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Abstract: The present study aimed to predict differential enrichment of pathways and compounds in the rhizosphere microbiomes of the two wild plants (Abutilon fruticosum and Nitrosalsola vermiculata) and to predict functional shifts in microbiomes due to water. Amplicon sequencing of 16S rRNA region V3–V4 was done and gene-based microbial compositions were enrolled in PICRUSt to predict enriched pathways and compounds. The results indicated that “ABC transporters” and “Quorum sensing” pathways are among the highest enriched pathways in rhizosphere microbiomes of the two wild plants compared with those of the bulk soil microbiomes. The highest enriched compounds in soil microbiomes of the two wild plants included five proteins and three enzymes participating in one or more KEGG pathways. Six of these eight compounds showed higher predicted enrichment in rhizosphere soil microbiomes, while only one, namely phosphate transport system substrate-binding protein, showed higher enrichment in the surrounding bulk soil microbiomes. In terms of differentially enriched compounds due to watering, only the dual-specific aspartyl-tRNA (Asn)/glutamyl-tRNA (Gln) amidotransferase subunit A showed higher enrichment in rhizosphere soil of the two wild plants after 24 h of watering. Two of the highly enriched compounds namely branched-chain amino acid transport system ATP-binding protein and branched-chain amino acid transport system substrate-binding protein, are encoded by genes stimulated by the plant’s GABA that participates in conferring biotic and abiotic stresses in plants and improves the plant’s growth performance. The 3-Oxoacyl-[ACP] reductase, a member of the short-chain alcohol dehydrogenase/reductase (SDR) superfamily, participates in fatty acids elongation cycles and contributes to plant-microbe symbiotic relationships, while enoyl-CoA hydratase has a reverse action as it participates in “Fatty acid degradation” pathway. The methyl-accepting chemotaxis protein is an environmental signal that sense “Bacterial chemotaxis” pathway to help establishing symbiosis with plant roots by recruiting/colonizing of microbial partners (symbionts) to plant rhizosphere. This information justifies the high enrichment of compounds in plant rhizosphere. The dual-specific aspartyl-tRNA (Asn)/glutamyl-tRNA (Gln) amidotransferase subunit A contributes to the plant ability to respond to watering as it participates in attaching the correct amino acid during translation to its cognate tRNA species, while hydrolyzing incorrectly attached amino acid. These two actions reduce the influence of oxidative stress in generating misfolded proteins and in reducing fidelity of translation.
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1  Introduction

Abutilon fruticosum and Nitrosalsola vermiculata are two non-toxic drought tolerant perennial wild species, native to the western coast of Saudi Arabia, that belong to the families of Malvaceae and Amaranthaceae, respectively [1]. Malvaceae is one of the largest families of angiosperm that harbors wild and economic potentials as it is used in the treatment of several human diseases [2,3]. While plants belong to Amaranthaceae are commonly used as a forage crop for livestock due to their high protein content [4] as well as are well adapted to drought [5].

Soil microorganisms naturally interact together through several mechanisms including microbial co-existence or co-aggregation that helps cohabiting microbes to form biofilms and resist antibiotics and promote sustainability, especially when water is not available [6,7]. However, microbes in the plant root rhizosphere are further interact with the plant through several symbiotic and non-symbiotic relationships, of which is the complex communication network namely quorum sensing (QS) that mediates microbe-microbe as well as microbe-host interactions [8]. During microbe-host interaction, bacteria are intertwined with root rhizosphere by various types of root exudates, specific for certain microbial taxa to promote bacterial growth under drought stress condition [9]. In return, some of these taxa act as plant growth promoting bacteria (PGPB) utilizing several mechanisms [10]. These mechanisms include facilitation of resource acquisition through nitrogen fixation, phosphate solubilization and sequestering iron [11,12]. PGPB also modulate levels of phytohormones like cytokinins, gibberellins, indoleacetic acid and ethylene [11,12]. Accordingly, the study of rhizosphere microbes and their enriched metabolic functions can help in deciphering new mechanisms that can be future candidates for plants that have economic value to improve their ability to tolerate drought stress [13,14]. Examples of these candidate microbes include members of phylum Actinobacteria and other gram-positive taxa [13–15] as it is suggested that gram-positive bacteria have higher ability to tolerate drought stress than gram-negative bacteria due to the differential thickness of cell wall Potts Naylor [16,17]. Bacterial response to drought and rewetting stress is based on types of bacteria and their interaction with the plant host(s) as well as the chemical structure of surrounding soil [18]. Nonetheless, drought and rewetting was considered as a sort of abiotic stress response that can effectively alter architecture of soil and its existing microbes [18].

Amplicon 16S rRNA sequencing is used to address structure and complexity of microbial communities in a given environmental niche. Several bioinformatics tools have been developed to predict microbial pathways, compounds and functional genes from amplicon sequencing data based on mapping 16S rRNA genes of taxa whose genome sequences are not available to homologous taxa with fully sequenced genomes. These tools include PICRUSt, PICRUSt2, Tax4Fun, and FaproTax [19–22] and the target environments include soil microbiomes [23]. Functional prediction studies scope the light on the possible enriched pathways and compounds in an environmental niche without the need to make whole metagenomic sequencing.

