Rhizosphere bacterial communities of Namib Desert plant species: evidence of specialised plant-microbe associations.
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Abstract
Rhizosphere microbial communities are intimately associated with plant root surfaces. The rhizosphere microbiome is recruited from the surrounding soil and is known to impact positively on the plant host via enhanced resistance to pathogens, increased nutrient availability, growth stimulation and increased resistance to desiccation. Desert ecosystems harbour a diversity of perennial and annual plant species, generally exhibiting considerable physiological adaptation to the low-water environment. In this study, we explored the rhizosphere bacterial microbiomes associated with selected desert plant species. The rhizosphere bacterial communities of 11 plant species from the central Namib Desert were assessed using 16S rRNA gene-dependent phylogenetic analyses. The rhizosphere microbial community of each host plant species was compared with control soils collected from their immediate vicinity, and with those of all other host plants. Rhizosphere and control soil bacterial communities differed significantly and were influenced by both location and plant species. Rhizosphere-associated genera included 67 known plant growth-promoting taxa, including Rhizobium, Bacillus, Microvirga, Kocuria and Paenibacillus. Other than Kocuria, these genera constituted the ‘core’ rhizosphere bacterial microbiome, defined as being present in >90% of the rhizosphere communities. Nine of the 11 desert plant species harboured varying numbers and proportions of species-specific microbial taxa. Predictive analyses of functional pathways linked to rhizosphere microbial taxa showed that these were significantly enriched in the biosynthesis or degradation of a variety of substances such as sugars, secondary metabolites, phenolic compounds and antimicrobials. Overall, our data suggest that plant species in the Namib Desert recruit unique taxa to their rhizosphere bacterial microbiomes that may contribute to their resilience in this extreme environment. 
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Introduction 
The plant rhizosphere is a soil zone where root structures, soil particles and microbial communities form intimate associations, with the microbial populations significantly influencing the functional characteristics of the plant host (Siddharthan et al., 2022). The rhizosphere is a dynamic ecological environment where the specialised microbial diversity affects a range of local processes, including carbon turnover, phytohormone levels, nutrient availability (particularly phosphate solubilisation), plant disease susceptibility and water retention (Zia et al., 2021, Siddharthan et al., 2022). The functions and roles of plant growth-promoting bacteria (PGPB), a subset of taxa in the rhizosphere microbial community,  
The identification of PGPB, which are dominated by members of well-known aerobic genera including Rhizobium, Bacillus, Burkholderia, Azotobacter, Azospirillum, Paenibacillus, Serratia, Pseudomonas and Klebsiella (ALKahtani et al., 2020), has until recently relied primarily on culture-dependent studies, limiting the extent of novel PGPB discovery (Armanhi et al., 2018, Romano et al., 2020). Given the well-known constraints of using culture-dependent methods (e.g., preferential selection of the microbial ‘weeds’; (Armanhi et al., 2018, Wei et al., 2021), for accessing the complete microbiome, it is likely that many currently unrecognised rhizosphere (and endophytic) microbial taxa also contribute beneficially to host plant performance. This contention is strongly supported by recent comparative phylogenetic surveys of plants across aridity gradients (Marasco et al., 2021), and studies of the rhizosphere communities of drought-adapted plants (Genitsaris et al., 2020). Both approaches demonstrate that increasing environmental aridity results in changes in rhizosphere microbial communities (Karray et al., 2020), with one of the possible drivers being the selective recruitment of specific microbial taxa to form a core microbiome that contributes to a drought-tolerant phenotype (Fan et al., 2023). 
Amongst the widely accepted positive effects of rhizosphere microbiomes on plant traits and performance (Olanrewaju et al., 2019, Qu et al., 2020, Fiodor et al., 2021), it is now well established that they contribute to plant drought-tolerance via a variety of different mechanisms (Mathur & Roy, 2021, Ahmad et al., 2022, Aslam et al., 2022). These include the production of extracellular polymeric substances (EPS) at and near the root surfaces, the hygroscopic and water-holding properties of which contribute to water acquisition and retention under drought stress (Naseem et al., 2018, Fetsiukh et al., 2021, Morcillo & Manzanera, 2021, Nadeem et al., 2021). In addition to such indirect effects, rhizosphere microbiota may directly drive the upregulation of drought-response genes in the host plant genome, a set of processes collectively termed Induced Systemic Tolerance (Vurukonda et al., 2016, Carlson et al., 2020, Liu et al., 2020, Rashid et al., 2021). While the mechanisms underlying this process are currently not fully understood, it has been shown that microbially-derived chemical signals interact with transcription factors and other gene expression regulators in the plant genome (Filgueiras et al., 2020, Hartmann et al., 2021). A number of plant phytohormones produced by bacteria (e.g., abscisic acid and jasmonate) are known to play a major role in the drought-resistance phenotype, while molecular interactions between phytohormones and plant transcription factors have also been identified (Hussain et al., 2021, Mathur & Roy, 2021, Iqbal et al., 2022), leading to a range of physiological and biochemical changes including the closing of guard cells (Yoshida et al., 2014, Liu et al., 2022), the accumulation of intracellular solutes (Medici et al., 2014, Murcia et al., 2017), a reduction or increase in ethylene production (Salvi et al., 2021, Naing et al., 2022) and other stress responses (Salvi et al., 2021).
The Namib Desert is one of the world’s oldest arid deserts, and harbours unique geomorphological and biological features (Seely, 1979, Eckardt et al., 2013). 
Soil microbiome research in the Namib Desert dates back a little more than a decade (Cowan et al., 2020) and the studies available have principally focused on the taxonomic diversity and functional properties of polyphyletic microbial communities in open soils across the ~200 km longitudinal water-availability gradient present in this desert (Van der Walt et al., 2016, Vikram et al., 2016, Scola et al., 2018, Naidoo et al., 2022) and on the microbiomics of desert soil niche communities (Stomeo et al., 2013, Frossard et al., 2015, Cowan et al., 2020). 
 Several recent studies have focussed on the nature and role of specialised root-associated structures (rhizosheath) that are characteristic of certain desert speargrasses in the genus Stipagrostis  (Marasco et al., 2018, Marasco et al., 2022, Marasco et al., 2022). These studies have provided strong evidence of the selective recruitment of microbial taxa into the rhizosheath, and some evidence for the selection of beneficial functional characteristics (Marasco et al., 2018, Marasco et al., 2022). Extending this concept to other drought-adapted desert plant species, in this study we investigated the rhizosphere microbial communities of multiple plant species, also including some speargrasses, from this extreme desert ecosystem.
We focused on specific questions relating to the rhizosphere bacterial microbiomes of desert plant species: (i) are these root-associated microbiomes distinct from the local soil microbiome, indicating a selective recruitment process? (ii) do plant species assemble similar rhizosphere bacterial microbiomes, irrespective of location, indicating a generic recruitment mechanism? and (iii) are certain microbial taxa commonly identified in the rhizospheres of different plant species, suggesting that recruitment is driven by the potentially beneficial functional properties (phenotypes) of these microorganisms? 
Materials and methods
Experimental sites and sample collection.
Plant rhizosphere and control soil samples were collected in triplicate from 30 sites in the central Namib Desert in April 2022 (locations, plant species and sample data are provided in Figures 1A, B and Table S1, respectively). Plant roots were excavated using an ethanol-sterilised shovel and shaken to manually remove soil particles. For each plant, roots were then excised and placed in a sterile 50 mL Falcon tube. Control soil samples (0 to 5 cm depth, one per plant sampled) were aseptically collected from within 1 m of each sampled plant. All samples were stored at 4 °C and transported to the University of Pretoria, South Africa, where they were stored at -80oC until further processing.
DNA extraction and sequencing
After thawing, tubes containing root rhizosphere samples were agitated for 5 min in PBS buffer to facilitate the detachment of the rhizosphere from the root surface detach and suspend the soil and rhizosphere microbiome from the root surface. The resulting resuspended biomass was spun down at 2 500 rpm for 3 min, and the pellets were resuspended in lysis buffer from the DNA extraction kit (QIAGEN DNeasy PowerSoil kit, QIAGEN, United States) for DNA extraction. For samples with rhizosheath structures, rhizosheath material was removed with a sterile scalpel, and used for DNA extraction. Genomic DNA was extracted following the manufacturer's protocol (QIAGEN, United States). For control soils and rhizosheath samples, 1 g samples were used for extraction. The resuspended rhizosphere pellets were transferred to the bead tubes in lysis buffer and subsequently processed following the manufacturer’s instructions. Extracted DNA concentrations and quality were assessed using a NanoDrop 2000 spectrophotometer (ThermoFisher, United States) and UV visualization after 1% agarose gel electrophoresis. DNA samples were subject to commercial 16S rRNA amplicon paired-end (2 × 300 bp) sequencing using standard Illumina 16S V3-V4 region bacterial primers 341F (5’-CCTACGGGNGGCWGCAG-3’) and 805R (5’-GACTACHVGGGTATCTAATCC-3’) (Herlemann et al., 2011). Sequencing was performed commercially using the Illumina Miseq platform by Omega BioSciences (Norcross, USA), with a read coverage of 100 000 reads (50 000 in each direction).
Sequence processing
Raw sequence reads (BioProject PRJNA1160782) were processed using the Qualitative Insights Into Microbial Ecology 2 (QIIME2) pipeline (Bolyen et al., 2019). The DADA2 plug-in (Callahan et al., 2016) was used to trim and denoise raw reads, as well as assign unique amplicon sequence variants (ASVs).  The denoise-pair function was used to trim 20 bp from the 5’ end of reads in order to remove barcodes and primers. Additionally, trunc-length was set to 300 bp in order to discard nucleotides with quality scores of <20 at the 3’-ends. The resulting trimmed/denoised ASVs were taxonomically assigned using the pre-trained classifier trained on the SILVA 138 SSURef NR99 database (Robeson et al., 2021). 
Bacterial community composition and statistical analyses 
Compositional and statistical analyses of ASV datasets were carried out in RStudio v4.3.1 (Team, 2020). Before statistical analyses, the dataset was filtered to remove unassigned reads and reads assigned to mitochondria, chloroplasts and eukaryotes using the Phyloseq v1.44.0 package (McMurdie & Holmes, 2013). Relative abundances of the dominant phyla and  in the control and rhizosphere samples were determined using the ‘phyloseq’ package in R (McMurdie & Holmes, 2013). Plots were created using the ‘ggplot2 v3.5.1’ package in R (Wickham et al., 2018).
Differences in bacterial community diversity were assessed by evaluating alpha and beta diversity dissimilarities between samples (Oksanen et al., 2019). Normality of the sampled datasets was evaluated using the Shapiro normality test (Shapiro et al., 1968). The Shannon biodiversity index of samples was estimated using the estimate_richness function in the R package ‘phyloseq’ after rarefaction to the lowest common read count (8 302), which was performed using the ‘vegan v2.6-4’ package (Oksanen et al., 2019). To calculate significant differences in alpha diversity between the four sampling locations (A, B, C, D) and sample types (control soils or rhizosphere), analyses of variance (ANOVA) (Chambers et al., 2017) were followed, where significant, by Tukey's HSD tests (Tukey 1977) (for normally distributed data) or the Kruskal–Wallis test followed by the Wilcoxon Rank Sum test (Wilcoxon et al., 1970) (for non-normally distributed data) (McKight & Najab, 2010). 
The Bray-Curtis dissimilarity between samples was calculated and subsequently visualised in a Principal Coordinates Analysis (PCoA) ordination plot (Jolliffe & Cadima, 2016) using the ‘phyloseq’ and ‘ggplot2’ packages. Beta dispersivity (1000 permutations) (Anderson et al., 2006) was used to test for statistically significant (p < 0.05) compositional variance between samples within each group, while analysis of similarities (ANOSIM) was used to test multivariate differences (p < 0.05) between sample groups using the ‘vegan’ package (Oksanen et al., 2019). 
Identification of rhizosphere and plant growth-promoting bacteria
The bacterial genera present in the plant rhizosphere and control soil bacterial microbiomes were compared to identify specialist taxa recruited to the rhizosphere. To do this, the decontaminated ASV dataset was first clustered according to genus and split into control soil and rhizosphere sample groups, after which ASVs with zero counts were removed from the rhizosphere and control soil datasets. Thereafter, relative abundances of ASVs across the samples were calculated for each ASV dataset. The top 10% most abundant ASVs present in at least 50% of the soil control and rhizosphere samples were then compared to identify those that were commonly identified in both control soils and plant rhizospheres and those that were only present in the rhizosphere soils and/or were plant-species-specific. Commonly identified and plant-species-specific genera in the rhizospheres of the 11 plant species were visualised using Venn diagrams and the ‘UpsetR v1.4.0’ and ‘ComplexUpset v1.3.3’ packages (Conway et al., 2017). Plant growth-promoting bacteria identified in the entire rhizosphere dataset were visualised using averaged relative abundances as a heatmap using the ‘pheatmap v1.0.12’ package in R (Kolde, 2019). The PGPB taxa were clustered using Pearson correlation and the plant species using a binary scale (presence or absence of taxa).
Abundance comparisons of functional pathways in rhizosphere and control soil bacterial taxa 
Linear discriminant analysis effect size (LefSe) (Segata et al., 2011) was used to identify biomarker pathways in the rhizosphere and control soil bacterial microbiomes based on normalised relative pathway abundances. The  sampling locations  and sample replicates were used as the subclasses and subjects, respectively, using default LefSe settings. Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2) (Douglas et al., 2020) was used to compare the putative functional capacities of taxa present in rhizosphere and control soil samples. Here, the putative pathway abundances were compared to identify those present in at least 50% of the control and rhizosphere soils. A linear discriminant analysis (LDA) was used to evaluate and visualise the abundant functional pathways in the rhizosphere and control soil communities based on LDA scores. 
ASV co-occurrence between plant rhizosphere communities
To assess the correlation between plant rhizosphere communities, pairwise comparisons based on ASV presence and absence in each plant dataset were performed using the Pearson method in the R package ‘corrplot v0.92’ (Friendly, 2002). Visualisations were generated using ‘ggplot2’ from the Pearson co-occurrence scores. Scores of r > 0.5 and r < -0.5 were defined as positive and negative correlations, respectively. 


