
Citation: Tashkandi, M.A.; Jalal, R.S.;

Baz, L.; Refai, M.Y.; Shami, A.; Ashy,

R.A.; Abuauf, H.W.; Alshehrei, F.M.;

Alshubaily, F.A.; Barqawi, A.A.; et al.

Functional Interpretation of

Cross-Talking Pathways with

Emphasis on Amino Acid

Metabolism in Rhizosphere

Microbiome of the Wild Plant

Moringa oleifera. Agriculture 2022, 12,

1814. https://doi.org/10.3390/

agriculture12111814

Academic Editors: Tibor Szili-Kovács

and Tünde Takács

Received: 2 October 2022

Accepted: 25 October 2022

Published: 31 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

Functional Interpretation of Cross-Talking Pathways with
Emphasis on Amino Acid Metabolism in Rhizosphere
Microbiome of the Wild Plant Moringa oleifera
Manal A. Tashkandi 1, Rewaa S. Jalal 2, Lina Baz 3 , Mohammed Y. Refai 1, Ashwag Shami 4 ,
Ruba Abdulrahman Ashy 2, Haneen W. Abuauf 5, Fatimah M. Alshehrei 6, Fawzia A. Alshubaily 3 ,
Aminah A. Barqawi 7, Sahar Alshareef 8 and Aala A. Abulfaraj 9,*

1 Department of Biochemistry, College of Science, University of Jeddah, Jeddah 21493, Saudi Arabia
2 Department of Biology, College of Science, University of Jeddah, Jeddah 21493, Saudi Arabia
3 Department of Biochemistry, Faculty of Science, King AbdulAziz University, Jeddah 21589, Saudi Arabia
4 Department of Biology, College of Sciences, Princess Nourah bint Abdulrahman University,

P.O. Box 84428, Riyadh 11617, Saudi Arabia
5 Department of Biology, Faculty of Applied Science, Umm Al-Qura University, Makkah 24381, Saudi Arabia
6 Department of Biology, Jumum College University, Umm Al-Qura University,

P.O. Box 7388, Makkah 21955, Saudi Arabia
7 Department of Chemistry, Al-Leith University College, Umm Al Qura University,

Makkah 28434, Saudi Arabia
8 Department of Biology, College of Science and Arts at Khulis, University of Jeddah,

Jeddah 21921, Saudi Arabia
9 Biological Sciences Department, College of Science & Arts, King Abdulaziz University,

Rabigh 21911, Saudi Arabia
* Correspondence: aaabulfaraj@kau.edu.sa

Abstract: The functional processes and mutual benefits of the wild plant Moringa oleifera and its
rhizosphere microbiome were studied via metagenomic whole-genome shotgun sequencing (mWGS)
in comparison with a bulk soil microbiome. The results indicated high gene abundance of the
four KEGG categories, “Cellular Processes”, “Environmental Information Processing”, “Genetic
Information Processing”, and “Metabolism”, in the rhizosphere microbiome. Most of the enriched
enzymes in rhizobacteria are assigned to the pathway “Amino acids metabolism”, where soil-dwelling
microbes use amino acids as a defense mechanism against phytopathogens, while promoting growth,
colonizing the cohabiting commensal microbes and conferring tolerance against abiotic stresses. In
the present study, it was proven that these beneficial microbes include Bacillus subtilis, Pseudomonas
fluorescens, and Escherichia coli. Mineral solubilization in these rhizobacteria can make nutrients
available for plant utilization. These rhizobacteria extensively synthesize and metabolize amino acids
at a high rate, which makes nitrogen available in different forms for plants and microbes. Amino
acids in the rhizosphere might stand mainly as an intermediate switcher for the direction of the soil
nitrogen cycle. Indole acetic acid (IAA) was proven to be synthesized by these beneficial rhizobacteria
via route indole-3-pyruvate (IPyA) of the pathway “Tryptophan metabolism”. This hormone might
stand as a shuttle signaling molecule between M. oleifera and its rhizobacteria. Tryptophan is also
metabolized to promote other processes with important industrial applications. Rhizobacteria were
also proven to breakdown starch and sucrose into glucose, which is the primary metabolic fuel
of living organisms. In conclusion, we assume that the metabolic processes in the rhizosphere
microbiome of this wild plant can be eventually utilized in boosting the sustainability of agriculture
applications and the plant’s ability to benefit from soil nutrients when they are not in the form
available for plant root absorption.
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1. Introduction