The present study aims to use PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) in predicting differential enrichment of metabolic pathways in the rhizosphere microbiomes of the two wild plants Abutilon fruticosum and Nitrosalsola vermiculata and functional shifts in these microbiomes due to water.

2  Materials and Methods

2.1 Watering Experiment and Soil Collection

Watering experiment was conducted in the western Mecca region of Saudi Arabia north of Jeddah City, where A. fruticosum and N. vermiculata perennial plants grow natively in the wild (N21°36.738′ E040°06.913′ & N21°56.607′ E039°01.742′, respectively) [1]. We have selected this area where the two wild plants usually grow side-by-side. According to the information in the link of National Center for Meteorology, Saudi Arabia, this area has received no rainfall for >3 months prior watering experiment. The latter conditions are prerequisites in selecting the area for the watering experiment as previously described [24,25]. Plots (~1 m2 each) of single-grown similar-sized plants of the two wild plants were watered (25 liters dH2O/plot) only once and rhizosphere and surrounding bulk soil samples were collected in three replicates in the morning after 0, 24 and 48 h of watering. Average morning temperature across the three days was 27.4°C. Soil samples were collected in liquid nitrogen and stored at −20°C as previously described [26,27].

2.2 DNA Extraction, Amplicon Sequencing and Functional Analysis of Soil Microbiomes

DNAs were extracted from bulk and rhizosphere soil microbiota at the three time points using CTAB/SDS method and concentration was adjusted to 1 ng/μL prior shipment to Novogene Co., Ltd., Singapore for deep amplicon sequencing of 16S rRNA region V3–V4. Raw read datasets were generated for microbiome samples of surrounding bulk (S) and rhizosphere (R) soils of A. fruticosum and N. vermiculata that were collected in three replicates at the three watering time points, e.g., 0 (S11–S13 or group A for bulk soil & R11–R13 or group D for rhizosphere soil), 24 (S21–S23 or group B for bulk soil & R21–R23 or group E for rhizosphere soil) and 48 h (S31–S33 or group C for bulk soil & R31–R33 or group F for rhizosphere soil).

Recovered raw data were merged using FLASH V1.2.7 [28] and high-quality clean tags were obtained using QIIME software V1.7.0 [29] as previously described [30]. While, chimeric sequences were removed using UCHIME algorithm [31] and effective tags were obtained using Uparse software V7.0.1090 [32]. The data matrices were used in measuring principal coordinate analysis (PCoA) to ensure incorporation of ecological distances. PCoA is displayed by WGCNA package, stat packages and ggplot2 package in R software V2.15.3. While, QIIME software V1.7.0 [33] in Mothur method was performed against SSUrRNA dataset of SILVA database to annotate taxa and detect their abundance following standard protocols [34]. Then, gene-based microbial compositions were enrolled in PICRUSt algorithm V1.0.0 to make inferences from KEGG (Kyoto Encyclopedia of Genes and Genomes) annotated database with pathways and metabolites [19]. The analysis involved functional predictions at KEGG levels II and III and subsequent enriched compounds. Predicted pathways and compounds whose abundance in one soil type was ≥1.5-fold that of the other soil type were considered highly enriched.

2.3 Validation of Soil Enriched Compounds and Real Time PCR

Soils of the three replicates of each of the six groups, e.g., A, B, C, D, E and F, were gathered for the two wild plants. Then, total RNAs were isolated using RNA PowerSoil® Total RNA isolation kit (Mo Bio, cat. No. 12866-25) following manufacturer instructions. DNA contamination was removed using RQ1 RNase-free DNase (Promega, Madison, WI, USA). Primers to amplify partial-length fragment (323 bp) of gatA gene (K02433) of Bacillus subtilis str. 168 (GenBank or Embl acc. No. AL009126.3: 729038-730495 nt) encoding dual-specific aspartyl-tRNA(Asn)/glutaminyl-tRNA (Gln) amidotransferase subunit A (EC: 6.3.5.7 & 6.3.5.6, GenBank acc. No. CAB12488.1) (e.g., FW: 5′ GATGGCCGCAGCGAACATGG 3′, & RV: 5′ CTAAACGGCACTTCGCCCGC 3′, amplicon size = 323 bp) as well as its 16S rRNA (AB042061) partial house-keeping gene fragment (e.g., FW: 5′ TCGCGGTTTCGCTGCCCTTT 3′, & RV: 5′ AAGTCCCGCAACGAGCGCAA 3′, amplicon size = 177 bp) were designed using Netprimer software (http://www.premierbiosoft.com/netprimer/index.html) using standard criteria. Expression level of the metatranscript gatA was detected by real time PCR using Agilent Mx3000P qPCR System (Agilent technology, USA). Maxima™ SYBR Green/ROX real time PCR was done as described [35]. Similar amounts of RNAs were used for the six group samples and calculations were made to detect the expression level of gatA gene in individual samples relative to that of the house-keeping gene, e.g., 16S rRNA.