Results
The plant rhizosphere bacterial microbiome is distinct from the control soil microbiome 
Bacterial richness metrics for all samples ranged from 16 to 1768 (Figure 2A). Shannon index values fell between 0.9 and 6.9 (Figure 2B) across all the samples in the study. The control soils had significantly higher bacterial richness (W = 808.5, p = 0.0017) and biodiversity (W = 888, p = 0.001) than the rhizosphere soils, based on Wilcoxon rank-sum exact test comparisons between groups. Despite this general trend, comparisons of diversity metrics between the rhizosphere of each plant species and their respective control soils (Figure 2C) showed variable relationships between rhizosphere communities and surrounding soils. For instance, the rhizospheres of the speargrasses Stipagrostis ciliata, S. sabulicola, and S. lutescens, as well as those of Sesuvium sesuvioides and Tetraena stapffii, exhibited comparable Shannon diversity values to their control soils. The Kruskal-Wallis rank sum test indicated that rhizosphere community diversity was correlated with both sampling location (H = 12.045, p = 0.0072) and plant species identity (H = 26.494, p = 0.0031). The Tetraena simplex rhizosphere alpha diversity (Shannon metric score 1.32) was not only the lowest among the sampled rhizosphere soils but also very low compared to its control soil (Shannon metric score 5.06).

