™ FP120 (Qbiogene, Inc., Carlsbad, California, USA). 
The resulting DNA solutions were purified using the GENECLEAN®SPIN 
Kit (MP Biomedicals, Santa Ana, California, USA) according to the in-
struction manual. Quality of the resulting total community DNA was 
confirmed by gel electrophoresis (0.8% agarose). Therefore, agarose gels 
were stained with ethidium bromide (0.005%) and photographed under 
UV light (Intas Gel Jet Imager 2004; Intas, Göttingen, Germany). 

2.3.2. Quantification of bacterial 16S rRNA gene fragments by quantitative 
real-time PCR (qPCR) 

To assess ribosomal RNA operon copy numbers, a qPCR targeting the 
16S rRNA gene was conducted as described by Vogel et al. (2014) using 
a CFX96 Real-Time System (Biorad, München, Germany) with a reaction 
volume of 50 μl. Description of primers and TaqMan probe specific for 
the domain Bacteria is available in Suzuki et al. (2000). The log10 copy 
number was calculated per g of soil dry weight or root fresh weight in 
case of the rhizoplane samples, respectively. Soil moisture content was 
determined by drying a subsample at 105 ◦C for 24 h. 

2.3.3. Illumina sequencing of microbial 16S rRNA gene amplicons 
Two PCR steps were performed to prepare sequencing libraries tar-

geting the variable V3 and V4 regions of the 16S rRNA gene. For the first 
PCR, primers Uni341F (5′-CCTAYGGGRBGCASCAG-3′) and Uni806R 
(5′-GGACTACHVGGGTWTCTAAT), originally published by Yu et al. 
(2005) and modified as described in Caporaso et al. (2011) and Sund-
berg et al. (2013), were used to amplify both archaeal and bacterial 16S 
rRNA genes. In the second PCR, the primers included Illumina-specific 
sequencing adapters and a unique combination of index for each sam-
ple. PCR conditions, reagents and material were described in detail by 
Zethof et al. (2020). Amplicon sequencing was performed on an Illumina 
MiSeq platform using Reagent Kit v2 [2 × 300 cycles] (Illumina Inc., San 
Diego, California, USA). 

Trimming of raw sequence reads, amplicon sequence variants (ASVs) 
identification and taxonomic annotation were done according to Zethof 
et al. (2020). Raw amplicon data are available at NCBI Sequence Read 
Archive (SRA, https://www.ncbi.nlm.nih.gov/) under accession num-
ber PRJNA689290. 

Representative ASVs were classified using SILVArel132 database 
(Quast et al., 2013). After removal of sequences from the data set that 
were affiliated to Cyanobacteria/chloroplasts or mitochondria or were 
unclassified at domain level, a total number of 34,162 ASVs remained. 
On average, 40,949 quality-filtered sequences were obtained per 
sample. 

2.3.4. EPS extraction and quantification 
From field moist samples of the rhizosphere, plant affected and bare 

soil, EPS were extracted following the protocol of Redmile-Gordon et al. 
(2014), using 1 g cation-exchange resin (Sigma-Aldrich/DOWEX, Saint 
Louis, Missouri, USA, PN 91973) per 2.5 g soil material (dry weight 
equivalent). Before analysis, extracts were filtered through a 0.45 μm 
syringe filter (PET-45/25 Chromafil, Macherey-Nagel, Düren, Ger-
many). Total saccharide content of the extracted EPS (EPS-saccharide) 
was quantified after Dubois et al. (1956) using D(+)-Glucose (Roth, 
Karlsruhe, Germany, PN X997) as a standard. 

2.3.5. Soil carbon and nitrogen content 
Soil samples (<2 mm) were ground by a table top grinder (Retsch 

MM200, Haan, Germany) in order to achieve homogenization. Inorganic 
carbon (C) was determined by measuring total C before and after acid 
treatment with excess of HCl, i.e. inorganic C = total Cbefore – total Cafter, 
using an elemental CN analyser (Vario EL, Elementar, Langenselbold, 
Germany). The same device was used to measure total N of the soil 
samples. As the samples from site 1 contained graphitic C from the 

Fig. 1. Sampling approach whereby the bare soil, plant affected soil, rhizo-
sphere and rhizoplane were sampled as described in Section 2.2. 
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parent material, graphitic C was quantified by the smart combustion 
method (Zethof et al., 2019) using a soli-TOC cube (Elementar, Lan-
genselbold, Germany). Graphitic C was used to estimate the 
non-geogenic organic C, further on referred to as organic C. In summary: 
organic C = (total C-inorganic C) - graphitic C. 

2.3.6. Soil aggregation 
Soil samples were dried for 48 h at 40 ◦C and sieved through 1 mm. 

Slow wetting with controlled tension as a pre-treatment was chosen as it 
represents wetting by infiltrating rainfall and is a preferred method to 
distinguish differences in unstable soils (Le Bissonnais, 1996). There-
fore, 0.3 g sample material (<1 mm) was slow-wetted for 20 min at pF 
0.7, before the sample was gently added to a beaker with 500 ml 
deionized water. Using a Mastersizer 3000, equipped with a Hydro EV 
dispersion unit (Malvern Panalytical Ltd, Malvern, UK), particle size 
distribution was measured and the mean weight diameter calculated 
(MWDslow.). The inline sonicator of the Hydro EV dispersion unit was 
used to apply energy (13 J ml− 1) and destroy aggregates, while 
consecutive measurements were made till no change in particle size 
distribution was observed. The sample was retrieved and 75 ml disper-
sant added (Calgon: 33 g l− 1 (NaPO3)6 and 7 g l− 1 Na2CO3). After 
overnight shaking on an end-to-end shaker (90 rpm), the particle size 
distribution was measured once again and the mean weight diameter 
was calculated (MWDdisp.). The difference between MWDdisp. and 
MWDslow., i.e. MWDdiff., was used as an indicator of soil aggregation. 

2.4. Data analysis and statistics 

To evaluate differences in relative abundances of microbial taxa, 
microbial alpha-diversity metrics (see below) and soil parameters, linear 
mixed effect modelling was utilized. This approach accounts for the 
hierarchical sampling design with samples being nested in subplots, i.e. 
four compartments sampled around the same plant per replicate plot, 
thereby violating the assumptions of independency and homogeneity. 
Following the procedure described by Zuur et al. (2009), using the 
software R (R Core Team, 2020) and the package nlme (Pinheiro et al., 
2020), the effect of compartment (i.e. rhizoplane, rhizosphere, etc.), 
parent material from site 1 or site 2 or plant species (Anthyllis cytisoides 
or Macrochloa tenacissima) and their combined effects were analysed. 
The compartments, plant species and sites were taken as fixed effects 
and a random intercept for subplots was included. The model was then 
developed further by inclusion of random slopes or multiple residual 
variances for sites, plant species and/or compartments, to test for 
possible significant improvement. Residual plots were inspected visually 
to ensure that the best fitted model, according to the likelihood ratio 
test, fulfilled the assumptions of homoscedasticity and normality. If this 
was not the case, a model with lower quality indices was taken of which 
the residuals showed at least homoscedasticity. The resulting final 
model was fitted by using a restricted maximum-likelihood estimator, 
and the fixed effects were tested using ANOVA. If one of the fixed effects 
or combinations of the fixed effects showed significant differences, these 
were examined by lsmeans (Russell, 2016) to detect significant differ-
ences between the levels of the respective factors. Detailed model sta-
tistics are given in Supplementary Tables 1 and 2. 