Moringa oleifera is a small tree of the family Moringaceae [1] that is grown in the wild
in Saudi Arabia [2,3]. It is an edible plant with a high nutritional value, as it is rich in
proteins, vitamins, oils, fatty acids, micro/macro elements, and phenolics [4]. This plant
also has important medicinal properties and is considered to be a promising healer due to
its richness in anti-inflammatory, anti-microbial, anti-oxidant, anti-cancer, and anti-ulcer
compounds [2,4]. Extensive research on this wild plant might lead to the recovery of novel
agents to be used commercially to lower human blood sugar and cholesterol levels, and
in the treatment of human cancer and cardiovascular diseases, in addition to many other
medical applications [4]. This wild plant not only provides beneficial characteristics in
medicine and pharmaceuticals, but can also provide a model as to how plants benefit from
their rhizobiomes and maintain good performance, especially under adverse conditions.

In order to obtain accurate figures on the rhizobiome signatures of wild plant species,
high-throughput technology ought to be utilized. Next-generation sequencing at the level
of 16S rRNA amplicon sequencing and metagenomic whole-genome shotgun sequencing
(mWGS) can allow us to investigate in depth the structure and function of the microbial
community in a plant’s rhizosphere. The advantages of the 16S rRNA approach include
the existence of informative databases (e.g., Greengenes [5] and SILVA [6]), which harbor
marker genes from millions of taxa. However, the problem with the 16S rRNA approach
is that it does not capture viruses as they do not have conserved gene analogs to 16S or
18S rRNA genes that can be used as marker genes at different taxonomic ranks. Chen
and colleagues [7] and other researchers [8,9] indicated that the marker gene sequencing
approach is subject to bias and low sensitivity, and lacks real functional information from
the studied microbiome. Nevertheless, results based on mWGS are more precise and can
result in the generation of high-quality draft bacterial genomes, on one hand, and in the
actual gene abundance and metabolic processes of microbiomes in a given ecosystem, on
the other [10–16].

Rhizosphere soil is the site by which plant and microbes interact and is regarded
as one of the most active interfaces on Earth [17–19]. As in that of a human, a plant’s
rhizosphere microbiome is considered to be a second genome that promotes health and
growth under normal and adverse conditions [19]. Many studies have demonstrated that
rhizosphere microbiomes can be influenced by plant root architecture and the type of
released exudates, which play a major role in attracting bacteria to the rhizosphere region in
addition to being substrates for bacterial functions [20,21]. Accordingly, it is expected that
microbiome signatures will differ based on the type of soil (e.g., bulk or rhizosphere) and
on the genetic makeup of the plant that hosts the microbiome in its rhizosphere region [22].
Agricultural practices that are applied during the growth of crop plants significantly affect
the signature of the native plant soil rhizosphere microbiome, as practices might result
in losing microbes with important features, like plant growth enhancement and disease
protection [23–26]. The rhizosphere microbiomes of wild plants, like that of M. oleifera,
are maintained in their native environment in terms of structure, pattern of microbial
community assembly, molecular functions, plant-microbe interactions, and dynamics of
microbial evolution [27–31].

The present study aims to use the mWGS approach to detect the metabolic processes
and core metabolites of cross-talking pathways in the rhizosphere versus bulk soil micro-
biomes of the wild plant M. oleifera that indicate the types of plant-microbe interactions.