3  Results

Amplicon 16S rRNA sequencing was performed for rhizosphere microbiomes and their surrounding bulk soil microbiomes of the two wild plants (A. fruticosum and N. vermiculata). The amount of water used (25 L dH2O/m2 plot) was enough to keep the soil moist during the experiment. Nomenclature of microbiome groups of the two wild plants was based on soil type (e.g., S for bulk soils & R for rhizosphere soils) regardless of watering time points. Further, grouping style ABCDEF refers to the interaction between the two soil types, e.g., S (ABC subgrouping style) & R (DEF subgrouping style), and the three watering time points, e.g., 0 (A & D groups, respectively), 24 (B & E groups, respectively) and 48 h (C & F groups, respectively). The average sequence length per read across the raw data of the two wild plants is ~412 bp. The total number of OTUs referring to different microbial taxonomic ranks (phylum, class, order, family, genus & species) across microbiomes of the two wild plants is 4371. Across highly abundant taxa of the two wild plants, phylum Cyanobacteria was significantly higher in bulk soil, while phyla Proteobacteria, Firmicutes, Chloroflexi and Actinobacteria were significantly higher in rhizosphere soil (Fig. S1). Phylum bacteroidetes was only significantly higher in rhizosphere soil of A. fruticosum. At the genus level, unidentified genus of Cyanobacteria was significantly higher in bulk soil of the two wild plants, while Bacillus, Ammoniphilus, Sphingomonas and Microvirga were significantly higher in rhizosphere soil. These results indicate that bulk soil has a wealth of new microbes of the economically important phylum Cyanobacteria that remains to be deciphered.

The results of principle coordinate in Figs. 1 and 2 indicate complete separation of bulk (subgrouping style ABC) and rhizosphere (subgrouping style DEF) soil microbiomes of the two wild plants, as bulk soil microbiomes are located in the negative position of PCoA 1 (or PC1) for the two wild plants, while rhizosphere microbiomes are located in the positive position of PC1 (Figs. 1 & 2). Bulk soil microbiome group A of A. fruticosum and rhizosphere microbiome groups D and F of N. vermiculata are located in the positive position of PC2, while the other groups for the two wild plants are located in the negative position of PC2. Interestingly, groups E and F of rhizosphere microbiomes collected at 0 and 48 h watering time points, respectively, showed tendency to merge for the microbiomes of the two wild plants indicating that rhizosphere microbiomes collected at 24 h watering time point for the two wild plants respond differently to watering in terms of predicted function compared with those of the other two time points (Figs. 1 & 2).
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Figure 1: Principle coordinate analysis (PCoA) based on compound enrichment of microbiomes collected from surrounding bulk (subgrouping style ABC) and rhizosphere (subgrouping style DEF) soils of Abutilon fruticosum after 0 (groups A & D, respectively), 24 (groups B & E, respectively) and 48 h (groups C & F, respectively) of watering. A colored dot refers to a given sample in one group, and similar colored dots refer to samples of the same group. X-axis is the first principal coordinate and Y-axis is the second. Number in brackets represents contributions of PCoAs to differences among samples
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Figure 2: Principle coordinate analysis (PCoA) based on compound enrichment of microbiomes collected from surrounding bulk (subgrouping style ABC) and rhizosphere (subgrouping style DEF) soils of Nitrosalsola vermiculata after 0 (groups A & D, respectively), 24 (groups B & E, respectively) and 48 h (groups C & F, respectively) of watering. A colored dot refers to a given sample in one group, and similar colored dots refer to samples of the same group. X-axis is the first principal coordinate and Y-axis is the second. Number in brackets represents contributions of PCoAs to differences among samples

Enriched KEGG pathways at levels I and II referring to the predicted number of genes across soil type and time after watering were common in microbiomes of the two wild plants (Figs. S2 & S3). The results indicate that predicted level-I KEGG pathways with the largest number of genes in microbiomes of the two wild plants include “Environmental information processing”, “Genetic information processing” and “Metabolism”. Of which, level-II pathways “Membrane transport” derived from level-I pathway “Environmental information processing”, “Replication and repair” derived from level-I pathway “Genetic information processing” as well as “Energy metabolism”, “Carbohydrate metabolism” and “Amino acid metabolism” derived from level-I pathway “Metabolism” were the most enriched pathways in terms of number of genes across the two types of soil microbiomes and watering time points.

Results in Figs. S4 and S5 refer to the top 10 enriched level-III KEGG pathways across microbiome types and time after watering of A. fruticosum and N. vermiculata, respectively. These predicted pathways are “Transporters”, “ATP-binding cassette (or ABC) transporters and Quorum sensing”, “General function prediction only”, “DNA repair and recombination proteins”, “Two component system”, “Purine metabolism”, “Ribosomes”, “Peptidases”, “Oxidative phosphorylation” and “Secretion system”.