The calculation of alpha-diversity indices (Shannon, Pielou, Chao-1, 
species richness) from the ASV data set was done based on a 100 times 
randomly subsampled data set (n = 8532, representing the sample with 
the lowest number of reads) by using the packages vegan (Oksanen et al., 
2019), questionr (Barnier et al., 2018) and agricolae (De Mendiburu, 
2019) in R. 

The detection of genera that differed significantly in relative abun-
dance between sites, plant species and/or distance to the roots, i.e. 
responder analysis, was performed in R with the packages phyloseq 
(McMurdie and Holmes, 2013) and edgeR (Robinson et al., 2010). Data 
was normalized according to edgeR developer recommendations using 
likelihood ratio tests under negative binominal distribution and 

generalized linear models. ASVs belonging to the same genus, or else 
with higher closest taxonomic identification, were clustered together. 

A Principal Coordinates Analysis (PCoA) was performed based on 
Bray-Curtis dissimilarities calculated for the ASV data set transformed to 
relative abundances using the packages phyloseq (McMurdie and 
Holmes, 2013). PERMANOVA with 9999 permutations (based on 
Bray-Curtis dissimilarity of the relative abundances), using the function 
adonis from the vegan package (Oksanen et al., 2019), was conducted to 
assess significant differences in the beta-diversity among the various 
combinations of compartments, plant species and sites. Further analysis 
of the influence of soil properties on the microbial community compo-
sition was performed by a partial Canonical Correspondence Analysis 
(pCCA) on the relative abundances from the same vegan package, par-
tialling out variances between subplots. Rhizoplane samples could not 
be included in the pCCA as by definition the rhizoplane compartment 
does not contain soil and therefore no soil properties were available. 

To examine the potential influence of the microbial community on 
the soil EPS-saccharide content and/or aggregation, the relative abun-
dance of ASVs (with a minimum occurrence in four samples) was tested 
for a significant positive correlation with EPS-saccharide content and 
MWDdiff. for each plant species/site combination. ASVs that were 
significantly correlated to at least one of the parameters in one of the 
plant species/site combinations, based on the partial Spearman’s rank 
correlation (partialling out a nested effect from subplot) of the ppcor 
package (Kim, 2015), were included for a network analysis. From the 
selected ASVs, a co-occurrence network was constructed to explore the 
potential interactions between ASVs on soil aggregate formation. Pair-
wise partial Spearman’s rank correlations were calculated with the ppcor 
package and only positive correlations with a cut-off at Spearman’s ρ =
0.6 were used for the network construction. The network was visualized 
using the igraph package (Csardi and Nepusz, 2006). 

Overall, we assumed a significant difference or effect in case the p- 
value was below the 0.05 level. 

3. Results 

3.1. Influence of site and plant species on the microbial communities in 
the rhizoplanes 

In the PCoA a clear differentiation of the microbial community 
composition could be observed for the two plant species and sites, except 

Fig. 2. Principal Coordinates Analysis (PCoA), based on Bray-Curtis dissimi-
larity of the microbial community composition, of the rhizoplanes based on 16S 
rRNA gene amplicon sequence variants (ASVs). 
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for one sample of the Anthyllis rhizoplane at site 2 (Fig. 2). The strongest 
explanatory axis differentiated the samples mainly over the two sites, 
whereas the second axis showed a strong differentiation between the 
two plant species. The effect was confirmed by PERMANOVA results 
(Supplementary Table 3), revealing that the factor site (R2 = 0.155) had 
the strongest influence on the microbial community composition fol-
lowed by plant species (R2 = 0.114), whereby both were significant (p <
0.001). 

In the rhizoplane samples the mean log10 bacterial 16S rRNA gene 
copy numbers ranged between 8.7 and 9.2 per gram root, with no dif-
ferences observed for sites or plant species (Supplementary Fig. 1). 
Estimated (Chao) and observed species richness was highest in the 
rhizoplane of Macrochloa grown at site 1, but not statistically significant 
(Supplementary Fig. 2). Species diversity (expressed by Shannon index) 
and evenness (Pielou’s index) were both significantly higher at site 2 
than at site 1, whereas no significant differences were found between 
plant species (Supplementary Table 5). 

More genera with significantly different relative abundances be-
tween sites were found in the rhizoplane of Anthyllis than of Macrochloa. 
Responders to the plant species in the rhizoplane were only detected at 
site 1 (Table 1). The responders were often affiliated to Actinobacteria 
and Alpha-/Gammaproteobacteria. Most of the enriched ASVs could not 
be affiliated to a distinct genus and were classified only down to family, 
order or class level (Table 1). Remarkable were the sequences with 
closest affiliation to Micrococcaceae and Bacillaceae, which both had a 
relative abundance higher than 10% on average in the rhizoplanes at site 

2, while their relative abundance was 2.9% and 3.7% at site 1, respec-
tively. Unidentified representatives from the family Bacillaceae were 
significantly more abundant in the rhizoplane of Anthyllis than of Mac-
rochloa at site 1 (4.5% vs 2.8%). Unclassified ASVs belonging to Sac-
charimonadales (Patescibacteria) had a relative abundance of 12.2% in 
the Macrochloa rhizoplane of site 1, whereas in the other three rhizo-
planes these ASVs had only a relative abundance of ~2.5%. Unidentified 
representatives of the family Pseudomonadaceae (Gammaproteobac-
teria) were strongly associated to Anthyllis rhizoplanes at both sites, 
although a high variability between replicate plants was observed 
(Table 1). The genus Xanthomonas (Gammaproteobacteria) seemed to be 
typical of the Anthyllis rhizoplane independent of site (0.5 ± 0.7%), as it 
was not found in any Macrochloa rhizoplane samples. 

3.2. Changes in microbial communities over relative distance to the root 
surface 

A PCoA of the microbial community composition in all samples 
indicated strong differences between the rhizoplane and the other 
compartments (Fig. 3a). Additionally, the larger scattering of rhizoplane 
samples indicated a higher heterogeneity among the samples, as 
compared to other compartments. In accordance with the PERMANOVA 
(Supplementary Table 4), the second axis of the PCoA on all samples 
indicated strong differences between sites, highlighting the importance 
of parent material not only for rhizoplane but also for the whole soil 
microbial community composition. The overall significant difference (p 

Table 1 
Relative abundances (%) ± standard deviation of microbial genera (>0.5%) that significantly differed, according to a false discovery rate of <0.05, in the rhizoplane 
between Macrochloa (Macr) and Anthyllis (Anth) depending on the site or between site 1 (S1) and site 2 (S2) depending on the plant species, respectively, as indicated 
by an X in the corresponding columns. If sequences could not be reliably classified at genus level, their closest taxonomic identification is indicated. No responders were 
found between Anthyllis and Macrochloa at site 2 that had relative abundances higher than 0.5%.  