2. Materials and Methods
2.1. Sample Collection and DNA Extraction

Samples were collected in three replicates from the rhizosphere soil of single-grown M.
oleifera plants and surrounding bulk soil growing naturally in the North Western region of
the Mecca district of Saudi Arabia, near the red sea coast (21◦12′17.8” N 39◦31′26.4” E) [3].
The collection spots of the two soil types received no rainfall for >3 months prior to
sample collection. For rhizosphere soil collection, lateral roots were cut at ~10–30 cm of
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depth. Then, soil of ≤1 cm away from the root that did not physically adhere to the root
was collected. Meanwhile, bulk soil samples were taken ≥10 m away from the growing
M. oleifera plants to avoid the two soil types being mixed up. Then, soil samples were
immediately put in liquid nitrogen, transported to the lab, and stored at −20 ◦C until
genomic and transcriptomic extractions took place [32]. Then, the DNAs of rhizosphere
and bulk soil microbiome samples were extracted using the CTAB/SDS method. The purity
and integrity of the extracted DNAs were checked using 1% agarose gel electrophoresis. As
a prerequisite for whole-metagenome shotgun sequencing (mWGS), the concentration of
each DNA sample was adjusted to 10 ng/µL using a dsDNA Assay kit (Life Technologies,
Carlsbad, CA, USA).

2.2. Whole-Genome Shotgun Sequencing and Bioinformatics Analysis

A total of 1 µg of extracted DNA from the samples was shipped to Novogene Co.
(Singapore) for metagenomic whole-genome shotgun sequencing (mWGS). Then, library
preparation was constructed, and the DNAs were sequenced on an Illumina HiSeq 2500
platform. Recovered raw data were deposited in the European Nucleotide Archive (ENA)
(https://www.ebi.ac.uk/ena/browser/ (accessed on 30 September 2022)) and the re-
ceived accession Nos. ERR10100770-72 for rhizosphere soil samples R1, R2 and R3, and
ERR10100773-74 and ERR10100781 for bulk soil samples S1, S2 and S3, respectively. After
physical fractionation of DNAs and data pre-processing, low-quality bases (Q value ≤ 38)
exceeding a 40-bp threshold were trimmed and removed. Reads with a number of Ns of
10 ≥ bp were removed. Then, the library was prepared using an Ultra DNA Library Prep
kit for Illumina (NEB, Ipswich, MA, USA) and clean data were sequenced on an Illumina
HiSeq 2500 platform. Generated reads were de novo assembled to recover scaffolds using
MEGAHIT (K-mer = 55) and chimeras were removed as previously described [33–35].
Then, low abundant unassembled reads of all samples were gathered and assembled de
novo to generate NOVO_MIX scaffolds that were cut off at “N” to obtain fragments, called
“scaftigs” [33,36]. The mapping of clean data was conducted using Soap 2.21, then effective
scaftigs that were presumably found in ≥2 samples were utilized further. Gene prediction
was carried out for the recovered ORFs and scaftigs using MetaGeneMark [36], and the
resultant genes were dereplicated using Cluster Database at High Identity with Tolerance
(CD-HIT) [37,38]. Then, gene redundancy was removed using a greedy pairwise compari-
son [39] and non-redundant gene catalogues (nrGC) were constructed. Then, annotation
was completed using the binning reference-based classification method MEGAN [40,41].

The functions of the coding metagenomic sequences of different microbiome samples
were then inferred based on their similarity to sequences in the 18 Kyoto Encyclopedia
of Genes and Genomes (KEGG) databases, of which KEGG PATHWAY, KEGG orthology
(KO), and KEGG ENZYME (EC) are the core ones [42–46]. The KO database was used
for detecting molecular functions represented as functional orthologs, while the KEGG
PATHWAY database was used for pathway mapping that was comprised of three levels
(e.g., 1, 2 and 3), and KEGG ENZYME (EC or enzyme commission) was used for functional
annotation [34,39,47]. The three databases resulted in the recovery of a profile to describe
the functions across and between groups of the two microbiome soil types at Levels 1,
2, and 3, as well as at Level EC. Based on the resulting table of functional abundance,
cluster analysis was conducted based on the Bray-Curtis distance, and a bar plot and a
principle component analysis (PCA) were carried out. Then, the abundance distributions of
35 selected, highly abundant functions were displayed using heatmaps at the three different
KEGG Levels.