Figs. S6 and S7 refer to enriched pathways at the individual level, while Figs. 3 and 4 refer to enriched pathways at the ABCDEF grouping style level for microbiomes of the two wild plants A. fruticosum and N. vermiculata, respectively. The data of level-III predicted pathways at the individual level almost show complete separation of bulk soil and rhizosphere microbiomes, which align with the data at the ABCDEF grouping style level. Figs. 3 and 4 indicate the top 35 enriched pathways of which one of them refers to a pathway with unknown function. The results indicate that the predicted pathways “Transporters” and “ABC transporters and Quorum sensing” were highly enriched in rhizosphere microbiomes of the two wild plants compared with those of the bulk soil microbiomes. The other level-III KEGG predicted pathways, except for “General function prediction only” and “Two component system”, showed opposite results (Figs. 3 & 4). Enrichment of the latter two predicted pathways at the ABCDEF grouping style level differed between soil microbiomes of the two wild plants.
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Figure 3: Heat map referring to the top 35 KEGG level-III pathways in terms of enrichment within grouping style ABCDEF microbiomes collected from surrounding bulk (subgrouping style ABC) and rhizosphere (subgrouping style DEF) soils of A. fruticosum after 0 (groups A & D, respectively), 24 (groups B & E, respectively) and 48 h (groups C & F, respectively) of watering. Red arrows refer to the top 10 highly enriched pathways in soil microbiomes (see Fig. S4)
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Figure 4: Heat map referring to the top 35 KEGG level-III pathways in terms of enrichment within grouping style ABCDEF microbiomes collected from surrounding bulk (subgrouping style ABC) and rhizosphere (subgrouping style DEF) soils of N. vermiculata after 0 (groups A & D, respectively), 24 (groups B & E, respectively) and 48 h (groups C & F, respectively) of watering. Red arrows refer to the top 10 highly enriched pathways in soil microbiomes (see Fig. S5)

Figs. S8 and S9 refer to level-III KEGG predicted pathways with known function (34) that were differentially enriched in bulk soil vs. rhizosphere microbiomes for the two wild plants A. fruticosum and N. vermiculata, respectively. Across the two wild plants, four predicted pathways, e.g., “Butanoate metabolism”, “Propanoate metabolism”, “ABC transporters and Quorum sensing” and “Valine, leucine and isoleucine degradation”, were highly enriched in rhizosphere soil microbiomes, while three predicted pathways, e.g., “Photosynthesis proteins”, “Porphyrin and chlorophyll metabolism” and “Photosynthesis”, in bulk soil microbiomes (Figs. S8 & S9, respectively). Among the top 10 most enriched level-III KEGG predicted pathways, enrichment of the “ABC transporters and Quorum sensing” pathways in rhizosphere soil microbiomes across the two wild plants was ≥1.5-fold that of bulk soil microbiomes (Figs. S8 & S9). In other words, “ABC transporters and Quorum sensing” predicted pathways in microbiomes of the two wild plants were less enriched in bulk soil microbiomes across time after watering compared with those in rhizosphere soil.

The top 35 enriched compounds in soil microbiomes of the two wild plants A. fruticosum and N. vermiculata in terms of soil type and watering time point at individual level are shown in Figs. S10 and S11, respectively, while those predicted at the ABCDEF grouping style level are shown in Figs. 5 and 6, respectively. The data of compound enrichment at the individual level almost completely separated in bulk soil and rhizosphere microbiomes and align with the data at the ABCDEF grouping style level. KEGG ontology (KO) hierarchy and description of the enriched compounds at grouping style level are shown in Table S1. Only, 27 enriched compounds are common in microbiomes of the two wild plants A. fruticosum and N. vermiculata (Figs. S12 & S13, respectively). Fourteen compounds in rhizosphere soil microbiome of A. fruticosum showed ≥1.5-fold predicted enrichment, while eight compounds in bulk soil microbiome (Fig. S12). Additionally, 11 compounds in rhizosphere soil microbiome of N. vermiculata showed ≥1.5-fold predicted enrichment, while five compounds in bulk soil microbiome (Fig. S13).
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Figure 5: Heat map referring to the top 35 enriched compounds in KEGG pathways in terms of enrichment within grouping style ABCDEF microbiomes collected from surrounding bulk (subgrouping style ABC) and rhizosphere (subgrouping style DEF) soils of A. fruticosum after 0 (groups A & D, respectively), 24 (groups B & E, respectively) and 48 h (groups C & F, respectively) of watering. Numbers after the letter K refer to KO hierarchy of different enriched compounds across microbiomes of the two wild plants. Description of compounds shared in microbiomes of the two wild plants is shown in Table S1. Red arrows refer to compounds (8) that participate in one or more KEGG pathways in microbiomes of the two wild plants (see Table S2) with ≥1.5-fold enrichment in one soil type than the other (see Figs. S8 & S9). Blue arrows refer to compounds (3) with differential enrichment due to watering (see Table S3). Green arrow refers to a compound that participates in one or more KEGG pathways in microbiomes of the two wild plants with 1.5-fold enrichment due to watering (see Table S3 & Fig. 7)
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Figure 6: Heat map referring to the top 35 enriched compounds in KEGG pathways in terms of enrichment within grouping style ABCDEF microbiomes collected from surrounding bulk (subgrouping style ABC) and rhizosphere (subgrouping style DEF) soils of N. vermiculata after 0 (groups A & D, respectively), 24 (groups B & E, respectively) and 48 h (groups C & F, respectively) of watering. Numbers after the letter K refer to KO hierarchy of different enriched compounds across microbiomes of the two wild plants. Description of compounds shared in microbiomes of the two wild plants is shown in Table S1. Red arrows refer to compounds (8) participating in one or more KEGG pathways in microbiomes of the two wild plants (see Table S2) with ≥1.5-fold enrichment in one soil type than the other (see Figs. S8 & S9). Blue arrows refer to compounds (3) with differential enrichment due to watering (see Table S3). Green arrow refers to a compound that participates in one or more KEGG pathways in microbiomes of the two wild plants with 1.5-fold enrichment due to watering (see Table S3 & Fig. 7)