S1-Anth vs S2- 
Anth 

S1-Macr vs S2- 
Macr 

S1-Anth vs S1- 
Macr 

Phylum Genus/Closest taxonomic 
identification 

Site 1 Site 2   

Anthyllis Macrochloa Anthyllis Macrochloa 

x  x Acidobacteria Acidobacteria subgroup 6 0.5 ± 0.5 2.8 ± 1.1 0.6 ± 0.7 1.5 ± 1.1 
x   Actinobacteria Rubrobacter 0.3 ± 0.2 0.9 ± 0.3 0.7 ± 0.6 0.8 ± 0.5 
x x  Actinobacteria Geodermatophilaceae 0.3 ± 0.3 0.2 ± 0.1 0.5 ± 0.4 0.3 ± 0.3 
x   Actinobacteria Micrococcaceae 2.9 ± 2.1 2.9 ± 2.7 11.0 ± 3.3 28.3 ± 15.7 
x x x Actinobacteria Mycobacteriaceae 1.6 ± 0.6 1.0 ± 0.4 1.4 ± 0.5 0.5 ± 0.2 
x   Actinobacteria Nocardioidaceae 1.5 ± 0.6 1.5 ± 0.5 2.3 ± 1.2 1.5 ± 0.3 
x x  Actinobacteria Promicromonosporaceae 1.4 ± 1.3 1.4 ± 1.2 3.1 ± 1.5 1.7 ± 0.3 
x  x Actinobacteria Pseudonocardiaceae 2.9 ± 1.5 2.4 ± 0.9 1.8 ± 1.0 0.8 ± 0.6 
x   Actinobacteria Rubrobacteriaceae 0.4 ± 0.4 1.2 ± 0.5 1.2 ± 1.2 1.3 ± 0.8 
x   Actinobacteria Solirubrobacteraceae 1.4 ± 1.1 2.3 ± 0.6 1.5 ± 1.2 1.7 ± 1.1 
x x  Actinobacteria Streptomycetaceae 2.3 ± 1.3 3.4 ± 1.1 2.1 ± 0.9 1.3 ± 0.8 
x  x Actinobacteria Thermomonosporaceae 0.6 ± 0.6 0.2 ± 0.2 0.1 ± 0.1 0.0 ± 0.1 
x  x Actinobacteria Gaiellales 0.0 ± 0.0 0.5 ± 0.5 0.4 ± 0.6 0.7 ± 0.6 
x   Bacteroidetes Olivibacter 1.2 ± 2.9 0.0 ± 0.1 0.1 ± 0.2 0.1 ± 0.2   

x Chloroflexi Family A4b 0.1 ± 0.0 0.6 ± 0.4 0.1 ± 0.1 0.4 ± 0.2 
x   Chloroflexi Order SAR202 clade 0.0 ± 0.0 0.2 ± 0.2 0.6 ± 0.8 0.6 ± 0.3 
x  x Chloroflexi Class Chloroflexi KD4 96 0.1 ± 0.1 0.6 ± 0.3 0.2 ± 0.2 0.4 ± 0.4 
x x  Firmicutes Bacillus 0.5 ± 0.4 2.1 ± 2.3 1.0 ± 0.5 0.8 ± 0.3 
x   Firmicutes Paenibacillus 0.2 ± 0.3 0.3 ± 0.3 0.4 ± 0.5 0.6 ± 0.6 
x  x Firmicutes Bacillaceae 4.5 ± 7.2 2.8 ± 1.4 16.5 ±

11.0 
11.3 ± 5.9 

x  x Gemmatimonadetes Gemmatimonadaceae 0.7 ± 0.8 2.5 ± 1.0 1.7 ± 1.4 2.6 ± 1.4 
x   Alphaproteobacteria Ensifer 0.8 ± 1.1 0.2 ± 0.2 1.2 ± 0.7 0.5 ± 0.5 
x   Alphaproteobacteria Inquilinus 1.0 ± 0.7 0.3 ± 0.2 0.5 ± 0.3 0.2 ± 0.1 
x  x Alphaproteobacteria Caulobacteraceae 0.9 ± 0.9 0.3 ± 0.2 1.2 ± 1.4 0.3 ± 0.3 
x x  Alphaproteobacteria Reyranellaceae 0.5 ± 0.3 0.7 ± 0.2 0.3 ± 0.2 0.3 ± 0.2 
x x x Alphaproteobacteria Rhizobiaceae 5.6 ± 6.8 3.7 ± 1.1 8.8 ± 4.5 4.0 ± 1.9 
x x  Alphaproteobacteria Sphingomonadaceae 3.2 ± 2.6 5.9 ± 1.1 2.9 ± 2.5 3.4 ± 1.3 
x   Alphaproteobacteria Xanthobacteraceae 2.8 ± 1.6 4.0 ± 1.0 2.1 ± 1.3 3.0 ± 2.0 
x  x Alphaproteobacteria Rhizobiales 0.1 ± 0.1 0.7 ± 0.3 0.1 ± 0.1 0.2 ± 0.2 
x  x Gammaproteobacteria Xanthomonas 0.5 ± 0.5 0.0 ± 0.0 0.5 ± 1.0 0.0 ± 0.0 
x  x Gammaproteobacteria Burkholderiaceae 6.0 ±

10.9 
1.2 ± 0.4 1.9 ± 2.0 0.9 ± 0.8 

x   Gammaproteobacteria Pseudomonadaceae 6.8 ± 9.6 0.4 ± 0.3 7.0 ± 6.1 2.0 ± 2.5 
x x  Gammaproteobacteria Xanthomonadaceae 1.4 ± 1.4 1.0 ± 0.4 0.4 ± 0.2 0.6 ± 0.4 
x x  Patescibacteria Saccharimonadales 2.4 ± 2.5 12.2 ± 6.3 2.9 ± 2.4 2.2 ± 0.8  

A. Bettermann et al.                                                                                                                                                                                                                            



Soil Biology and Biochemistry 159 (2021) 108301

6

< 0.001) between compartments was mainly driven by the difference 
between rhizoplanes and bare soils, while the other compartments were 
not significantly different from each other. Additionally, at site 2, 
excluding the rhizoplane, there was no significant difference between 
Anthyllis and Macrochloa plant species. 

Changes in the microbial community composition with distance to 
the root surface were larger for site 1 compared to site 2, as the site 2 
samples tended to cluster to the centre of the plot as indicated by the 
pCCA analysis (Fig. 3b). Here, subplot and thereby site effects were 
removed and an overall trend between the microbial communities of the 
soil compartments rhizosphere, plant affected and bare soil became 
obvious. Differences between sampling plots accounted for 38.5% of the 
variance whereas the soil parameters explained 12.2%. Of the included 
soil parameters (Supplementary Table 6), graphitic C, inorganic C, 
organic C contents and the ratio between organic C/total N (OC/TN- 
ratio) contributed significantly to the differences of microbial commu-
nities between the compartments. Furthermore, samples were differen-
tiated on the first axis (pCCA1) mainly between the bare soil and the 
plant affected soil/rhizosphere, while on the second axis (pCCA2) a 
small differentiation between the rhizosphere and plant affected soil for 
site 1 can be recognized. This is in line with the observation that organic 
C, inorganic C and OC/TN were significantly higher in the rhizosphere, 
compared to the plant affected and bare soil compartments (Supple-
mentary Table 7). Especially organic C differed significantly between 

the compartments at site 1, but at site 2 only between rhizosphere and 
bare soil (Supplementary Table 6). In the case of site 1, graphitic C 
seemed to play a role in differentiation of microbial communities as well 
(Fig. 3b). It should be noted that the soil at site 2 did not contain 
graphitic C. 