Analysis of beta-diversity dissimilarity (Figure 2D) between samples showed that samples were significantly clustered according to soil type (rhizosphere vs control soils) (R2 = 0.0779; p = 0.001). Samples were also clustered according to sampling location (R2 = 0.1333; p = 0.001) (Figure S1).
Plant species exhibit rhizosphere-specific bacterial species diversity
To assess whether the 11 plant species studied were associated with specific rhizosphere bacterial microbiomes, the ASV data obtained from the rhizosphere soil samples were compared. The bacterial species richness of individual plants ranged from 16 to 1203 (Figure 3A). The rhizosphere communities of speargrasses and T. stapffii exhibited higher species richness than other plant species. Lower species richness was observed for Cleome foliosa, Euphorbia virosa, Tephrosia dregeana, Tribulus zeyheri, Indigofera auricoma and T. simplex. Richness (Kruskal-Wallis H = 26.338, p = 0.0033) was significantly different across the 11 plant species (Figure 3A). The analysis of microbial community structure using the Bray-Curtis beta-diversity index also revealed significant compositional differences between the rhizosphere communities of the various plant species (R2 = 0.5222; p = 0.001) (Figure 3B). Three main clusters of samples were apparent in the PCoA: one containing the T. simplex samples, one containing the speargrasses, T. stapffii and S. sesuvioides samples and one containing the remaining species. However, the variation observed only accounted for 20.8% of the total variation in the bacterial community. 
Plant rhizosphere and control soil communities share similar dominant phyla and genera
To explore the composition of bacterial communities across the entire sample set, the ASV datasets from the rhizosphere samples and control soils were compared at both phylum and genus levels. Overall, 44 bacterial phyla and 1071 genera were assigned across the samples. The dominant phyla were Proteobacteria (Pseudomonadota) (33.1%), Actinobacteriota (28%), Firmicutes (19.7%), Bacteriodota (6.4%), Planctomycetota (2.5%), Chloroflexi (2.6%), Gemmatimonadota (1.7%), Cyanobacteria (1.1%) and Myxococcota (1.1%) (Figure 4). 
Proteobacteria, Actinobacteriota and Firmicutes were, in rank order, the top three most abundant phyla in both the control and rhizosphere samples. Table S2 shows the relative abundances of the most dominant phyla for each plant species and the control soils. Relative abundances were higher in the rhizosphere compared to the  soil samples. Figure 5A shows the relative abundances of the bacterial microbiome associated with the rhizosphere samples at the phylum level. At the genus level, comparisons between rhizosphere and control soils identified nine genera that were common across samples. These were Geodermatophilus, Arthrobacter, Cellulomonas, Chthoniobacter, Blastococcus, Pseudomonas and three unknown genera. By comparison, 60 and 51 genera (Table S3) were specific to the control and plant rhizosphere soils, respectively. Genera representing the phylum Proteobacteria (18) were dominant in the rhizosphere soils followed by representatives of the phylum Actinobacteriota (13) (Table S2). Rhizosphere-specific genera included Rhizobium, Bacillus, Paenibacillus, Planococcus and Microvirga. 
Plant rhizosphere assemblages comprise variable numbers of shared and plant-species-specific ASVs 
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]A total of 393 rhizosphere-associated ASVs were observed across the total rhizosphere sample dataset. A pairwise correlation matrix was generated to visualise the correlations between plant species based on similarities in rhizosphere community composition. (Figure S2). Weak to no co-occurrences were observed between T. simplex and the other 10 plant rhizosphere bacterial microbiomes. presence/absence analyses were performed to further explore the microbial composition similarities and differences of the 11 plant species. Upset plots were used to visualise the intersections and divergences of the 11 sets of rhizosphere bacterial microbiomes. Figure 6A shows the number of commonly identified ASVs from the rhizosphere sample dataset and Figure 6B shows the number of ASVs commonly identified in over 50% of the rhizosphere soils of the 11 plant species. The rhizosphere samples with the most shared ASVs were those of the speargrasses S. sabulicola and S. lutescens, which had a total of 101 co-occurring ASVs, followed by S. lutescens and S. ciliata with 100, S. lutescens and S. sesuvioides with 74, and S. ciliata and S. sabulicola with 71 co-occurring ASVs (Figure 6A). Stipagrostis ciliata and S. sesuvioides, and S. sabulicola and S. sesuvioides samples each had 55 commonly identified ASVs. In contrast, T. stapffii and T. simplex only shared four of the 169 T. stapffii-associated ASVs. The ASVs assigned to three genera, Microvirga, Streptomyces and Paenibacillus, were found in 10 (91%) of the plant rhizosphere soils—the exception being that of T. simplex. The rhizosphere soils of all 11 plant species shared a single ASV, classified within the genus Bacillus (Figure 6B). 
In addition to the shared ASVs, most plant species had species-specific members of their rhizosphere bacterial communities (Figure 7). Figure 7 shows the number of species-specific bacterial ASVs associated with each plant species. Eighty genera were associated with the rhizosphere of T. stapffii alone. Eight of the remaining 10 plant species, excluding T. simplex and T. zeyheri, also had exclusive ASVs. These were S. lutescens (43), S. ciliata (15), S. sesuvioides (12), S. sabulicola (10), C. foliosa (10), T. dregeana (2), I. auricoma (3) and E. virosa (1). These results suggest that T. stapffii had the most exclusive bacterial microbiome among the sampled plant species. 
Shared and species-specific desert plant rhizosphere communities include plant growth promoting genera 
Sixty-seven genera of known plant growth-promoting bacteria were identified in the rhizosphere dataset (Table S5). The average relative abundances of the PGPB genera per plant species were determined (Figure 8). The top three sources of Bacillus, the taxon identified in all rhizosphere samples, were C. foliosa, T. zeyheri and T. dregeana. Overall, S. lutescens had the highest proportion of known PGPB genera (64%). Table S5 shows the overall relative abundance and the most abundant PGPB genera for each plant species. Of note, T. stapffii samples were predominantly composed of halotolerant PGPB. Species specific PGPB genera were identified in S. ciliata (2), I. auricoma, S. lutescens (5), C. foliosa (2), S. sesuvioides (1), T. stapffii (4) and S. sabulicola (3). 

Plant rhizosphere bacterial communities are associated with specific functional pathways Differences in bacterial community structures between control and rhizosphere soils may be associated with functional differentiation and may be of ecological significance. We assigned biological functions to the soil communities using PICRUSt2. The rhizosphere and control soils shared 364 putative pathways. Eighteen and 22 putative pathways were uniquely identified for the control and the rhizosphere soil communities, respectively. The descriptions of the rhizosphere-associated pathways are shown in Table S6. These included the synthesis or degradation of carbon sources and other compounds such as vitamin B6, D-galacturonate, coumarins, polyamines and a range of antimicrobials (Table S6). Linear discriminant analysis (LDA) was used to compare the abundant functional pathways between these two communities. Based on the PICRUSt2 pathway abundance data, 18 pathways were abundant in the rhizosphere soils at the set cut-off value (Figure 9A). The biosynthesis of the antibiotics carbapenem carboxylate erythromycin, megalomicin A and tylosin were the most abundant pathways associated with the rhizosphere samples (Table S6). 





Discussion
Microbial communities are considered to be important drivers of desert ecosystem functions. For desert plants, these microbial communities form an essential component of their survival mechanisms (Eida et al., 2018), (Liu et al., 2013, Marasco et al., 2018). Rhizosphere microorganisms can augment the plant genome via a plethora of functions that support plant growth and health (Huang et al., 2015, Contreras et al., 2023).  (Korenblum et al., 2022, Chen et al., 2023, Chen & Liu, 2024). 

Here, we investigated the bacterial root microbiomes of 11 plant species native to the Namib Desert. The data obtained clearly demonstrate that bacterial richness and diversity in the plant rhizospheres investigated differed from those of the respective local control soils, while also being influenced by sampling location and plant species. This was particularly the case for the plant species sampled in the gravel plains, C. foliosa, E. virosa, I. auricoma, T. dregeana, T. zeyheri and T. simplex (Figure 2). The bacterial communities present in the control soils were more heterogeneous than those of the rhizospheres, supporting the suggestion that selective recruitment is likely to occur in the vicinity of the plant roots (Liu et al., 2021, Zhao et al., 2021). Given that the bacterial communities in control soils from different locations differed significantly (Supplementary Figure S1B), our data support the hypothesis that the rhizosphere communities of different plant species are, at least in part, a function of the microbial diversity in the immediately surrounding soils. Consistent with this observation, Marasco et al. (2018), in a study of Namib Desert dune soils, reported that 64% of Namib Desert dune speargrass rhizosheath-associated bacterial taxa originated from the adjacent non-rhizosphere mineral soils.

The 11 rhizosphere soils examined exhibited a range of bacterial species richness and diversity values. We suggest that this is consistent with a mechanism by which exudate compositions from different plant species drive distinct recruitment processes. Several previous studies (Johnston-Monje et al., 2016, Mapelli et al., 2018, Marasco et al., 2018, Mosqueira et al., 2019, Siddharthan et al., 2022, Maurice et al., 2024) have provided evidence in support of this hypothesis. Furthermore, the variation in alpha-diversity observed between the rhizospheres of different plant species and the surrounding soils (Figure 2C) suggests that this recruitment process is not consistent across plant species, with the Stipagrostis grasses and T. stapffii displaying less stringent recruitment than the other plant species (Fitzpatrick et al., 2018). The PCoA clusters of the rhizosphere bacterial communities (Figure 3B) showed these less stringent recruiters grouped together. One cluster comprised of the more flexible recruiters T. stapffii, S. sesuvioides and the Stipagrostis grasses, whose bacterial microbiomes were more comparable with those of their control soils, while the other plant species cluster included the more stringent recruiters, with fewer associated bacterial taxa, both in numbers and diversity. Notably, the rhizosphere of the herb T. simplex had very low bacterial species richness and diversity. This species may have a highly selective recruitment system in the Namib Desert gravel plains environment, contrasting with an observation made in the same species in Cholistan (Pakistan) and Saudi Arabian desert soils (Eida et al., 2018, Mukhtar et al., 2021).