Validation of the gene abundance datasets that resulted from mWGS was conducted at
the metatranscriptomic level, as previously described [48] via MaximaTM SYBR Green/ROX
qPCR, for three randomly selected highly abundant genes in addition to one non-existing
gene in the rhizosphere microbiome of M. oleifera. Information about these genes at the
National Center for Biotechnology Information (NCBI), along with sequences of primers
designed using Netprimer software (http://www.premierbiosoft.com/netprimer/index.

https://www.ebi.ac.uk/ena/browser/
http://www.premierbiosoft.com/netprimer/index.html
http://www.premierbiosoft.com/netprimer/index.html
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html (accessed on 31 August 2022)), are described in Table S1. Then, the partial-length 16S
rRNA of Bacillus subtilis was used in the reactions as the housekeeping gene.

3. Results
3.1. Validation and Fidelity Testing of KEGG Datasets

Validation of mWGS datasets was conducted via real-time PCR using four randomly
selected genes. In alignment with the results of the deep sequencing of microbiomes
surrounding M. oleifera, real-time PCR indicated that genes encoding the three enzymes
with ECs 4.2.1.20, 4.1.1.28, and 3.1.3.25 showed higher abundance in the rhizosphere
microbiome of M. oleifera than those in bulk soil microbiome (Figure S1), while the gene
encoding EC 1.13.12.3 was not detected in either type of microbiome. The fidelity of KEGG
datasets was tested by detecting the closeness among samples of each soil type at KEGG
Levels 1, 2, 3, and EC via principal component analysis (PCA) (Figure 1).
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Figure 1. Principle component analysis (PCA) based on KEGG (Kyoto Encyclopedia of Genes and
Genomes) database Levels 1 (a), 2 (b), 3 (c), and EC (d) referring to prokaryotic and eukaryotic
microbes in microbiome samples of rhizosphere (R) and surrounding bulk (S) soils of M. oleifera.

Results showed discrete distances between microbiomes from the two soil types,
where rhizosphere microbiome samples existed on the negative side of the PCA 1 (or PC1)
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across the four levels, while bulk soil microbiome samples existed on the right side. For
PC2, higher diversity was detected among samples from bulk soil microbiome compared
with those of the rhizosphere soil. These data refer to the structure of microbiome and the
gene abundance of the two soil types.

3.2. Description of Assembled Raw Sequence Data

The alignment results of assembled ORFs/scaftigs (or queries) versus analogue se-
quences (or subjects) in the NCBI referred to identity/mismatch, gap sizes (nt), and nu-
cleotides assigning gene start and end points (Table S2). A total of 232,087 ORFs originating
from one type of soil and 27,559 scaftigs (NOVO_MIX) present in one or the two types
of soil were recovered. Queries have aligned with subjects whose lengths are between 27
and 2323 nt, have identities of 50–100%, and have mismatches of 0–941 nt. It is important
to note that a given subject can have hits with more than one query. Examples include
subject aaa:Acav_0403, which has hits with two queries, namely R3_754948 and R3_797052
(Table S2).

3.3. Differential Abundance of Genes Encoding KEGG Enzymes

The abundance of genes encoding enzymes in the KEGG category (Level 1) and
sub-category (Level 2) levels across samples of either type of microbiome is shown in
Figures 2a and 3a, respectively, while summarized in Figure S2. The results indicated high
gene abundance of the four categories: “Cellular Processes”, “Environmental Information
Processing”, “Genetic Information Processing” and “Metabolism”. The numbers of highly
abundant sub-categories in these categories are 2, 1, 1, and 4, respectively. Sub-categories
of category “Cellular Processes” include “Cellular community-prokaryotes” and “Cell
mobility”, while that of “Environmental Information Processing” is sub-category “Mem-
brane transport”, that of “Genetic Information Processing” is sub-category “Translation”,
and those of “Metabolism” include sub-categories “Energy metabolism”, “Carbohydrate
metabolism”, Biosynthesis of other secondary metabolites”, and “Amino Acid metabolism”
(Figures 2a, 3a and S2). Across these four categories and eight sub-categories, the gene
abundance in the rhizosphere microbiome of M. oleifera was higher than that of samples
from the bulk soil microbiome (Figure 2b, Figure 3b, Figures S3 and S4, respectively).