In the next two subchapters the sites are treated separately, to 
disentangle the plant species-specific effect on the microbial community 
and to go beyond the differences induced by parent material. 

3.2.1. Differences and drivers of the microbial communities at site 1 
With the exception of the rhizoplane, no distinct clusters could be 

observed between the different compartments and/or plant species of 
site 1 in the PCoA plot (Fig. 3a). On the phylum level, some differences 
between the compartments and/or plant species became apparent 
(Fig. 4a). For instance, Macrochloa significantly enriched Patescibac-
teria, whereas Anthyllis contained a significantly higher proportion of 
Gammaproteobacteria, although this effect was only observed in the 
rhizoplanes. In the other compartments, no clear plant species- 
dependent difference at the phylum level was found except a signifi-
cantly higher relative abundance of Patescibacteria in the rhizosphere of 
Macrochloa compared to plant affected and bare soil. Overall, the rela-
tive abundance of Alpha- and Gammaproteobacteria increased towards 
the root surface, whereas Deltaproteobacteria, Verrucomicrobia and 
Chloroflexi showed the opposite trend, i.e. decreased in relative 

Fig. 3. Principal Coordinates Analysis (PCoA), based on Bray-Curtis dissimilarity of the microbial community composition, of all samples, based on 16S rRNA gene 
amplicon sequence variants (ASVs) (a). First and second axes of the partial Canonical Correspondence Analysis (pCCA) based on relative abundances from the 
microbial community data (b). Note that rhizoplane samples are not included in the pCCA, as no data is available for these samples. Red arrows are the significant 
and the black arrows non-significant explanatory variables, indicating their direction of increase (scaled for plotting). Percentages indicate the proportion of variance 
explained by the respective axis. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Relative abundances of the identified phyla and proteobacterial classes. Boxplots per phylum/proteobacterial class can be found in the Supplementary Fig. 6. 
RP – Rhizoplane; RS – Rhizosphere; PAS - Plant affected soil; BS – Bare soil. 
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abundance towards the root surface. 
Examining the genera with a relative abundance >0.5%, 66 genera 

(or closest taxonomic identification) were found to respond significantly 
to at least one of the compartments, independent of plant species 
(Table 2). Most responders were found between compartments closest 
and most distant to the root (i.e. rhizoplane vs bare soil, rhizosphere vs 
bare soil). Following the differences in relative abundance of Acid-
obacteria between the rhizoplane and other compartments (Fig. 4a), all 
responder genera were less abundant in the rhizoplane compared to bare 
soil. Especially unidentified representative(s) of Acidobacteria subgroup 
6 had a relative abundance of 7.3% in bare soil, which was 5-fold higher 
in the bare soil than in the rhizoplane. This subgroup was significantly 
more abundant in the Macrochloa than in the Anthyllis rhizosphere 
(Supplementary Table 8). Furthermore, unidentified representatives of 
the families Bacillaceae (Firmicutes) and Burkholderiaceae (Gammapro-
teobacteria) had a more than 40-fold higher relative abundance in the 
rhizoplane compared to the plant affected soil (Table 2). Both were 
significantly more abundant in the rhizoplane of Anthyllis than of Mac-
rochloa (Supplementary Table 8). Unidentified representatives of Xan-
thomonadaceae (Gammaproteobacteria) were significantly more 
abundant in the rhizoplane compared to the other compartments 
(Table 2). A genus of this family, Xanthomonas, was only found in 
Anthyllis rhizoplanes (Supplementary Table 8). 

3.2.2. Differences and drivers of the microbial communities at site 2 
Besides the rhizoplane, no distinctive clusters could be observed in 

the PCoA plot of soil microbial communities at site 2, although rhizo-
sphere samples tended to form almost an own cluster (Fig. 3a). Ac-
cording to the PERMANOVA, the microbial community composition in 
the bare soil was significantly different from the other compartments, 
but no significant difference between plant species was found. On the 
class/phylum level, Gammaproteobacteria had a significantly higher 
relative abundance in the rhizoplane of Anthyllis compared to the other 
compartments (Fig. 4b). Patescibacteria were significantly more abun-
dant in the rhizoplane of Macrochloa compared to the plant affected and 
bare soils. Although the Gemmatimonadetes phylum was more abun-
dant in Macrochloa rhizoplanes compared to Anthyllis, its relative 
abundance in the rhizoplane was significantly lower compared to the 
other compartments. Independent of plant species, Alpha- and Gam-
maproteobacteria were more abundant closer to the root surface, while 
Deltaproteobacteria showed an opposite trend. Additionally, Thau-
marchaeota and Chloroflexi showed a significant increase with distance 
to the root, independent of plant species. Although Bacteroidetes 
showed a decrease in relative abundance over distance from the root, 
their abundance in the rhizoplane was significantly lower than in the 
rhizosphere, independent of plant species. 

Comparing the different compartments, most responders were found 
between the rhizoplane and plant affected or bare soil (Table 3). Most 
remarkable are the unidentified representatives of the family Bacillaceae 
(Firmicutes), which had a relative abundance of 13.9% in the rhizo-
plane, 2-fold higher compared to the other compartments. Furthermore, 
the family Pseudomonadaceae (Gammaproteobacteria) had a 40-fold 
higher relative abundance in the rhizoplane compared to the other 
compartments. Only two genera were significantly different between the 
two plant species. Namely, unclassified representatives of families Spi-
rosomaceae (Bacteroidetes) and Cytophagaceae (Bacteroidetes) were 
mainly present in the rhizosphere of Anthyllis, but with a relative 
abundance of 0.2 ± 0.2% and 0.1 ± 0.1%, respectively (data not shown). 

3.3. Interlinking EPS-saccharide contents, soil aggregation and the 
relative abundance of specific microbial genera 

EPS-saccharide contents were significantly higher in the rhizosphere 
compared to the bare soil, while the contents in the rhizosphere were 
almost significantly higher than in the plant affected soil of Anthyllis (p 
= 0.053), independent of site (Fig. 5a, Supplementary Table 7). 

Furthermore, the EPS-saccharide contents in plant affected soil of 
Macrochloa were site-independently significantly higher than in the bare 
soil (p = 0.025). Furthermore, a significant difference in MWDdiff, in-
dicator for soil aggregation, between compartments was found (Sup-
plementary Table 7). Especially at site 1, soil aggregation was 
significantly higher in the rhizosphere compared to both plant affected 
and bare soil, independent of plant species. Soil aggregation in the plant 
affected soil was almost significantly higher than in the bare soil (p =
0.059) in Rambla Honda. Although aggregation in the bare soil was 
slightly lower than in the plant affected soil and rhizosphere at site 2 
(Fig. 5b), no significant differences were found. The linear mixed effect 
modelling revealed that increasing EPS-saccharide contents at site 1 
explained increases in MWDdiff., independent of plant species, but not 
for site 2 (Fig. 5c). 