Proteobacteria was the most dominant phylum in the rhizosphere soils followed by Actinobacteriota and Firmicutes (Table S2, ). Proteobacteria and Actinobacteriota are generally the dominant rhizosphere colonizers and part of the persistently active microbial fraction in Namib Desert soils (León-Sobrino et al., 2019).Their abundance has been suggested to be due to a combination of edaphic , plant host–derived factors Streptomyces,is a major genus of Actinobacteriota, with well-documented drought-tolerance and antifungal capabilities (Abdelmoteleb & González-Mendoza, 2020, Warrad et al., 2020). Bacteria with a capacity for biocontrol activity have been reported to be more abundant in the rhizosphere than in soils (Mukhtar et al., 2021). In our study, putative pathway analyses suggested a particularly high level of inter-species competition in the rhizosphere (Tables S6 and S7), consistent with recent suggestions that the plant rhizosheath–root niche is a “mini-oasis” of intense microbial competition (Marasco et al., 2022). Representatives of Bacillus, which are well-known PGPB taxa (Wang et al., 2012, Timmusk et al., 2014, Hashem et al., 2019) were common in the rhizospheres of all 11 plant species examined in this study. Genera identified in the rhizosphere soils (Table S3) included other known PGPB taxa (Table S5), such as Rhizobium and Paenibacillus (Alkahtani et al., 2020) and Planococcus (Kaplan et al., 2013), as well as the desert-adapted Microvirga (Veyisoglu et al., 2016, Sathiyaraj et al., 2018). Bacillus, Paenibacillus and Rhizobium are known to confer drought tolerance properties to their host plants (Vardharajula et al., 2011, Gontia‐Mishra et al., 2016, Vurukonda et al., 2016, Liu et al., 2020, Chieb & Gachomo, 2023). 

Plant species from location D (Table S1) had a high abundance of salt tolerant PGPB representatives (Figure 8). Salt stress induces significant osmotic stress and previous research has demonstrated that fluctuating salt levels are a significant determinant factor for bacterial communities in the gravel plains of the Namib (Stomeo et al., 2013). Rhizosphere samples from the other locations, including the gravel plain sites A and B (Table S1), showed a range of PGPB genera known for their abilities to form symbiotic relationships with plants, fix nitrogen, degrade organic compounds and produce bioactive compounds (Table S5). 

The presence of certain genera in desert plant rhizosphere communities is consistent with their potential involvement in plant resilience to the challenging environmental conditions of the Namib Desert. We identified a range of bacterial genera unique to each plant species that may offer specific functions and resilience to their hosts (Figure 7). For instance, the genus Bradyrhizobium, which was associated with C. foliosa samples in this study, has been associated with nodule mass and salt stress tolerance (Jenkins, 2003, Lester et al., 2007, Msaddak et al., 2017). Halobacillus and Nitrococcus, associated with T. stapffii samples, are genera with recognised salt-tolerance adaptations (Guesmi et al., 2013). The latter are also key ammonia oxidisers (Guesmi et al., 2013, Sun et al., 2022, Sun et al., 2023). Fictibacillus has been linked with nitrogen turnover and phosphate solubilization processes (GUO et al., 2020). Methylobacterium may be beneficial to S. lutescens as a phytobiosymbiont that produces the phytohormone cytokinin, which is important in seed germination and growth (Kumar et al., 2016). The transfer of key traits through desert plant rhizospheric microbiomes thriving under such polyextreme conditions shows great potential (Castro-Severyn et al., 2024).

A visual representation of the pairwise correlation heatmap obtained using ASV abundance data of the rhizosphere samples from the 11 plant species (Figure S2) showed 18 strongly positive correlation scores. Exploration of co-occurrence relationships is considered to be a useful indicator of functional potential, since co-occurring species pairs may share ecological characteristics (Williams et al., 2014). However, we acknowledge the limitations in exploring microbial co-occurrence relationships in a preliminary and relatively small-scale study such as this. Nonetheless, the use of Upset visualisation to show intersections among the 11 datasets of the plant species (Figures 6, 7) highlighted the potential functional importance of certain microbial taxa. Amongst taxa identified here, polyamine biosynthesis has been linked to enhanced plant tolerance to drought, heavy metal contamination, salinity, and low and high temperature stresses in cold and hot desert ecosystems (Zhou et al., 2016, Li et al., 2022). 


The findings of this study emphasise the potential importance of research into desert microflora as sources of PGPBs to ameliorate soils for diverse plant benefits. The functional pathways identified here align with the assumed physiological needs of desert-adapted plants, suggesting that Namib Desert plant rhizospheric microbiomes play important roles in adaptation to the challenges presented by water scarcity, other environmental stressors and pathogens. Moreover, while this study revealed 67 known PGPB genera and highlighted certain plant species as viable sources of these, of the 393 rhizosphere-associated ASVs identified at generic level, 254 are either currently unknown or uncultured. These findings further emphasise the currently limited knowledge of the functional potential of desert plant rhizosphere bacteria. 
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Figure 1: Sampling locations in the Namib Desert gravel plains (A, B, D), and dunes (C) (A). Eleven desert plant species were sampled: Stipagrostis ciliata, Tetraena stapffii, Cleome foliosa, Tribulus zeyheri (top row), Stipagrostis sabulicola, Tetraena simplex, Tephrosia dregeana, Sesuvium sesuvioides (middle row), Stipagrostis lutescens, Indigofera auricoma, Euphorbia virosa (bottom row) (B). 
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Figure 2: Rhizosphere and control soil bacterial community diversity. Bacterial richness (A) and Shannon diversity indices (B) of the control and rhizosphere soils are shown as box plots. Median values are indicated by the horizontal lines and the mean values by crosses. The Shannon diversity indices (C) of bacterial communities associated with the plant rhizospheres and their respective control soils are illustrated as a box plot with median values of each indicated by a horizontal line. The principal coordinate analysis (PCoA) plot (D) shows the distances between the control soil (red) and rhizosphere samples (blue).
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Figure 3: Bacterial richness and beta diversity metrics of plant rhizosphere microbiota. The boxplot (A) shows the bacterial richness of the eleven plant species. The PCoA plot (B) illustrates the dissimilarities between the different plant rhizosphere communities.
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Figure 4: Control and rhizosphere soil bacterial community relative abundances. The box plot depicts the abundance of phyla represented with over 1% relative abundance in the control (left) and rhizosphere (right) samples.
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Figure 5: Taxonomic analysis plot (A) showing the rhizosphere taxa obtained from each plant species at the phylum level. Taxonomic plot (B) shows the rhizosphere taxa obtained from each plant species at the genus level. The plots illustrate > 1% relative abundance in the plant rhizosphere.
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Figure 6: Intersection matrix of individual plant species rhizosphere ASVs. The Upset plot (A) shows the number of shared genera between pairs of plant species. Red boxes highlight the genera shared between speargrasses, blue boxes highlight genera shared between speargrasses and other plant species and yellow boxes highlight genera shared between other non-speargrasses. In all the plots, the numbers represent the number of genera. The Upset plot (B) shows the number of ASVs shared between 6-11 plant species.  The linked black nodes indicate the plant species that are part of the intersecting sets and the grey dots show the species that are not part of a set. The red box highlights the representative of Bacillus found in all 11 plant species rhizosphere soils.

[image: ]
Figure 7: Rhizosphere-associated ASVs for each plant species. The Upset plot shows the number of ASVs that were associated with a single plant species. The black dots show the identity of the species associated with each set of unique ASVs. The numbers indicate the number of ASVs per plant species.
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Figure 8: Relative abundance of differentially abundant PGPB genera in the rhizosphere samples of each of the studied plant species. Samples clustered by plant species groups. The heat maps represent known shared and plant-specific PGPB genera present in at least half of the samples analysed of each plant. Each row scale shows the differential abundance of each identified PGPB taxon across the plant species. The scale indicates low (blue), medium (yellow), and high relative abundance (red).
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Figure 9: Functional pathways predicted in the rhizosphere and control soil bacterial communities. The linear discriminant analysis plot (A) shows the PICRUSt2 predicted functional pathways in 50% of the rhizosphere or control soils, with (log10) transformed LDA scores for rhizosphere (red) and control (green) soil communities. The effect size plot (B) shows the most abundant PICRUSt2 predicted functional pathways for each plant species.
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Figure S1: Beta diversity PCoA plot showing the diversity of the soil bacterial microbiomes of (A) rhizosphere and (B) control soils, by sampling location.
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Figure S2: Plant species ASV co-occurrence. The correlation heatmap shows the degree of bacterial species co-occurrence likelihood observed between plant species pairings. The degree of co-occurrence is indicated by the colour intensity, with decreasing relationships from deep red (most positive correlation), through white (no correlation), to deep blue (most negative correlation).