Among enriched compounds that showed ≥1.5-fold predicted enrichment in one soil type than the other, only eight participate in one or more KEGG pathways in microbiomes of the two wild plants (Table S2). The two KO terms K02033 and K02034 refer to one metabolic compound namely peptide/nickel transport system permease protein. Differential enrichment of these seven predicted compounds across the two soil microbiomes of A. fruticosum and N. vermiculata is described in Figs. S14 and S15, respectively. These seven compounds were analyzed further for their predicted differential enrichment in microbiomes of the two wild plants due to soil type. Six of them showed ≥1.5-fold predicted enrichment in rhizosphere soil microbiomes of the two wild plants, while only one showed higher predicted enrichment in the surrounding bulk soil microbiomes. The latter compound is phosphate transport system substrate-binding protein (K02040) (Table S2).

In terms of differentially enriched compounds in the soil microbiomes of the two wild plants due to watering, five predicted compounds were detected (Table S3). Only one of them (e.g., K02433), namely dual-specific aspartyl-tRNA(Asn)/glutamyl-tRNA (Gln) amidotransferase subunit A (EC: 6.3.5.6 & EC: 6.3.6.7), is shared in the microbiomes of the two wild plants with 1.5-fold predicted enrichment and participates in two KEGG pathways namely “Aminoacyl-tRNA biosynthesis” and “Metabolic pathways” (Table S2). Differential enrichment pattern of this compound for grouping style ABCDEF across the two wild plants is shown in Fig. 7. While another predicted compound, e.g., sulfonate/nitrate/taurine transport system ATP-binding protein, is shared in microbiomes of the two wild plants but has different KO terms (K02049 & K02050 for A. fruticosum, while K02051 for N. vermiculata) and participates in no KEGG pathway. Thus, the compound with K02433 term was analyzed further for its differentially predicted enrichment in microbiomes of the two wild plants due to watering. This compound was highly enriched in the rhizosphere microbiomes of the two wild plants 24 h after watering when compared with the predicted enrichment level in the surrounding bulk soil microbiomes of the two wild plants (Fig. 7).
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Figure 7: Enrichment pattern of aspartyl-tRNA(Asn)/glutamyl-tRNA (Gln) amidotransferase subunit A across different groups of soil microbiomes collected from surrounding bulk (subgrouping style ABC) and rhizosphere (subgrouping style DEF) soils of the two wild plants A. fruticosum and N. vermiculata after 0 (groups A & D, respectively), 24 (groups B & E, respectively) and 48 h (groups C & F, respectively) of watering (see Table S3)

To validate functional prediction data at the enriched compounds level, actual response to watering of the gene encoding K02433 enzyme, e.g., gatA gene, of genus Bacillus in the two soil types of the two wild plants was determined in metatranscriptomes via qPCR (Fig. S16). Sequence of this gene was retrieved from the NCBI for Bacillus subtilis subsp. subtilis str. 168 (acc. No. AL009126.3). The results of qPCR aligned with those of differential enrichment of the dual-specific aspartyl-tRNA (Asn)/glutamyl-tRNA (Gln) amidotransferase subunit A (K02433) due to watering, as expression of gatA gene was higher in rhizosphere soil metatranscriptomes of the two wild plants after 24 h of watering as compared with that after 0 and 24 h of watering (Figure S16).

4  Discussion

Among the top 10 enriched level-III KEGG pathways in soil microbiomes of the two wild plants (Figs. S4 & S5), “ABC transporters and Quorum sensing” pathways showed ≥1.5-fold higher enrichment in rhizosphere soil microbiomes than that of bulk soil microbiomes. Four compounds, out of the eight highly enriched compounds in one soil type, participate in pathway(s) “ABC transporters” and/or “Quorum sensing”. The two pathways were twined in the present study as they crosstalk and two compounds in the present study interconnect the two pathways. These two compounds are branched-chain amino acid transport system ATP-binding protein (K01996) and branched-chain amino acid transport system substrate-binding protein (K01999) (Table S2). These compounds were highly enriched in rhizosphere soil microbiomes of the two wild plants (Figs. S14 & S15). Peptide/nickel transport system permease protein (K02033 & K02034) was also highly enriched in rhizosphere soil microbiomes of the two wild plants (Figs. S14 & S15) but participates in “Quorum sensing” pathway, only (Table S2). The fourth compound, namely phosphate transport system substrate-binding protein (K02040), was highly enriched in bulk soil microbiomes of the two wild plants (Figs. S14 & S15) and participates in “ABC transporters” pathway, only (Table S2).

Three other compounds were also highly enriched in rhizosphere soil microbiomes of the two wild plants and participate in pathways other than “ABC transporters” or “Quorum sensing”. These enriched compounds are 3-oxoacyl-[acyl-carrier protein] reductase (K00059), enoyl-CoA hydratase (K01692) and methyl-accepting chemotaxis protein (K03406). These compounds participate in a large number of pathways (Table S2). In addition, aspartyl-tRNA (Asn)/glutamyl-tRNA (Gln) amidotransferase subunit A (K02433), was proven to be the only compound in rhizosphere soil microbiomes of the two wild plants that was highly enriched 24 h after watering (Fig. 7). This compound participates in two pathways, e.g., “Aminoacyl-tRNA biosynthesis” and “Metabolic pathways” (Table S2).