From the 34,162 ASVs identified in this study, 3626 ASVs were found 
in four or more samples and therefore were tested if they were correlated 
to EPS-saccharide contents and/or MWDdiff. 333 of them were signifi-
cantly positively correlated to either EPS-saccharide contents or 
MWDdiff, whereby 36 ASVs correlated to both parameters in one of the 
plant species/site combinations, taking all compartments into account. 
From these 333 ASVs, 138 were found to be co-occurring, i.e. the rela-
tive abundances were correlated with at least one other ASV. The largest 
hub-species, i.e. the ASV with most co-occurrences, was an ASV affili-
ated to the family Azospirillaceae (No. 47 in Supplementary Fig. 5a) and 
co-occurred with 16 other ASVs. Although ASVs found in the same 
compartment and correlating to the same parameters tended to cluster, 
some interesting co-occurrences were observed (Supplementary Fig. 5). 
For instance, an ASV with closest identification as Ensifer meliloti (No. 
46), associated mainly to the rhizoplane of Anthyllis independent of site, 
was found to co-occur with a Sphingomonadaceae ASV (No. 78 in Sup-
plementary Fig. 5). While ASV No. 46 (Ensifer meliloti) was positively 
correlated to MWDdiff, ASV No. 78 (Sphingomonadaceae) correlated to 
EPS-saccharide contents. Furthermore, six out of eight ASVs of the 
family Pseudonocardiaceae (ASVs No. 17, 29–34, 42) were correlating to 
MWDdiff. These Pseudonocardiaceae ASVs were co-occurring with mul-
tiple other ASVs, often associated with ASVs identified as Beijerinck-
iaceae (No. 48–60), forming several hub-species in subsequent clusters. 
An exception was ASV No. 33 with closest identification as Pseudono-
cardiaceae, which formed a hub-species in a cluster of ASVs correlating 
with both EPS-saccharide and MWDdiff. The ASVs in this cluster had 
their highest relative abundances in Anthyllis rhizoplanes, independent 
of site. An ASV that was identified as Inquilinus limosus (ASV No. 84) was 
part of this cluster. 

ASV No. 8 (Acidobacteria subgroup 6) and ASV No. 12 (Acid-
obacterium sp. Ac 12 G8) were the hub-species of a sub-cluster without a 
strong affiliation to roots, plant species or sites, but correlated to EPS- 
saccharide and/or MWDdiff. Among them was an ASV (No. 17) 
belonging to the genus Crossiella, which occurred in all compartments, 
except the rhizoplane (Supplementary Fig. 5). 

4. Discussion 

4.1. How does the rhizoplane microbial community differ between 
Macrochloa tenacissima and Anthyllis cytisoides? 

By high-throughput sequencing of 16S rRNA genes, we studied the 
microbiota attached to the rhizoplane, in order to investigate the driving 
effects of the plant species. According to the PERMANOVA, parent 
material was the strongest driver of microbial community composition 
followed by the plant species in the rhizoplane compartment (Supple-
mentary Table 3). It is well known that individual plant species recruit 
and form their own root microbiome, whereby physical and chemical 
compositions of the soil are important drivers (Berg and Smalla, 2009; 
Fierer, 2017; Schreiter et al., 2014). For instance, the sequences with 
closest identification to the Micrococcaceae (Actinobacteria) and Bacil-
laceae (Firmicutes) families had each a four-fold higher relative 
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Table 2 
Relative abundances (%) ± standard deviation of microbial genera (>0.5%) that significantly differed, i.e. false discovery rate of <0.05, between the compartments of site 1 as indicated in the corresponding column with 
an X. Averages are of both plant species combined, whereby significantly differing genera between plant species can be found in Supplementary Table 8. RP – Rhizoplane; RS – Rhizosphere; PAS – Plant affected soil; BS – 
Bare soil.  

Responder from Phyla Genus/Closest taxonomic identification Site 1 

RP vs RS RP vs PAS RS vs PAS RP vs BS RS vs BS PAS vs BS   Rhizoplane Rhizosphere Plant affected soil Bare soil   

x x x  Acidobacteria Bryobacter 0.1 ± 0.1 0.5 ± 0.2 0.4 ± 0.2 0.5 ± 0.2  
x x x x  Acidobacteria Pyrinomonadaceae RB41 0.0 ± 0.0 1.2 ± 0.5 1.1 ± 0.4 1.5 ± 0.7 

x  x x   Acidobacteria Blastocatellaceae 1.5 ± 1.4 2.0 ± 0.6 2.4 ± 1.5 1.7 ± 0.8  
x x x x  Acidobacteria Pyrinomonadaceae 0.2 ± 0.3 1.9 ± 1.3 1.8 ± 0.7 2.0 ± 0.9   

x x x  Acidobacteria Solibacteraceae Subgroup 3 0.5 ± 0.4 1.4 ± 0.7 1.3 ± 0.4 1.1 ± 0.4 
x x x x x  Acidobacteria Holophagae subgroup 7 0.1 ± 0.1 0.9 ± 0.4 1.0 ± 0.6 1.2 ± 0.6   

x x x  Acidobacteria Order uncultivated soil bacterium clone C112 0.2 ± 0.1 0.6 ± 0.4 0.7 ± 0.5 0.5 ± 0.3  
x x x x  Acidobacteria Acidobacteria subgroup 6 1.7 ± 1.5 6.0 ± 1.7 6.5 ± 2.4 7.3 ± 1.8  
x  x x  Actinobacteria Rubrobacter 0.6 ± 0.4 1.9 ± 0.4 1.9 ± 0.7 2.8 ± 0.5    

x   Actinobacteria Solirubrobacter 0.5 ± 0.3 0.4 ± 0.4 0.4 ± 0.2 0.3 ± 0.1  
x x x   Actinobacteria Geodermatophilaceae 0.3 ± 0.2 1.5 ± 0.9 2.4 ± 1.8 1.2 ± 0.6 

x x x x x  Actinobacteria Micrococcaceae 3.2 ± 2.3 1.4 ± 0.6 1.5 ± 1.1 1.3 ± 0.6   
x    Actinobacteria Micromonosporaceae 0.7 ± 0.3 1.5 ± 0.7 1.2 ± 0.9 0.9 ± 0.3  

x  x x  Actinobacteria Mycobacteriaceae 1.4 ± 0.7 1.1 ± 0.4 0.7 ± 0.5 0.6 ± 0.2  
x x x x  Actinobacteria Nocardioidaceae 1.6 ± 0.5 1.2 ± 0.8 1.1 ± 0.6 0.8 ± 0.2  
x x x x  Actinobacteria Promicromonosporaceae 1.5 ± 1.2 0.7 ± 0.7 0.4 ± 0.3 0.2 ± 0.1 