Gene abundance across and between soil microbiome types for 21 selected KEGG
pathways from the eight sub-categories are shown in Figure 4a,b. Nine of these pathways
referring to soil type microbiomes are displayed in Figure S5. The results indicated that
the abundance of genes in the rhizosphere microbiome at the level of pathways for the
eight sub-categories is higher than that of the bulk soil microbiome of M. oleifera (Figure 4b).
Details of the selected 21 pathways from Figure 4 along with an additional pathway
that is not enriched in the present study are shown in Table 1. Enriched enzymes in the
22 pathways are shown in Figures S6–S27. The additional pathway refers to a reaction,
involving tryptophan and indole, that is not displayed in the pathway “Biosynthesis of
various plant secondary metabolites” (Figure S20), although it is displayed in the pathway
“Phenylalanine, tyrosine and tryptophan biosynthesis” (Figure S17). The boxes around the
ECs of enzymes in these pathways are colored based on the level of enrichment, where red
boxes indicate highly enriched enzymes in the rhizosphere microbiome, and blue boxes
indicate highly enriched enzymes in the bulk soil microbiome of M. oleifera. Other colors
refer to intermediate levels of gene abundance in both types of soil microbiomes. Detailed
information regarding enzyme enrichment between soil microbiome types is shown in
Table S11.
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Figure 2. Abundance of genes encoding enzymes of the different functional categories of KO
database Level 1 across (a) and between (b) samples of rhizosphere (R) and surrounding bulk soil (S)
microbiomes of M. oleifera. Columns with dark colors in (b) refer to rhizosphere (R) soil microbiome,
while those with light colors refer to microbiome of the surrounding bulk (S) soil. The “others”
column refers to genes encoding proteins or enzymes not functioning in KEGG pathways. The data
in (a) and (b) are further described in Figures S1 and S2, respectively, while detailed abundance
records are shown in Tables S5 and S8, respectively. Same column color in (a) and (b) represents same
KEGG category.

Table 1. Description of some enriched pathways across rhizosphere and bulk soil microbiomes of M.
oleifera at the KEGG database Levels 1, 2, and 3 along with pathway IDs.

KEGG Level 1 (Category) KEGG Level 2 (Sub-Category) KEGG Level 3 (Pathway) * Pathway ID

Metabolism Amino acid metabolism

Arginine biosynthesis map00220

Alanine, aspartate, and glutamate metabolism map00250

Glycine, serine, and threonine metabolism map00260

Cysteine and methionine metabolism map00270

Valine, leucine, and isoleucine biosynthesis map00290

Lysine biosynthesis map00300

Arginine and proline metabolism map00330

Histidine metabolism map00340

Tyrosine metabolism map00350

Phenylalanine metabolism map00360

Tryptophan metabolism map00380

Phenylalanine, tyrosine, and tryptophan
biosynthesis map00400
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Table 1. Cont.

KEGG Level 1 (Category) KEGG Level 2 (Sub-Category) KEGG Level 3 (Pathway) * Pathway ID

Biosynthesis of other secondary
metabolites

Staurosporine biosynthesis Map00404

Indole alkaloid biosynthesis map00901

Biosynthesis of various plant secondary
metabolites Map00999 **

Carbohydrate metabolism
Starch and sucrose metabolism map00500

Inositol phosphate metabolism map00562

Energy metabolism Nitrogen metabolism map00910

Genetic Information Processing Translation Aminoacyl-tRNA biosynthesis map00970

Cellular Processes
Cellular community—prokaryotes Quorum sensing Map02024

Cell motility Bacterial chemotaxis Map02030

Environmental Information
Processing Membrane transport ABC transporters map02010