Table S1: The 11 selected desert plant species studied and their sampling locations
	Plant species
	Sample ID (Latitude)
	Location

	C. foliosa
	R5 (23.46322o S, 15.36754° E), R11 (23.46327° S, 15.36789° E),
R4 (23.46345° S, 15.36833° E)

	B

	E. virosa
	R30 (23.46392° S, 15.36698° E), R9 (23.46428° S, 15.36615° E), 
R29 (23.46437° S, 15.36584° E)
	B

	I . auricoma
	E (23.46330° S, 15.36663° E), R2 (23.46330° S, 15.36663° E),
 R8 (23.46330° S, 15.36663° E)

	B

	S. sabulicola
	R16 (23.56804° S, 15.04111° E), R15 (23.56820° S, 15.04116° E), 
R26 (23.56900° S, 15.04128° E)
	C

	S. lutescens
	R18 (23.56406° S, 15.03558° E), R14 (23.56417° S, 15.03570° E), R28 (23.56460° S, 15.06306° E)
	C

	S. sesuvioides
	D (23.57693° S, 15.26372° E), R17 (23.57695° S, 15.26375° E), CP32 (23.57697° S, 15.26378° E)
	D

	T. dregeana
	F (23.46382° S, 15.36663° E), R1 (23.46330° S, 15.36663° E), R10 (23.46330° S, 15.36663° E)
	B

	T. zeyheri
	R7 (23.46137° S, 15.37204° E), R32 (23.4638° S, 15.36720° E), R12 (23.46421° S, 15.36628° E)
	B

	T. simplex
	R31 (23.57681° S, 15.26358° E), R6 (23.57681° S, 15.26373° E), R33 (23.57690° S, 15.26334° E)
	D

	T. stapffii
	R25 (23.57158° S, 15.27214° E), R22 (23.57161° S, 15.27314° E), R24 (23.57162° S, 15.27238° E)
	D



Table S2: Relative abundance of the most dominant bacterial phyla in the rhizosphere of each plant species sampled and their respective control soils
	Plant species
	Relative abundance 

	
	Overall
	Control
	Rhizosphere

	T. simplex
	Proteobacteria (65.6%)
	Proteobacteria (36.7%)
	Proteobacteria (95%)

	E. virosa
	Actinobacteriota (45%)
	Actinobacteriota (36.2%)
	Actinobacteriota (50.9%)

	T. dregeana
	Proteobacteria (43.5%)
	Actinobacteriota (37.5%)
	Proteobacteria (57%)

	S. ciliata
	Actinobacteriota (43.3%)
	Actinobacteriota (31.3%)
	Actinobacteriota (53.3%)

	I . auricoma
	Proteobacteria (37.7%)
	Actinobacteriota (36.2%)
	Proteobacteria (43.6%)

	S. sesuvioides
	Firmicutes (34.3%)
	Proteobacteria (31.5%)
	Firmicutes (40.2%)

	S. sabulicola
	Proteobacteria (30%)
	Firmicutes (35.2%)
	Proteobacteria (33.9%)

	T. stapffii 
	Proteobacteria (27.6%)
	Proteobacteria (26.9%)
	Proteobacteria (28.6%)

	C. foliosa
	Actinobacteriota (29.5%)
	Proteobacteria (30%)
	Firmicutes (41.4%)

	S. lutescens
	Proteobacteria (30.1%)
	Proteobacteria (33.4%)
	Actinobacteriota (30.4%)

	T. zeyheri
	Firmicutes (24.1%)
	Proteobacteria (31.2%)
	Proteobacteria (48.2%)






Table S3: Bacterial genera present in the rhizosphere soils analysed in this study. 
	Phylum
	Class
	Order
	Family
	Genus

	Proteobacteria
	Alphaproteobacteria
	Rhodobacterales
	Rhodobacteraceae
	Rubellimicrobium

	Bacteroidota
	Bacteroidia
	Chitinophagales
	Chitinophagaceae
	Chitinophaga

	Proteobacteria
	Alphaproteobacteria
	Rhizobiales
	Devosiaceae
	Devosia

	Proteobacteria
	Alphaproteobacteria
	Rhizobiales
	Beijerinckiaceae
	Microvirga

	Bacteroidota
	Bacteroidia
	Chitinophagales
	Chitinophagaceae
	Unknown

	Proteobacteria
	Gammaproteobacteria
	Burkholderiales
	Burkholderiaceae
	Cupriavidus

	Proteobacteria
	Alphaproteobacteria
	Rhizobiales
	Devosiaceae
	Unknown

	Proteobacteria
	Alphaproteobacteria
	Acetobacterales
	Acetobacteraceae
	Roseomonas

	Firmicutes
	Bacilli
	Bacillales
	Planococcaceae
	Planomicrobium

	Actinobacteriota
	Actinobacteria
	Corynebacteriales
	Mycobacteriaceae
	Mycobacterium

	Firmicutes
	Bacilli
	Bacillales
	Planococcaceae
	Unknown

	Bacteroidota
	Bacteroidia
	Cytophagales
	Hymenobacteraceae
	Adhaeribacter

	Proteobacteria
	Alphaproteobacteria
	Rhizobiales
	Rhizobiaceae
	Ensifer

	Actinobacteriota
	Rubrobacteria
	Rubrobacterales
	Rubrobacteriaceae
	Rubrobacter

	Proteobacteria
	Alphaproteobacteria
	Rhizobiales
	Rhizobiaceae
	Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium

	Firmicutes
	Bacilli
	Bacillales
	Planococcaceae
	Planococcus

	Actinobacteriota
	Actinobacteria
	Streptomycetales
	Streptomycetaceae
	Streptomyces

	Patescibacteria
	Saccharimonadia
	Saccharimonadales
	Saccharimonadaceae
	TM7a

	Proteobacteria
	Gammaproteobacteria
	Burkholderiales
	Oxalobacteraceae
	Noviherbaspirillum

	Actinobacteriota
	Thermoleophilia
	Solirubrobacterales
	67-14
	67-14

	Actinobacteriota
	Actinobacteria
	Micrococcales
	Micrococcaceae
	Kocuria

	Bacteroidota
	Bacteroidia
	Cytophagales
	Hymenobacteraceae
	Pontibacter

	Proteobacteria
	Gammaproteobacteria
	Burkholderiales
	Oxalobacteraceae
	Massilia

	Proteobacteria
	Alphaproteobacteria
	Sphingomonadales
	Sphingomonadaceae
	Unknown

	Proteobacteria
	Gammaproteobacteria
	Burkholderiales
	Oxalobacteraceae
	Unknown

	Proteobacteria
	Alphaproteobacteria
	Sphingomonadales
	Sphingomonadaceae
	Altererythrobacter

	Planctomycetota
	Planctomycetes
	Isosphaerales
	Isosphaeraceae
	Uncultured

	Unknown
	Unknown
	Unknown
	Unknown
	Unknown

	Proteobacteria
	Gammaproteobacteria
	Steroidobacterales
	Steroidobacteraceae
	Steroidobacter

	Actinobacteriota
	Actinobacteria
	Micrococcales
	Micrococcaceae
	Pseudarthrobacter

	Patescibacteria
	Saccharimonadia
	Saccharimonadales
	LWQ8
	LWQ8

	Actinobacteriota
	Thermoleophilia
	Solirubrobacterales
	Solirubrobacteraceae
	Solirubrobacter

	Proteobacteria
	Alphaproteobacteria
	Sphingomonadales
	Sphingomonadaceae
	Sphingomonas

	Proteobacteria
	Gammaproteobacteria
	Enterobacterales
	Enterobacteriaceae
	Unknown

	Firmicutes
	Bacilli
	Paenibacillales
	Paenibacillaceae
	Ammoniphilus

	Actinobacteriota
	Actinobacteria
	Glycomycetales
	Glycomycetaceae
	Glycomyces

	Bacteroidota
	Bacteroidia
	Chitinophagales
	Chitinophagaceae
	Flavisolibacter

	Actinobacteriota
	Actinobacteria
	Propionibacteriales
	Nocardioidaceae
	Nocardioides

	Firmicutes
	Bacilli
	Bacillales
	Planococcaceae
	Domibacillus

	Actinobacteriota
	Actinobacteria
	Micromonosporales
	Micromonosporaceae
	Unknown

	Firmicutes
	Bacilli
	Bacillales
	Bacillaceae
	Bacillus

	Actinobacteriota
	Actinobacteria
	Micrococcales
	Microbacteriaceae
	Microbacterium

	Actinobacteriota
	Actinobacteria
	Pseudonocardiales
	Pseudonocardiaceae
	Pseudonocardia

	Planctomycetota
	Phycisphaerae
	Tepidisphaerales
	WD2101_soil_group
	WD2101_soil_group

	Actinobacteriota
	Actinobacteria
	Micrococcales
	Microbacteriaceae
	Unknown

	Proteobacteria
	Gammaproteobacteria
	Enterobacterales
	Unknown
	Unknown

	Firmicutes
	Bacilli
	Paenibacillales
	Paenibacillaceae
	Paenibacillus

	Chloroflexi
	Chloroflexia
	Kallotenuales
	AKIW781
	AKIW781

	Gemmatimonadota
	Longimicrobia
	Longimicrobiales
	Longimicrobiaceae
	Longimicrobiaceae