x  x    Actinobacteria Pseudonocardiaceae 2.9 ± 1.3 4.0 ± 0.7 2.0 ± 0.6 1.9 ± 0.5  
x  x   Actinobacteria Rubrobacteriaceae 0.8 ± 0.6 2.2 ± 0.7 2.0 ± 0.8 3.4 ± 0.6    

x x  Actinobacteria Solirubrobacteraceae 2.0 ± 0.9 1.8 ± 0.6 1.9 ± 0.6 1.8 ± 0.8    
x   Actinobacteria Streptomycetaceae 3.1 ± 1.2 2.7 ± 0.9 1.7 ± 0.9 1.7 ± 0.6    
x   Actinobacteria Streptosporangiaceae 0.7 ± 1.0 0.4 ± 0.2 0.3 ± 0.1 0.3 ± 0.1 

x  x    Actinobacteria Thermomonosporaceae 0.5 ± 0.5 0.6 ± 0.3 0.3 ± 0.2 0.3 ± 0.2  
x  x   Actinobacteria Gaiellales 0.3 ± 0.4 0.8 ± 0.8 1.2 ± 0.9 2.0 ± 1.2  
x x x x  Actinobacteria Order IMCC26256 0.1 ± 0.1 0.4 ± 0.2 0.5 ± 0.2 0.8 ± 0.3   

x    Actinobacteria Microtrichales 0.2 ± 0.1 0.5 ± 0.2 0.4 ± 0.2 0.5 ± 0.2  
x x x x  Actinobacteria Class 0319 7L14 0.1 ± 0.1 0.7 ± 0.6 0.7 ± 0.7 2.2 ± 1.2  
x x x x  Actinobacteria Actinobacteria MB A2 108 0.0 ± 0.0 0.2 ± 0.2 0.5 ± 0.5 0.8 ± 0.5    

x   Bacteroidetes Olivibacter 0.7 ± 2.1 0.0 ± 0.1 0.0 ± 0.0 0.0 ± 0.0   
x  x  Bacteroidetes Chitinophagaceae 1.1 ± 0.5 1.7 ± 0.6 1.8 ± 0.9 0.7 ± 0.4  

x x x x  Bacteroidetes Hymenobacteraceae 0.0 ± 0.0 0.4 ± 0.3 0.5 ± 0.4 0.4 ± 0.4     
x  Bacteroidetes Microscillaceae 0.6 ± 0.4 0.9 ± 0.4 0.6 ± 0.2 0.2 ± 0.1 

x  x  x  Chloroflexi Family AKYG1722 0.2 ± 0.2 0.4 ± 0.2 0.5 ± 0.3 0.6 ± 0.6    
x   Chloroflexi Family JG30 KF CM45 1.1 ± 0.9 0.9 ± 0.6 1.1 ± 0.6 0.4 ± 0.4   

x x x  Chloroflexi Roseiflexaceae 0.1 ± 0.1 0.4 ± 0.2 0.3 ± 0.2 0.5 ± 0.3 
x  x  x  Chloroflexi Order S085 0.2 ± 0.2 0.3 ± 0.3 0.5 ± 0.3 0.5 ± 0.3 
x  x x  x Chloroflexi Order SAR202 clade 0.1 ± 0.2 0.2 ± 0.3 0.4 ± 0.3 1.0 ± 0.6  

x  x   Chloroflexi Class Chloroflexi Gitt GS 136 0.1 ± 0.1 0.4 ± 0.2 0.5 ± 0.3 0.5 ± 0.2  
x x x x  Chloroflexi Class Chloroflexi KD4 96 0.3 ± 0.3 1.1 ± 0.3 1.4 ± 0.5 1.5 ± 0.6 

x  x x x  Chloroflexi Class Chloroflexi TK10 0.1 ± 0.1 0.3 ± 0.3 0.3 ± 0.2 0.6 ± 0.2  
x x x x  Firmicutes Bacillus 1.3 ± 1.7 0.3 ± 0.1 0.3 ± 0.2 0.6 ± 0.2  
x x x x x Firmicutes Bacillaceae 4.1 ± 5.1 0.8 ± 0.7 0.9 ± 0.9 2.9 ± 2.9  
x  x   Patescibacteria Saccharimonadaceae 0.8 ± 0.9 0.1 ± 0.2 0.0 ± 0.1 0.0 ± 0.0  
x  x x  Patescibacteria Saccharimonadales 7.6 ± 6.6 2.5 ± 1.2 1.6 ± 0.9 1.3 ± 1.0   

x x x  Alphaproteobacteria Ensifer 0.6 ± 0.8 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0    
x x  Alphaproteobacteria Inquilinus 0.7 ± 0.6 0.2 ± 0.2 0.1 ± 0.0 0.0 ± 0.0    
x   Alphaproteobacteria Azospirillaceae 0.1 ± 0.1 0.5 ± 0.3 0.7 ± 0.5 0.4 ± 0.3   

x  x  Alphaproteobacteria Caulobacteraceae 0.7 ± 0.8 0.5 ± 0.3 0.4 ± 0.2 0.2 ± 0.1   
x  x  Alphaproteobacteria Devosiaceae 1.5 ± 0.9 1.1 ± 0.3 1.1 ± 0.5 0.2 ± 0.1 

x  x    Alphaproteobacteria Dongiaceae 0.4 ± 0.4 0.5 ± 0.4 0.3 ± 0.2 0.2 ± 0.1 
x x  x   Alphaproteobacteria Reyranellaceae 0.6 ± 0.3 0.3 ± 0.1 0.2 ± 0.2 0.2 ± 0.1  

x x x x  Alphaproteobacteria Rhizobiaceae 5.2 ± 4.8 1.0 ± 0.6 0.9 ± 0.8 0.2 ± 0.1 

(continued on next page) 
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abundance of more than 10% in the rhizoplane at site 2 than at site 1 
(Table 1). Soil-dwelling strains of both families have been shown to 
tolerate extreme desiccation and were previously associated to desert 
shrubs (Jorquera et al., 2012; Lennon et al., 2012). Especially members 
of Micrococcaceae are often found in saline and alkaline soils (Dastager 
et al., 2014), explaining their higher relative abundances in the more 
alkaline soil of site 2. 

Nevertheless, plant species had still an important and significant 
effect on the microbial community in rhizoplanes, which is not 
explained by differences in parent material (Supplementary Table 3). In 
line with the observation that Gammaproteobacteria were more abun-
dant in Anthyllis rhizoplane as compared to Macrochloa (Fig. 4), the 
genus Xanthomonas (Gammaproteobacteria) was only found in Anthyllis 
rhizoplanes independent of site. Sequences with closest identification as 
Pseudomonadaceae and Burkholderiaceae (Gammaproteobacteria) were 
also more abundant in the Anthyllis rhizoplane (Table 1). Sequences 
from these families have recently been identified as keystone taxa in a 
revegetation project of mine tailings (Sun et al., 2020). Strains of both 
families are known to play a role in promoting plant growth (Lucy et al., 
2004), whereas members of the Burkholderiaceae were also strongly 
associated with CO2 fixation mechanisms (Sun et al., 2020). From the 
Pseudomonadaceae several isolates have been found to promote the 
growth of another Anthyllis plant species in mine soils, by solubilizing 
phosphorus and producing auxins and siderophores (Soussou et al., 
2017). 