As indicated earlier, three compounds were highly enriched in rhizospheres soil microbiomes of the two wild plants and participate in “Quorum sensing” pathway. Quorum sensing (QS) is a system of natural stimuli and responses in relation to the density of bacterial population. QS system regulates bacterial gene expression especially determinants of pathogen virulence, microbial biofilm formation and antibiotic resistance [36]. Inhibition of QS requires screening of specific molecules of various chemical natures. Recent studies have proven the anti-QS properties of natural herbal medicinal substances [37]. Two, out of these three highly enriched compounds namely branched-chain amino acid transport system ATP-binding protein (K01996) and branched-chain amino acid transport system substrate-binding protein (K01999), are encoded by livF and livK genes, respectively. These two genes are stimulated by the release of plant’s GABA (γ aminobutyric acid) in order to regulate transamination of GABA to succinic semialdehyde (SSA) (Fig. 8). GABA is a non-protein amino acid found in many prokaryotic, ex., bacteria, and eukaryotic, ex., plant, organisms [38]. GABA participates in conferring biotic stress in plants as it acts in promoting degradation of the signal N-(3-oxooctanoyl) homoserine lactone (OC8-HSL) in Agrobacterium tumefaciens, a quorum-sensing signal (or ‘‘quormone’’), via the action of OC8-HSL lactonase (or ATTM). This action limits the progression of QS-dependent infection in plant, hence, reduces virulence of this and possibly other soil pathogens [36,39]. Thus, high enrichment of the compounds K01996 and K01999 is required in the soil rhizosphere to modulate QS and protect the two wild plants from pathogenic bacteria via the transamination of GABA to SSA and downstream reactions (Fig. 8). After transamination, SSA is oxidized to succinate to feed into the TCA cycle, the main source of energy and important part of aerobic respiration [40]. Interestingly, genus Agrobacterium does not exist in either soil type of A. fruticosum or N. vermiculata. Thus, induction of these two compounds is expected to affect existence of other pathogenic bacteria in the rhizosphere soil of the two wild plants.
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Figure 8: Consequences of high enrichment of the bacterial K01996 and K01999 enzymes in rhizosphere soil on the ability of the wild plants A. fruticosum and N. vermiculata to tolerate biotic and abiotic stresses and on overall plant growth performance. K01996 = branched-chain amino acid transport system ATP-binding protein, K01999 = branched-chain amino acid transport system substrate-binding protein, QS = quorum sensing, OC8-HSL = N-(3-oxooctanoyl) homoserine lactone, GABA = γ aminobutyric acid, SSA = succinic semialdehyde, TCA = tricarboxylic acid, ROS = reactive oxygen species

In terms of abiotic stress tolerance in plants, GABA was also proved to accumulate during plant response to environmental stresses [41]. High concentration of GABA was proven to elevate plant stress tolerance by inhibiting the generation of reactive oxygen species (ROS) in the plant cells, activating antioxidant enzymes, promoting proline metabolism, regulating stomatal opening, mitigating drought-depressed cell elongation, thus, preventing water loss [40,42]. GABA also improves the plant’s ability to make photosynthesis, nitrogen recycling, wax biosynthesis, and delay of leaf senescence [43]. We speculate that high enrichment of the compounds K01996 and K01999 is induced by GABA production in root cells of either wild plant as a model of symbiotic host-bacterial interaction (Fig. 8).

The two compounds K01996 and K01999 also participate in “ABC transporters” pathway that is affiliated to the bacterial membrane transport system through coupling ATP hydrolysis to the uptake and efflux of solutes across the cell membrane [44]. ABC transporters are known to be powered by the energy from ATP to transport substrates across bacterial cellular membranes [45]. This action helps bacteria to scavenge essential minerals, like phosphate, and compounds, like branched-chain amino acids, for their survival within the plant host [45]. We speculate that the two compounds act in transporting branched-chain amino acids to bacteria that respond to GABA release in the soil rhizosphere of plant roots. If these bacteria are commensal, then it is likely that branched-chain amino acids will also be available for plant root cells. On the other hand, phosphate transport system substrate-binding protein (K02040) encoded by pstS gene was less enriched in rhizosphere soil of the two wild plants (Figs. S14 & S15). Accordingly, the chance of phosphate to be transported to bacterial rhizospheres of the two wild plants is low. Therefore, there should be other alternative systems required for the bacterial and plant cells to fulfil proper transfer of phosphate across their membranes.