	Proteobacteria
	Alphaproteobacteria
	Rhizobiales
	Rhizobiaceae
	Unknown

	Chloroflexi
	Chloroflexia
	Thermomicrobiales
	JG30-KF-CM45
	JG30-KF-CM45



Table S4: Relative abundances of PGPB genera associated with the plant rhizospheres
	Plant species
	Overall proportion of PGPB genera present 
	Most dominant genus

	C. foliosa
	65%
	Bacillus (34.6%)

	E. virosa
	43.4%
	Pseudarthrobacter (8.6%)

	I. auricoma
	59.5%
	Massilia (22.3%)

	S. ciliata
	38.5%
	Streptomyces (9.7%)

	S. sabulicola
	41.5%
	Streptomyces (20.1%)

	S. seelyae
	30.3%
	Streptomyces (7.2%)

	S. sesuvioides
	28.3%
	Bacillus

	T. dregeana
	33.1%
	Pseudomonas

	T. zeyheri
	59.5%
	Ensifer

	T. simplex
	74%
	Pseudomonas

	T. stapffii
	33.2%
	Bacillus



Table S5: Rhizosphere-associated plant growth promoting bacteria
	Phylum
	Class
	Order
	Family
	Genus
	References

	Proteobacteria
	Alphaproteobacteria
	Rhizobiales
	Rhizobiaceae
	Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium
	(Bunyoo et al., 2022, Csorba et al., 2022)

	Nitrospirota
	Nitrospiria
	Nitrospirales
	Nitrospiraceae
	Nitrospira
	(Mukhtar et al., 2021)

	Proteobacteria
	Gammaproteobacteria
	Oceanospirillales
	Halomonadaceae
	Halomonas
	(Mukhtar et al., 2021)

	Proteobacteria
	Gammaproteobacteria
	Pseudomonadales
	Moraxellaceae
	Acinetobacter
	(Gulati et al., 2009, Lafi et al., 2017)

	Actinobacteriota
	Actinobacteria
	Streptosporangiales
	Thermomonosporaceae
	Actinomadura
	(Mohammadipanah & Wink, 2015, Shan et al., 2018)

	Actinobacteriota
	Actinobacteria
	Pseudonocardiales
	Pseudonocardiaceae
	Actinomycetospora
	(Saimee et al., 2024)

	Actinobacteriota
	Actinobacteria
	Micromonosporales
	Micromonosporaceae
	Actinoplanes
	(El-Tarabily et al., 2009)

	Actinobacteriota
	Actinobacteria
	Micrococcales
	Microbacteriaceae
	Agrococcus
	(Shahzad et al., 2023)

	Actinobacteriota
	Actinobacteria
	Pseudonocardiales
	Pseudonocardiaceae
	Amycolatopsis
	(Lay et al., 2018)

	Myxococcota
	Myxococcia
	Myxococcales
	Anaeromyxobacteraceae
	Anaeromyxobacter
	(Mehmood et al., 2022)

	Actinobacteriota
	Actinobacteria
	Micrococcales
	Micrococcaceae
	Arthrobacter
	(Fuentes et al., 2020)

	Cyanobacteria
	Cyanobacteriia
	Cyanobacteriales
	Phormidiaceae
	Arthrospira_PCC-7345
	(Xu et al., 2023)

	Proteobacteria
	Alphaproteobacteria
	Azospirillales
	Azospirillaceae
	Azospirillum
	(German et al., 2000)

	Firmicutes
	Bacilli
	Bacillales
	Bacillaceae
	Bacillus
	(Vardharajula et al., 2011, Nam et al., 2023)

	Actinobacteriota
	Actinobacteria
	Micrococcales
	Dermabacteraceae
	Brachybacterium
	(Alexander et al., 2021)

	Proteobacteria
	Alphaproteobacteria
	Rhizobiales
	Xanthobacteraceae
	Bradyrhizobium
	(Chieb & Gachomo, 2023)

	Firmicutes
	Bacilli
	Brevibacillales
	Brevibacillaceae
	Brevibacillus
	(Mowafy et al., 2023)

	Actinobacteriota
	Actinobacteria
	Micrococcales
	Brevibacteriaceae
	Brevibacterium
	(Lutfullin et al., 2022)

	Proteobacteria
	Alphaproteobacteria
	Caulobacterales
	Caulobacteraceae
	Brevundimonas
	(Naqqash et al., 2020)

	Acidobacteriota
	Acidobacteriae
	Bryobacterales
	Bryobacteraceae
	Bryobacter
	(Wang et al., 2022)

	Proteobacteria
	Alphaproteobacteria
	Caulobacterales
	Caulobacteraceae
	Caulobacter
	(Lampens et al., 2024)

	Actinobacteriota
	Actinobacteria
	Micrococcales
	Cellulomonadaceae
	Cellulomonas
	(Nafees et al., 2022)

	Bacteroidota
	Bacteroidia
	Chitinophagales
	Chitinophagaceae
	Chitinophaga
	(Mehmood et al., 2022)

	Actinobacteriota
	Actinobacteria
	Micrococcales
	Micrococcaceae
	Citricoccus
	(Selvakumar et al., 2015)

	Actinobacteriota
	Actinobacteria
	Micrococcales
	Microbacteriaceae
	Curtobacterium
	(Schillaci et al., 2022)

	Bacteroidota
	Bacteroidia
	Chitinophagales
	Chitinophagaceae
	Edaphobaculum
	(Kruczyńska et al., 2023)

	Actinobacteriota
	Actinobacteria
	Streptomycetales
	Streptomycetaceae
	Streptomyces
	(Lubsanova et al., 2014, Mohammadipanah & Wink, 2015)

	Proteobacteria
	Gammaproteobacteria
	Pseudomonadales
	Pseudomonadaceae
	Pseudomonas
	(Vurukonda et al., 2016, Schillaci et al., 2022)

	Proteobacteria
	Alphaproteobacteria
	Rhizobiales
	Rhizobiaceae

	Ensifer

	(Xiao et al., 2017, Chi et al., 2021)

	Proteobacteria
	Gammaproteobacteria
	Enterobacterales
	Enterobacteriaceae
	Enterobacter

	(Ranawat et al., 2021)

	Firmicutes
	Bacilli
	Exiguobacterales
	Exiguobacteraceae
	Exiguobacterium

	(Marfetán et al., 2023)

	Bacteroidota
	Bacteroidia
	Flavobacteriales
	Flavobacteriaceae
	Flavobacterium

	(Soltani et al., 2010, Menon et al., 2020)

	Gemmatimonadota
	Gemmatimonadetes
	Gemmatimonadales
	Gemmatimonadaceae
	Gemmatimonas

	(Liu et al., 2022, Mehmood et al., 2022)

	Actinobacteriota
	Actinobacteria
	Micrococcales
	Bogoriellaceae
	Georgenia

	(Chauhan & Gohel, 2022)

	Actinobacteriota
	Actinobacteria
	Corynebacteriales
	Nocardiaceae
	Gordonia

	(Alotaibi et al., 2022)

	Firmicutes
	Bacilli
	Bacillales
	Bacillaceae
	Gracilibacillus

	(Li et al., 2023)

	Myxococcota
	Polyangia
	Haliangiales
	Haliangiaceae
	Haliangium

	(Lee et al., 2022)

	Firmicutes
	Bacilli
	Bacillales
	Bacillaceae
	Halobacillus

	(Orhan, 2016)

	Proteobacteria
	Alphaproteobacteria
	Azospirillales
	Inquilinaceae
	Inquilinus

	(Rat et al., 2021)

	Actinobacteriota
	Actinobacteria
	Micrococcales
	Promicromonosporaceae
	Isoptericola

	(Suksaard et al., 2017, Shurigin et al., 2022)

	Actinobacteriota
	Actinobacteria
	Micrococcales
	Micrococcaceae
	Kocuria

	(Goswami et al., 2014)

	Proteobacteria
	Gammaproteobacteria
	Burkholderiales
	Oxalobacteraceae
	Massilia

	(Xiao et al., 2017)

	Proteobacteria
	Gammaproteobacteria
	Xanthomonadales
	Xanthomonadaceae
	Luteimonas

	(Xiao et al., 2017)

	Firmicutes
	Bacilli
	Bacillales
	Planococcaceae
	Lysinibacillus

	(Shabanamol et al., 2018)

	Proteobacteria
	Gammaproteobacteria
	Xanthomonadales
	Xanthomonadaceae
	Lysobacter

	(Kim et al., 2019, Dai et al., 2023)

	Proteobacteria
	Alphaproteobacteria
	Rhizobiales
	Beijerinckiaceae
	Methylobacterium-Methylorubrum

	(Jorge et al., 2019)

	Actinobacteriota
	Actinobacteria
	Micrococcales
	Microbacteriaceae
	Microbacterium

	(Cordovez et al., 2018)

	Actinobacteriota
	Actinobacteria
	Micromonosporales
	Micromonosporaceae
	Micromonospora