Not surprisingly, sequences belonging to the Rhizobiaceae (Alphap-
roteobacteria) were more abundant in the rhizoplane of the legume 
Anthyllis compared to Macrochloa, including the genus Ensifer (previ-
ously known as Sinorhizobium) that in our study only consisted of one 
ASV identified at species level as Ensifer meliloti (Table 1). Ensifer meliloti 
is a well-studied N-fixing endosymbiont (Finan et al., 2001) and was 
reported, for example, as root nodule colonizer of the drought-tolerant 
shrub Genista saharae in the Algerian Sahara (Chaïch et al., 2017). 
Nevertheless, some other Rhizobiales tended to be more abundant in the 
Macrochloa rhizoplane, like sequences of the Xanthobacteraceae and 
other unidentified representatives of the order Rhizobiales (Table 1). 
Especially the unidentified representatives of Xanthobacteraceae are of 
interest, as this family is often associated with wet soils and sediments 
contrarily to the arid and well-drained soils of our study sites (Oren, 
2014). 

Most rhizoplane responders were enriched by Anthyllis roots 
(Table 1). The few genera with highest relative abundances in the 
Macrochloa rhizoplane compared to Anthyllis had even higher relative 
abundances in the other soil compartments, as will be discussed in more 
detail in the next section. This indicates that the microbial community in 
the Macrochloa rhizoplane is less shaped by the plant itself in compari-
son to Anthyllis. For instance, unidentified representatives of the Gem-
matimonadaceae (Gemmatimonadetes) were about two-fold more 
abundant in the Macrochloa rhizoplanes compared to Anthyllis, but even 
more abundant in the other soil compartments (Table 2). Although the 
phylum Gemmatimonadetes is one of the major phyla found in soils, little 
is known due to a lack of cultured representatives (Hanada and Seki-
guchi et al., 2014). Gemmatimonadetes seem to be predominant in arid 
environments, as their abundances were inversely correlated to soil 
moisture (DeBruyn et al., 2011; Crits-Christoph et al., 2013). 

Overall, we identified several microbial genera that were mainly 
associated to the rhizoplane of Anthyllis plant species, independent of 
parent material. This showed that plant species have a very explicit ef-
fect on several taxa in the rhizoplane, which can be determinative for the 
overall soil functioning. Taxa rather related to the Macrochloa rhizo-
plane were found to be even more abundant in the other soil compart-
ments, meaning that the fibrous roots system of Macrochloa has likely a 
lower influence than Anthyllis on the microbial community at the root- 
soil interface. 
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4.2. How does the parent material influence the plant species-specific 
effect on the microbial community and its spatial extent? 

The microbial community was most heavily influenced by parent 
material resulting in substantial differentiation in relative abundance of 
microbial genera between the two sites. Furthermore, the plant species- 
specific influence was also affected by parent material (Supplementary 
Table 4), as microbial communities associated with Macrochloa differed 
significantly between sites (excluding the rhizoplane). For example, 
sequences with closest identification to the order Saccharimonadales 
(Patescibacteria) had a five-fold and almost three-fold higher relative 
abundance in the rhizoplane and rhizosphere at site 1, respectively, 
compared to site 2 (Table 1 and Supplementary Table 8). The high 
carbonate content of the soil at site 2 has likely reduced the root effects 
as the higher buffering capacity of the soil reduces the acidification 
process by rhizodeposits (Hinsinger et al., 2002). Along this line, one 
could expect a larger spatial extent of the pH gradient from the root 
surface into the bare soil at site 1, resulting in a larger diversification of 
microbes (Rousk et al., 2010; Fierer et al., 2017). Subsequently, plant 
species-specific influences on the microbial communities were found in 
the rhizoplane and rhizosphere of site 1, but not at site 2 (Supplementary 
Table 8). 

Although largest plant influences were observed in the rhizoplane 
(see also section 4.1), these diminished with increasing distance to the 
root. Likewise, several responders belonging to the orders Rhizobiales 
and Sphingomonadales (Alphaproteobacteria) were found to decrease in 
relative abundance with increasing distance from the root, independent 
of plant species (i.e. unidentified responders of Devosiaceae and Rhizo-
biaceae, Tables 2 and 3). Rhizobiales and Sphingomonadales include 
many N-fixing species (Tsoy et al., 2016), which is reflected in a sig-
nificant higher total N content in the rhizosphere samples (Supple-
mentary Table 6). Especially in the rhizosphere of Anthyllis at Rambla 
Honda, total N contents were significantly higher, coinciding with an 
almost two-fold higher relative abundance of sequences belonging to the 
Rhizobiaceae as compared to the Macrochloa rhizoplane at the same site 
(Supplementary Table 8). At the carbonate-rich site 2, there were no 
significant differences between the rhizospheres of the two plant species 
in the total N contents as well as for the orders Rhizobiales and Sphin-
gomonadales. As discussed in the previous section, overall no differen-
tially abundant genera were found between the rhizoplanes of Anthyllis 
and Macrochloa at the carbonate-rich site 2, highlighting a very weak 
plant species-specific effect. Subsequently, less responders at the genus 
level between the compartments, independent of plant species, were 
found for site 2 (Table 3). 

Sequences belonging to the Chitinophagaceae (Bacteroidetes) were 
one of the few responders that were clearly more abundant in the plant 
affected soil in comparison to the other compartments at both sites 
(Tables 2 and 3). Several strains of this family are known for their ability 
to produce myxospores and degrade long chain polymers like chitin and 
cellulose (Glavina Del Rio et al., 2010; Proença et al., 2017). This in-
dicates that plants impact the soil microbial communities not only via 
their root exudates, but also by creating different microclimatic condi-
tions and providing litter via their canopy (Goberna et al., 2007; Veen 
et al., 2019). Between the compartments of site 1, OC/TN ratios 
significantly decreased with distance to the roots (Supplementary 
Table 6), potentially indicating a stronger change in substrate compo-
sition as compared to site 2. Furthermore, the unidentified responders of 
Acidobacteria subgroup 6 increased in relative abundance with 
decreasing OC/TN ratios at site 1 (Table 2). De Chaves et al. (2019) 
found that Acidobacteria subgroup 6 increased in relative abundance 
with the sugarcane Saccharum spp., but decreased in relative abundance 
upon addition of nitrogen fertilizers. This is only opposite to the inverse 
correlation between Acidobacteria subgroup 6 and OC/TN ratio in our 
study. It is important to note that the parent material of Rambla Honda 
contained geogenic N as well (Zethof et al., 2019), likely resulting in the 
low OC/TN ratio in the bare soil compartment, highlighting the Ta
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importance of considering different forms of N when studying the effect 
on microbial community composition. 

In summary, plant species-specific effects on the microbial commu-
nities observed in the rhizoplane diminished with distance to the root. At 
site 1, responders between the two plant species on the genus level were 
found in rhizoplane and rhizosphere, while this was not the case at the 
carbonate-rich site 2, hinting on a buffering effect by the carbonates. Not 
all compartment responders showed a strong root effect as, for example, 
sequences belonging to the Chitinophagaceae were more abundant under 
the plant canopies compared to the rhizoplane or bare soil compart-
ments, independent of site and/or plant species. 