* KEGG pathways involving enriched enzymes at EC level encoded by genes with varying abundance levels are
shown in Figures S6–S27. ** A KEGG Pathway that showed very minute abundance, thus is not shown in terms of
abundance in Figure 4 and Tables S7 and S10.
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Figure 3. Abundance of genes encoding enzymes of the different functional sub-categories of
KEGG database Level 2 across (a) and between (b) samples of rhizosphere (R) and surrounding
bulk soil (S) microbiomes of M. oleifera. Columns with dark colors in (b) refer to rhizosphere (R)
soil microbiome, while those with light colors refer to microbiome of the surrounding bulk (S)
soil. All KEGG sub-categories belong to the category “Metabolism”, except for the last four sub-
categories that belong to categories “Genetic Information Processing” (indicated by the gray arrow),
“Cellular Processes” (indicated by the dark pink and violet arrows), and “Environmental Information
Processing” (indicated by the orange arrow). The data in (b) is further described in Figure S3, while
detailed abundance records in (a) and (b) are shown in Tables S6 and S9, respectively. Same column
color in (a) and (b) represents same KEGG category.
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Figure 4. Abundance of genes encoding enzymes of the different functional pathways of KEGG
database Level 3 across (a) and between (b) samples of rhizosphere (R) and surrounding bulk soil
(S) microbiomes of M. oleifera. KEGG map IDs refer to KEGG pathway identifiers. The white box in
(a) indicates pathways of the category “Metabolism”, while gray, yellow and orange boxes indicate
pathways of categories “Genetic Information Processing” (sub-category “Translation”), “Cellular
Processes”, and “Environmental Information Processing” (sub-category “Membrane transport”),
respectively. The sub-categories of “Metabolism” include “Amino acid metabolism” (light blue
box), “Biosynthesis of other secondary metabolites” (dark red box), “Carbohydrate metabolism”
(light green box), and “Nucleotide metabolism” (light brown box). The sub-categories of “Cellular
Processes” include “Quorum sensing” (dark pink box) and “Bacterial chemotaxis” (violet box). The
data in (b) is further described in Figure S4, while detailed abundance records of (a) and (b) are
shown in Tables S7 and S10, respectively.

The results for the microorganisms along with their enriched enzymes are shown
in Table S3, while descriptions of the different enzymes are shown in Table S4. Detailed
information regarding gene abundance across and between microbiome samples of either
soil type at the category level is shown in Tables S5 and S8, respectively; in Tables S6 and
S9 at the sub-category level, respectively; and in Tables S7 and S10 at the KEGG pathway
level, respectively.
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4. Discussion

The present study focuses on the rhizosphere metagenome of the wild plant M. oleifera,
as that of domesticated crop plants cannot show the original natural rhizobiome signature,
the succession of microbial community assembly, or evolution in the ecosystem [30,31]. This
is because the soil of crop plants is subjected to artificial human practices that reshape their
rhizobiomes with regard to the type of microbes present and their abundance [23–26]. We
focused on microbes in the rhizosphere region in order to study plant-microbe interaction.
In this regard, we have studied microbial gene abundance in the rhizosphere and bulk
soil, where the chemical composition of these two soil types differs due to plant exudation,
which has a temporal/spatial influence on surrounding microbes [30].

4.1. Major Contributors to Plant Growth Parameters and Defense against Phytopathogens in the
Rhizosphere Microbiome of M. oleifera

Mutual benefits can be gained for a plant and its rhizosphere microbiome as the latter
subsists on the exudates (or rhizodeposits) released from plant roots, while, in return, the
plant enables and/or enhances the uptake and recycling of bacterial-processed nutrients by
plant roots, and mitigates abiotic stresses [49–51]. In addition, the rhizosphere microbiome
participates in the induction of systemic disease resistance, biocontrol, and antibiosis in an
antagonistic manner against plant pathogens, while selectively stimulating chemotaxis to
promote the endophytic colonization of commensal microbes [52]. However, rhizobacteria
are split into functional groups based on their type of interaction with a host plant, which
can range from beneficial to pathogenic. Phytopathogens mainly acquire the nutrients
required by the host plant [22]. Other pathogens are able to secrete enzymes to biode-
grade pectin and cellulose in the plant’s cell wall and cause plant soft-rot disease [53,54].
In return, the plant exudes several kinds of compounds to elicit defense actions in the
rhizosphere microbiome. Plant exudation methods involve diffusion through the plant cell
membrane, active or passive transport for low-molecular-weight compounds (e.g., amino
acids, simple sugars, organic acids, etc.), and vesicular transport for high-molecular-weight
compounds (e.g., polysaccharides, proteins, etc.) [55]. Under certain conditions, plants
efflux amino acids to the soil and block their influx to the root as a defense mechanism
against pathogens [56]. A large proportion of exuded or externally introduced amino acids
were reported to be incorporated into biomass by soil-dwelling microbes as a weapon
against pathogens, while the rest are lost through respiration [57].