	(Islam & Mandal, 2024)

	Bacteroidota
	Bacteroidia
	Sphingobacteriales
	Sphingobacteriaceae
	Mucilaginibacter

	(Fan & Smith, 2022)

	Actinobacteriota
	Actinobacteria
	Corynebacteriales
	Mycobacteriaceae
	Mycobacterium

	(Karmakar et al., 2021)

	Actinobacteriota
	Actinobacteria
	Propionibacteriales
	Nocardioidaceae
	Nocardioides

	(Nafis et al., 2019)

	Actinobacteriota
	Actinobacteria
	Streptosporangiales
	Nocardiopsaceae
	Nocardiopsis

	(Patel & Thakker, 2019)

	Proteobacteria
	Alphaproteobacteria
	Sphingomonadales
	Sphingomonadaceae
	Novosphingobium

	(Krishnan et al., 2017)

	Firmicutes
	Bacilli
	Paenibacillales
	Paenibacillaceae
	Paenibacillus

	(Abdallah et al., 2019)

	Proteobacteria
	Alphaproteobacteria
	Caulobacterales
	Caulobacteraceae
	Phenylobacterium

	(Mehmood et al., 2022)

	Firmicutes
	Bacilli
	Bacillales
	Planococcaceae
	Planococcus

	(Hou et al., 2022, Hou et al., 2024)

	Actinobacteriota
	Actinobacteria
	Micrococcales
	Promicromonosporaceae
	Promicromonospora

	(Kang et al., 2012)

	Actinobacteriota
	Actinobacteria
	Micrococcales
	Micrococcaceae
	Pseudarthrobacter

	(Ham et al., 2022)

	Proteobacteria
	Gammaproteobacteria
	Pseudomonadales
	Moraxellaceae
	Psychrobacter

	(Styczynski et al., 2022)

	Firmicutes
	Bacilli
	Paenibacillales
	Paenibacillaceae
	Saccharibacillus

	(Jiang et al., 2023)

	Actinobacteriota
	Actinobacteria
	Pseudonocardiales
	Pseudonocardiaceae
	Saccharomonospora

	(Selim et al., 2021)

	Firmicutes
	Bacilli
	Staphylococcales
	Staphylococcaceae
	Salinicoccus

	(Soltani et al., 2024)

	Bacteroidota
	Bacteroidia
	Sphingobacteriales
	Sphingobacteriaceae
	Sphingobacterium

	(Vaishnav et al., 2020)

	Proteobacteria
	Alphaproteobacteria
	Sphingomonadales
	Sphingomonadaceae
	Sphingomonas

	(Kim et al., 2019)



Table S6: Rhizosphere-associated functional pathways
	Pathway
	Description

	PWY-7185
	UTP and CTP dephosphorylation I

	PWY-7415
	tylosin biosynthesis

	P341-PWY
	glycolysis V (Pyrococcus)

	PWY-6942
	dTDP-D-desosamine biosynthesis

	PWY-4722
	creatinine degradation II

	PWY-7106
	erythromycin D biosynthesis

	PWY-6975
	superpathway of erythromycin biosynthesis (without sugar biosynthesis)

	PWY-5656
	mannosylglycerate biosynthesis I

	PWY-5737
	(5R)-carbapenem carboxylate biosynthesis

	PWY-5519
	D-arabinose degradation III

	PWY-6486
	D-galacturonate degradation II

	PWY-5499
	vitamin B6 degradation

	PWY-5789
	3-hydroxypropanoate/4-hydroxybutanate cycle

	PWY-7316
	dTDP-N-acetylviosamine biosynthesis

	PWY-6572
	chondroitin sulfate degradation I (bacterial)

	PWY-6565
	superpathway of polyamine biosynthesis III

	CENTBENZCOA-PWY
	benzoyl-CoA degradation II (anaerobic)

	PWY-7110
	superpathway of megalomicin A biosynthesis

	PWY-6919
	neopentalenoketolactone and pentalenate biosynthesis

	PWY-7398
	coumarins biosynthesis (engineered)



Table S7: Abundant plant species-associated functional markers/pathways
	Species
	Marker
	pathway
	eta.squared
	MetaCyc pathway