Peptide/nickel transport system permease protein (K02033 & K02034) encoded by dppB and/or dppC genes, respectively, was also highly enriched in rhizosphere soil microbiomes of the two wild plants (Figs. S14 & S15) and participates in “Quorum sensing” pathway (Table S2). Bacterial dipeptide permeases (Dpp) comprise an operon of a membrane-associated complex of five proteins namely DppA-E that are involved in the uptake of essential amino acids [46]. In particular, DppB and DppC are transmembrane proteins that are involved in the transport of substrates across the cytoplasmic membrane, an action similar to that of K01996 and K01999 compounds in transporting branched-chain amino acids. Nevertheless, expression of the virulence factor SpeB (major cysteine protease) is expected to be regulated by Dpp family, hence, enrichment of di-(Dpp) and/or oligo-(Opp) peptides in bacterial cell due to enrichment of K02033 and/or K02034 (https://www.genome.jp/pathway/map02024) is required for speB regulation [46]. Thus, K02033 and K02034 compounds seem to promote pathogenic infection of the plant roots. In return, there should be a defense mechanism(s) in plant cells to reduce virulence of rhizosphere pathogens. There are beneficial features of Dpp family for commensal microbes in plant root rhizosphere, like the participation in haem synthesis and chemotaxis in E. coli [47,48] and the induction of sporulation in B. subtilis, a commensal microbe [49,50].

The 3-Oxoacyl-[ACP] reductase (K00059) or OAR was highly enriched in rhizosphere of the two wild plants (Figs. S14 & S15). The enzyme is also called FabG and is encoded by fabG gene. OAR functions in fatty acid elongation cycles, in the biosynthesis of unsaturated fatty acids and in the biotin biosynthesis pathway [51,52]. This enzyme is a member of the short-chain alcohol dehydrogenase/reductase (SDR) superfamily, which catalyzes a wide range of oxidation/reduction reactions using NADH/NADPH as the cofactor [53]. OAR has homotetramer structure and each monomer is complexed with on molecule of NADPH and eight Ca2+ ions. These bindings result in a conformational change of the enzyme that helps in initiating allosteric structure, important for its function [52]. Contribution of SDR enzymes and their orthologs to plant-microbe symbiotic relationships as well as in saprotrophy of the microbe was proven [54]. The results of the latter report demonstrated the interaction of the gram-negative Sinorhizobium meliloti of phylum α-Proteobacteria with its plant hosts (ex., alfalfa) via the role of SDR. The bacteria forms root nodules in plant rhizosphere when atmospheric nitrogen (N2) is converted to ammonia (nitrogen fixation), a form that is beneficial to the plant. This process is important for conservation of ecosystems. When fabG gene was knocked out, symbiotic relationship with the plant is severely reduced [54]. Results of symbiotic relationships involving several plant species as well as SDR sequence identity in other species of genus Sinorhizobium indicated the wide host range of these symbionts [54]. Other earlier reports indicated that several other taxa of the Rhiziobiales order, including Bradyrhizobium japonicum, have intimate interactions with eukaryal host cells as symbionts [55]. In the present study, taxa of this order that exist in rhizosphere of one or of the two wild plants include Neorhizobium huautlense, Rhizobium petrolearium, and unidentified species of genera Bradyrhizobium sp. and Mesorhizobium sp. (data provided upon request). We speculate that these taxa harbor orthologs of SDR-encoding gene, e.g., fabG, and make symbiotic relationships with the two wild plants.

The enoyl-CoA hydratase (K01692) was also highly enriched in rhizosphere of the two wild plants. AcuH is a well-known enzyme of the enoyl-CoA hydratase family that was first identified in γ-Proteobacteria with the ability to grow on acrylate as a sole carbon source [56]. The enzyme is encoded by paaF gene and seems to, nonetheless, have a reverse action to that of 3-Oxoacyl-[ACP] reductase (K00059) as it participates in “Fatty acid degradation” pathway [57], particularly in the second step of the β-oxidation [58]. The enoyl-CoA hydratase (sometime called crotonase) also converts 4-coumaroyl-CoA, caffeoyl-CoA and feruloyl-CoA to the corresponding hydroxybenzaldehydes that results in subverting the plant “Phenylpropanoid” pathway and channel carbon flux [58]. Expression of paaF gene in Pseudomonas fluorescens caused phenotypic abnormalities in tobacco plants including plant stunting, interveinal chlorosis/senescence and male sterility [59]. Other abnormalities include the development of distorted cells in the xylem and phloem bundles, and reduction of lignification. We speculate that the differential enrichment of the two enzymes enoyl-CoA hydratase (K01692) and enoyl-CoA hydratase (K01692) attenuate the level of fatty acids in rhizosphere of the two wild plants.

The methyl-accepting chemotaxis protein or MCP (K03406) was also highly enriched in rhizosphere of the two wild plants (Figs. S14 & S15). The MCPs are environmental signals that sense “Bacterial chemotaxis” pathway [60]. In turn, chemotactic signal transduction span the chemoreceptor cluster to the flagellar motors through “Two-component system” pathway [61]. The two components involve CheA, the histidine kinase that binds to the cytoplasmic domain of the MCPs, and CheY, the response regulator that interacts with the flagellar motor complex to control its rotation [62]. Chemotaxis helps bacteria to rapidly respond to their immediate environmental niche and move toward favorable ones. Influence of bacterial motility and chemotaxis was also recently documented in establishing symbiosis with plant roots for taxa of the Rhizobiaceae family [63]. As indicated earlier, several taxa of this family are abundant in the rhizosphere of the two wild plants. It was recently proposed that active bacterial migration through motility and chemotaxis facilitates recruitment/colonization of microbial partners (symbionts) in the vicinity of plant rhizosphere [64].