4.3. Can soil aggregation be associated to certain ASVs via soil EPS- 
saccharide contents? 

Similar to the microbial community, soil aggregation differed mainly 
between plant species and compartments at site 1 (Fig. 5b). Subse-
quently, a correlation between soil aggregation and EPS-saccharide 
contents was only found at site 1 (Fig. 5c). Note that in this study we 
defined soil aggregation as the change in mean weight diameter (MWD) 
between samples (<1 mm) treated by slow wetting and subsequent 
chemical and physical dispersion (i.e. MWDdiff). The mean weight 
diameter after aggregate dispersal (MWDdisp) correlated well with 
inorganic C (Supplementary Fig. 3b). This could indicate a strong sta-
bilizing effect on soil aggregates by carbonate binding, which were not 
destroyed by the (non-acidic) dispersal treatment. Although it is well- 
known that carbonates have a cementing effect (i.e. Tisdall and Oades, 
1982; Muneer and Oades, 1989; Totsche et al., 2018), this was previ-
ously linked to an interaction with EPS-saccharide contents for micro-
aggregates (Zethof et al., 2020). Indications from field and laboratory 
experiments showed as well that EPS can facilitate the precipitation of 
carbonates (Ivanov and Chu, 2008; Ercole et al., 2012), potentially 
explaining the higher mean weight diameter after aggregate dispersal 
(MWDdisp) in the EPS-rich rhizosphere compartment (Supplementary 
Fig. 4b). 

Despite the lack of a gradient in soil aggregation at site 2, we could 
identify several ASVs at both sites that were potentially involved in the 
formation of EPS and/or stabilization of soil aggregates, as these ASVs 
were found at site 1 as well (Supplementary Fig. 5b). For instance, a 
relative large cluster with ASV 84 (Inquilinus limosus), ASV 114 (Bur-
kholderiaceae), ASVs 116 and 117 (Pseudomonadaceae), ASV 33 (Pseu-
donocardiaceae), and ASVs 70/72/73 (Rhizobiaceae) were mainly found 
in Anthyllis rhizoplane, independent of parent material, but correlated 
well to both EPS-saccharide contents and aggregation in the other 
compartments. As discussed in the previous section, Rhizobiaceae 
contain many N-fixing taxa that are often capable of producing EPS 
(Rodriguez-Navarro et al., 2007; Vuko et al., 2020). Moreover, Inquilinus 
limosus and species belonging to Pseudomonadaceae have been studied 
for their cooperation in sturdy biofilm formation in patients with cystic 
fibrosis (Herasimenka et al., 2007; Lopes et al., 2012, 2014), indicating 
that taxonomically related strains adapted to the soil environment have 
likely the capability to produce EPS as well (Lennon et al., 2012; Vuko 
et al., 2020). 

Many ASVs were not part of the large clusters, but formed couples or 
small clusters. For instance, ASV 122 with closest identification as 
Xanthomonadaceae (Supplementary Fig. 5) was found in most soil sam-
ples, but with highest relative abundance in the rhizoplane, co-occurring 
with ASV 71 (Rhizobiaceae). Especially ASV 122 correlated to both EPS 
content and aggregation, fitting previous observations for Xanthomo-
nadaceae in alfalfa related microaggregate stabilization by Caesar-Ton-
That et al. (2007). Similarly, ASV 46 (Ensifer meliloti) correlated to soil 
aggregation in our study. Members of this N-fixing species have been 
well-studied for their ability to produce EPS on plant roots (Finan et al., 
2001; Fraysse et al., 2003; Primo et al., 2020). As discussed in section 
4.1, ASV 46 was clearly enriched by Anthyllis roots, independent of 
parent material. 

Fig. 5. EPS-saccharide content of the soil samples as measured in the Rhizo-
sphere (RS), Plant Affected Soil (PAS) and Bare Soil (BS) (a). Change in Mean 
Weight Diameter of the soil samples (<1 mm) between slow wetting and 
dispersal with ultrasound and Calgon (b, MWDdiff.). Box-and-whisker diagrams 
showing the median (black line), 25th/75th percentile (respective upper/lower 
part box), min./max. (whiskers) and mean values (orange dot), with five rep-
licates per box except for the rhizosphere of Anthyllis with four replicates per 
site. In figure (c) the linear trend between MWDdiff. and EPS-saccharide is 
indicated, which was significant for site 1. The solid black line represents the 
linear relation for site 1 and the dashed grey line for site 2. See Supplementary 
Table 10 for subsequent regression statistics. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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Several ASVs belonging to the family Pseudonocardiaceae (No. 17, 
29–34) were placed in key positions of different clusters in the co- 
occurrence network. Among them ASV 17 was identified as the genus 
Crossiella. This genus was previously found to be highly abundant in 
biofilms of multiple cave systems (Riquelme et al., 2015; Spilde et al., 
2016), indicating a more generic role in biofilm formation on mineral 
surfaces in porous systems. ASV 17 (Crossiella) was in our case found in 
all compartments outside the rhizoplane, suggesting the potential role of 
non-rhizoplane associated bacteria for the overall EPS-saccharide con-
tents in soil. 

Hub-species in a co-occurrence network are often assumed as 
keystone taxa for the microbial community (Layeghifard et al., 2017; 
Banerjee et al., 2018), although care should be taken as this does not 
necessarily prove a direct interaction between species. The large number 
of ASVs, 333 identified in this study, correlating with EPS-saccharides 
and/or soil aggregation, still indicate a clear potential of soil-dwelling 
microbes for improving soil aggregation via EPS production. Most of 
them were only identified to the family level, hampering the interpre-
tation of the observed correlations (Supplementary Table 9). Therefore, 
further studies should involve microbial cultivation in order to test the 
EPS-production potential in soil environments. In summary, we could 
identify a range of ASVs that was either related to EPS-saccharide con-
tents and/or soil aggregate stabilization, as measured by the change in 
mean weight diameter upon dispersal. A substantial part of the ASVs was 
correlated to EPS-saccharide contents and had their highest relative 
abundances in the vicinity of the plant roots. Plant effect on microbial 
community, EPS-saccharide contents and soil aggregation quickly 
diminished with relative distance to the root-soil interface, whereby the 
largest gradient was observed between the rhizosphere, plant affected 
and bare soil compartments of Anthyllis. The root effect was only gov-
erned by soil carbonate contents, since the observed root effects on the 
microbial community and subsequent soil aggregation diminished with 
higher carbonate contents. Many more potential EPS producers were 
found, which were not necessarily associated to the rhizoplane/-sphere 
compartments, highlighting the complex process in overall EPS forma-
tion in the soil environment. 
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Puigdefábregas, J., Alonso, J.M., Delgado, L., Domingo, F., Cueto, M., Gutiérrez, L., 
Lázaro, R., Nicolau, J.M., Sánchez, G., Solé, A., Vidal, S., 1996. The Rambla Honda 
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