	T. stapffii
	marker9
	PWY-6148
	0.962175
	tetrahydromethanopterin biosynthesis

	T. simplex
	marker85
	DENITRIFICATION-PWY
	0.9234641
	nitrate reduction I (denitrification)

	T. simplex
	marker83
	AST-PWY
	0.9064541
	L-arginine degradation II (AST pathway)

	S. sabulicola
	marker84
	BRANCHED-CHAIN-AA-SYN-PWY
	0.8771113
	superpathway of branched amino acid biosynthesis

	T. simplex
	marker99
	PWY-5384
	0.8769205
	sucrose degradation IV (sucrose phosphorylase)

	C. foliosa
	marker98
	PWY-5103
	0.8710141
	L-isoleucine biosynthesis III

	T. simplex
	marker86
	GLUCOSE1PMETAB-PWY
	0.8691357
	glucose and glucose-1-phosphate degradation

	T. simplex
	marker60
	DHGLUCONATE-PYR-CAT-PWY
	0.8654125
	glucose degradation (oxidative)

	S. sabulicola
	marker97
	PWY-5101
	0.8653647
	L-isoleucine biosynthesis II

	S. sabulicola
	marker88
	ILEUSYN-PWY
	0.84605
	L-isoleucine biosynthesis I (from threonine)

	S. sabulicola
	marker114
	VALSYN-PWY
	0.84605
	L-valine biosynthesis

	I. auricoma
	marker40
	PWY-7295
	0.8177503
	 L-arabinose degradation IV

	S. sabulicola
	marker46
	PWY-5971
	0.8152837
	palmitate biosynthesis II

	T. simplex
	marker92
	POLYAMINSYN3-PWY
	0.8150764
	superpathway of polyamine biosynthesis II

	T. simplex
	marker79
	PWY-6562
	0.8051627
	norspermidine biosynthesis

	T. simplex
	marker76
	NAD-BIOSYNTHESIS-II
	0.8047467
	NAD salvage pathway III (to nicotinamide riboside)

	T. simplex
	marker49
	PWY-7456
	0.8029159
	mannan degradation

	T. stapffii
	marker33
	PWY-7391
	0.794073
	isoprene biosynthesis II 

	S. lutescens
	marker12
	PWY-7373
	0.7872764
	superpathway of demethylmenaquinol-6 biosynthesis II

	T. stapffii
	marker7
	PWY-6581
	0.7846165
	spirilloxanthin and 2,2'-diketo-spirilloxanthin biosynthesis

	T. simplex
	marker80
	PWY-6892
	0.7770619
	thiazole biosynthesis I (facultative anaerobic bacteria)

	S. sesuvioides
	marker67
	TEICHOICACID-PWY
	0.7672169
	teichoic acid (poly-glycerol) biosynthesis

	T. simplex
	marker90
	P221-PWY
	0.7642013
	octane oxidation

	T. stapffii
	marker59
	SUCSYN-PWY
	0.7477811
	sucrose biosynthesis I (from photosynthesis)

	E. virosa
	marker105
	PWY-7221
	0.7289292
	guanosine ribonucleotides de novo biosynthesis

	S. sabulicola
	marker104
	PWY-6545
	0.7178597
	pyrimidine deoxyribonucleotides de novo biosynthesis III

	T. stapffii
	marker55
	PWY-5655
	0.7136896
	 L-tryptophan degradation IX

	T. stapffii
	marker61
	NADSYN-PWY
	0.7118813
	NAD biosynthesis II (from tryptophan)

	E. virosa
	marker113
	UDPNAGSYN-PWY
	0.7112703
	UDP-N-acetyl-D-glucosamine biosynthesis I

	S.  ciliata
	marker54
	P163-PWY
	0.7087709
	L-lysine fermentation to acetate and butanoate

	S. sabulicola
	marker108
	PWY-7374
	0.7065755
	1,4-dihydroxy-6-naphthoate biosynthesis I

	T. stapffii
	marker73
	PWY-181
	0.7028301
	photorespiration

	S. sabulicola
	marker107
	PWY-7371
	0.6970927
	1,4-dihydroxy-6-naphthoate biosynthesis II

	S. sabulicola
	marker101
	PWY-6263
	0.6962124
	superpathway of menaquinol-8 biosynthesis II

	T. stapffii
	marker15
	PWY-5088
	0.6927817
	L-glutamate degradation VIII (to propanoate)

	S. sabulicola
	marker72
	PWY-7255
	0.6918544
	ergothioneine biosynthesis I 

	T. stapffii
	marker64
	PWY-5651
	0.6915846
	L-tryptophan degradation to 2-amino-3-carboxymuconate semialdehyde

	S. lutescens
	marker69
	PWY-5420
	0.6914097
	catechol degradation II (meta-cleavage pathway)

	T. simplex
	marker75
	ALL-CHORISMATE-PWY
	0.6881874
	superpathway of chorismate metabolism

	T. simplex
	marker106
	PWY-7242
	0.6875214
	D-fructuronate degradation

	T. stapffii
	marker58
	PWY-7347
	0.6831194
	sucrose biosynthesis III

	E. virosa
	marker81
	PWY-7616
	0.6813418
	methanol oxidation to carbon dioxide

	E. virosa
	marker94
	PWY-2942
	0.6788086
	L-lysine biosynthesis III

	T. stapffii
	marker63
	PWY-5647
	0.6665077
	2-nitrobenzoate degradation I

	T. stapffii
	marker68
	PWY-5419
	0.6661606
	catechol degradation to 2-oxopent-4-enoate II

	T. simplex
	marker109
	PWY0-1061
	0.6657798
	superpathway of L-alanine biosynthesis

	S. sabulicola
	marker77
	P101-PWY
	0.665445
	ectoine biosynthesis

	T. simplex
	marker82
	THISYN-PWY
	0.6613683
	superpathway of thiamine diphosphate biosynthesis I

	S. sesuvioides
	marker51
	PWY-5910
	0.6586889
	superpathway of geranylgeranyldiphosphate biosynthesis I (via mevalonate)

	S. sesuvioides
	marker53
	PWY-922
	0.6482437
	mevalonate pathway I

	S. lutescens
	marker78
	PWY-5415
	0.6407944
	catechol degradation I (meta-cleavage pathway)

	S. lutescens
	marker1
	PWY-5656
	0.637613
	mannosylglycerate biosynthesis I

	T. stapffii
	marker38
	P621-PWY
	0.6367034
	nylon-6 oligomer degradation

	E. virosa
	marker103
	PWY-6383
	0.6360539
	 mono-trans, poly-cis decaprenyl phosphate biosynthesis

	C. foliosa
	marker91
	PENTOSE-P-PWY
	0.6353278
	pentose phosphate pathway

	E. virosa
	marker112
	PWY1G-0
	0.6250821
	mycothiol biosynthesis

	E. virosa
	marker89
	P125-PWY
	0.6236583
	superpathway of (R,R)-butanediol biosynthesis

	S. lutescens
	marker65
	PWY-6478
	0.6219277
	GDP-D-glycero-α-D-manno-heptose biosynthesis

	S.  ciliata
	marker52
	PWY-6505
	0.621766
	L-tryptophan degradation XII

	T. stapffii
	marker70
	PWY-5654
	0.6211297
	2-amino-3-carboxymuconate semialdehyde degradation to 2-oxopentenoate

	S. sesuvioides
	marker28
	LACTOSECAT-PWY
	0.6152682
	lactose and galactose degradation I

	S.  ciliata
	marker44
	PWY-6728
	0.6136578
	methylaspartate cycle

	C. foliosa
	marker3
	PWY-5499
	0.6134341
	vitamin B6 degradation

	E. virosa
	marker93
	PROTOCATECHUATE-ORTHO-CLEAVAGE-PWY
	0.6111552
	protocatechuate degradation II (ortho-cleavage pathway)

	S.  ciliata
	marker62
	PWY-5430
	0.6081247
	meta cleavage pathway of aromatic compounds

	S. sabulicola
	marker95
	PWY-3781
	0.6066298
	aerobic respiration I (cytochrome c)

	E. virosa
	marker96
	PWY-5022
	0.6053244
	4-aminobutanoate degradation V

	S.  ciliata
	marker14
	PWY-7385
	0.6003218
	1,3-propanediol biosynthesis

	T. zeyheri
	marker29
	THREOCAT-PWY
	0.5712075
	superpathway of L-threonine metabolism

	S.  ciliata
	marker47
	PWY-6210
	0.5680525
	2-aminophenol degradation

	S. lutescens
	marker25
	PWY-1882
	0.5637816
	superpathway of C1 compounds oxidation to CO2

	I. auricoma
	marker57
	PWY-7090
	0.5616709
	UDP-2,3-diacetamido-2,3-dideoxy-α-D-mannuronate biosynthesis

	T. stapffii
	marker50
	CODH-PWY
	0.5613823
	reductive acetyl coenzyme A pathway

	C. foliosa
	marker5
	PWY-5266
	0.5611657
	p-cymene degradation

	C. foliosa
	marker6
	PWY-5273
	0.5611657
	p-cumate degradation

	S. lutescens
	marker18
	PWY-622
	0.5593979
	starch biosynthesis

	T. stapffii
	marker100
	PWY-5920
	0.5425022
	superpathway of heme biosynthesis from glycine

	T. stapffii
	marker43
	PWY-6397
	0.5378551
	mycolyl-arabinogalactan-peptidoglycan complex biosynthesis

	S. sabulicola
	marker56
	PWY-6641
	0.536278
	 superpathway of sulfolactate degradation

	S.  ciliata
	marker87
	GLYCOLYSIS-E-D
	0.5305453
	superpathway of glycolysis and Entner-Doudoroff

	S. sabulicola
	marker66
	PWY-6749
	0.5295119
	CMP-legionaminate biosynthesis I

	S.  ciliata
	marker37
	P261-PWY
	0.5269235
	coenzyme M biosynthesis I

	E. virosa
	marker71
	PWY-6470
	0.5233501
	peptidoglycan biosynthesis V (β-lactam resistance)

	S. sesuvioides
	marker31
	PWY-5005
	0.5194939
	biotin biosynthesis II

	S. sabulicola
	marker102
	PWY-6353
	0.5071425
	purine nucleotides degradation II (aerobic)

	E. virosa
	marker111
	PWY0-781
	0.5069841
	aspartate superpathway

	T. stapffii
	marker32
	PWY-6174
	0.5059646
	mevalonate pathway II

	T. stapffii
	marker110
	PWY0-1415
	0.4944959
	superpathway of heme biosynthesis from uroporphyrinogen-III

	I. auricoma
	marker48
	PWY-7332
	0.4857665
	superpathway of UDP-N-acetylglucosamine-derived O-antigen building blocks biosynthesis

	S.  ciliata
	marker11
	PWY-6919
	0.483143
	neopentalenoketolactone and pentalenate biosynthesis

	T. stapffii
	marker27
	PWY-5677
	0.470472
	succinate fermentation to butanoate

	S. lutescens
	marker35
	PWY-5183
	0.4629751
	superpathway of aerobic toluene degradation

	T. stapffii
	marker26
	PWY-3801
	0.4579929
	sucrose degradation II

	S.  ciliata
	marker39
	PWY-5392
	0.4514069
	reductive TCA cycle II

	T. zeyheri
	marker45
	LIPASYN-PWY
	0.4454899
	phospholipases

	T. stapffii
	marker42
	PWY-1541
	0.4402234
	superpathway of taurine degradation

	S. lutescens
	marker2
	PWY-7644
	0.4327414
	heparin degradation

	T. stapffii
	marker16
	PWY-7046
	0.4324044
	4-coumarate degradation 

	T. stapffii
	marker13
	PWY-7286
	0.4184598
	7-(3-amino-3-carboxypropyl)-wyosine biosynthesis

	T. stapffii
	marker30
	AEROBACTINSYN-PWY
	0.4184529
	aerobactin biosynthesis

	T. stapffii
	marker21
	PWY-6349
	0.4171751
	 CDP-archaeol biosynthesis

	I. auricoma
	marker17
	PWY-1422
	0.4139794
	vitamin E biosynthesis 

	T. stapffii
	marker8
	PWY-5532
	0.4123166
	adenosine nucleotides degradation IV

	T. stapffii
	marker22
	PWY-6350
	0.4098165
	archaetidylinositol biosynthesis

	T. stapffii
	marker10
	PWY-6167
	0.3954168
	flavin biosynthesis II 

	T. stapffii
	marker20
	PWY-6654
	0.3921123
	phosphopantothenate biosynthesis III

	T. zeyheri
	marker74
	PWY-3661
	0.3884626
	glycine betaine degradation I

	S. sesuvioides
	marker36
	PWY-6731
	0.3758006
	starch degradation III

	C. foliosa
	marker4
	P341-PWY
	0.359726
	glycolysis V

	S. sesuvioides
	marker41
	P241-PWY
	0.3548273
	coenzyme B biosynthesis

	T. zeyheri
	marker24
	PWY-1361
	0.3491094
	benzoyl-CoA degradation I 

	T. dregeana
	marker19
	LPSSYN-PWY
	0.3302173
	superpathway of lipopolysaccharide biosynthesis

	T. dregeana
	marker23
	PWY-6629
	0.3269492
	superpathway of L-tryptophan biosynthesis

	T. zeyheri
	marker34
	METHGLYUT-PWY
	0.1856606
	methylglyoxal degradation
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