The dual-specific aspartyl-tRNA (Asn)/glutamyl-tRNA (Gln) amidotransferase subunit A (K02433) was highly enriched in rhizosphere soil 24 h after watering of the two wild plants, while showed less enrichment at the same time point for the wild plant N. vermiculata (Fig. 7). This enzyme participates in “Aminoacyl-tRNA biosynthesis” pathway. This pathway crosstalk with “Alanine, aspartate and glutamate metabolism” pathway. The enzyme is encoded by gatA gene that acts in synthesizing both aspartyl-tRNA (Asn) and glutaminyl-tRNA (Gln) amidotransferase subunit A (485 aa). The dual-specific enzyme allows the formation of correctly charged Gln-tRNA (Gln) and/or Asn-tRNA (Asn) through the transamidation of misacylated Glu-tRNA (Gln) and/or Asn-tRNA (Asn) in organisms which lack glutaminyl-tRNA and/or asparaginyl-tRNA synthetases. Such aminoacyl-tRNA synthetases are well-documented for their role in translation of the genetic code as they are responsible for attaching the correct amino acid to its cognate tRNA species, while hydrolyzing incorrectly attached amino acid; the latter action is called editing. The in vitro and in vivo studies in E. coli indicated that ROS arisen from oxidative stress can result in increased level of misfolded proteins and reduced fidelity of translation. Examples of stress responses include impairment of editing activity of threonyl-tRNA synthetase leading to protein mistranslation and impairment of bacterial growth [65]. The gene is part of gatCAB operon-like structure that exists in many microorganisms including genera Bacillus and Acidithiobacillus [66,67]. The latter taxon is known for its action in bioleaching of soil minerals, an important process for the plant roots in close vicinity [68]. As aspartyl-tRNA (Asn)/glutamyl-tRNA (Gln) amidotransferase subunit A was highly enriched 24 h after watering, this might indicate that this favorable condition allowed the bacteria to avoid protein mistranslation, albeit, justification of the involvement of this enzyme in plant-microbe interaction remains to be deciphered.

5  Conclusions

In conclusion, the present study scopes the light on the predicted differential enrichment of pathways and compounds in rhizosphere soil microbiomes across the two wild plants Abutilon fruticosum and Nitrosalsola vermiculata as compared with those in microbiomes of the surrounding bulk soil. Differential enrichment involved a number of microbial compounds participating in symbiotic relationship with both wild plants. Excretion of plant root exudates and consequent enrichment of microbial compounds mediate such a relationship. Influence of watering assured the high enrichment of dual-specific aspartyl-tRNA (Asn)/glutamyl-tRNA (Gln) amidotransferase subunit A in rhizosphere soil after 24 h of watering. A question still remains to be answered is whether plant root exudates initiates the relationship with the microbes in its rhizosphere through promoting enrichment of specific microbial compounds or vice versa. The study of these two wealthy genetic resources contributes to our understanding of the host-microbe interactions and the possible improvement of plant breeding programs in Saudi Arabia.
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Appendix

Figure S1. Relative abundance of the top 10 phyla of microbiomes of the two the wild plant species A. fruticosum and N. vermiculata.

Figure S2. Predicted KEGG pathways at levels I and II of microbiomes of A. fruticosum.

Figure S3. Predicted KEGG pathways at levels I and II of microbiomes of N. vermiculata.

Figure S4. Abundance of the top 10 predicted level-III KEGG pathways of microbiomes of A. fruticosum.

Figure S5. Abundance of the top 10 predicted level-III KEGG pathways of microbiomes of N. vermiculata.

Figure S6. Heat map referring to the top 35 KEGG level III pathways of microbiomes of A. fruticosum.

Figure S7. Heat map referring to the top 35 KEGG level III pathways of microbiomes of N. vermiculata.

Figure S8. Predicted level-III KEGG pathways of microbiomes of A. fruticosum.

Figure S9. Predicted level-III KEGG pathways of microbiomes of N. vermiculata.

Figure S10. Heat map referring to the top 35 enriched compounds of microbiomes of A. fruticosum.

Figure S11. Heat map referring to the top 35 enriched compounds of microbiomes of N. vermiculata.

Figure S12. Enriched compounds of predicted level-III KEGG pathways of microbiomes of A. fruticosum.

Figure S13. Enriched compounds of predicted level-III KEGG pathways of microbiomes of N. vermiculata.

Figure S14. Enriched compounds in one or more KEGG pathways in microbiomes of A. fruticosum.

Figure S15. Enriched compounds in one or more KEGG pathways in soil microbiomes of N. vermiculata.

Figure S16. Results of real time PCR of the gatA gene in microbiomes of A. fruticosum and N. vermiculata.

Table S1. KO hierarchy and description of enriched compounds in microbiomes of the two wild plants A. fruticosum and N. vermiculata across soil types and watering time points.

Table S2. Enriched compounds (8) with KEGG reference and pathway in microbiomes of the two wild plants A. fruticosum and N. vermiculata in terms of soil types and watering time points.

Table S3. KO hierarchy and description of differentially enriched compounds due to watering in microbiomes of the two wild plants A. fruticosum and N. vermiculata collected from surrounding bulk (subgroup style ABC) and rhizosphere (subgroup style DEF) soils after 0 (groups A & D, respectively), 24 (groups B & E, respectively) and 48 h (groups C & F, respectively) of watering.
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