Furthermore, plants produce other specific secondary metabolites, which act as anti-
microbial compounds to inhibit microbial quorum sensing (QS) and prevent cohabiting
phytopathogens from reaching the quorum required to destruct plant cells [58]. QS is a cell-
cell communication process that mediates bacterial population density in an environmental
niche through the synchronized action of a large number of genes. The expression of these
genes is influenced by extracellular signaling molecules named autoinducers (AIs) [59].
These signaling molecules are encoded by a variety of bacterial genes. Gram-negative
bacteria usually use acylated homoserine lactone as IAs, while Gram-positive bacteria use
oligopeptide permease proteins (Opp) or phosphate-regulator (Phr) peptides, which are
cognates of response regulator aspartyl-phosphate (Rap) phosphatases [60–62]. The first IA
monitors bacterial population density in quorum sensing [63], while the second participates
in the sporulation signal transduction system, particularly in Bacillus subtilis [64]. In the
present study, the enzyme that synthesizes acylated homoserine lactone, namely acylated
homoserine lactone synthase (EC 2.3.1.184), participates in the pathway “Cysteine and
methionine metabolism” and is proven to be highly enriched in the Pseudomonas fluorescens
(Figure S9 and Tables S3 and S11) of the rhizosphere microbiome of M. oleifera. In terms of
oligopeptide, the results indicated the enrichment of two members (e.g., ComX and ComQ)
of the ComQXPA system (Figure S25). This QS system participates in determining the social
communication group of Bacillus subtilis [65]. This bacterium also uses a QS system, namely
Rap-Phr, which participates in attenuating growth based on bacterial density [66]. In the
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present study, Bacillus seems to have encoded all receptor-signal pairs of this system (e.g.,
PhrA, PhrC, PhrE, PhrF, PhrG, and PhrK) that promote the production of Opp (Figure S25).

Other functional steps of QS seem to also be enriched in many other microbes in the
rhizosphere microbiome of M. oleifera including the Gram-negative bacteria Pseudomonas
aeruginosa and Escherichia coli, and the Gram-positive bacteria Streptococcus sp. (Figure S25
and Table S3). For example, a type of IAs, namely AI-2, is produced by an enzyme involved
in the activated methyl cycle (AMC), namely LuxS protein, in E. coli and processed by the
lipolysis-stimulated lipoprotein (lsr) operon [67]. In the present study, this enzyme is enriched
in E. coli in the rhizosphere microbiome of M. oleifera (Figure S25 and Table S3). Several
reports indicated that bacterial AIs elicit responses from the host plant by releasing exudates
that promote the growth and colonization of the cohabiting commensal microbes [68].
We speculate that an abundance of microbial genes governing QS in the rhizosphere
microbiome of M. oleifera indicates that the targeting of quorum sensing by the host plant is
not meant to be the first-line defensive strategy of plants against phytopathogens, as the
abundance of genes encoding QS in the rhizosphere microbiome of M. oleifera was higher
than that of the bulk soil microbiome (Figures 4 and S4 and Table S10). This might be due
to the rare presence of phytopathogens in the rhizosphere of M. oleifera, or the plant might
utilize other alternative defense mechanisms as the first-line defensive strategy against
phytopathogens. The latter statement requires further analysis to support this claim.

On the other hand, beneficial bacteria can undergo symbiotic relationships with host
plants and approach a mutual exchange of substrates and metabolites. Examples include
atmospheric nitrogen-fixating microbes that convert nitrogen to ammonia and subsequently
exchange it for plant-derived carbohydrates [69–71]. Nitrogen that is strongly produced
from nitric oxide in the rhizosphere microbiome of M. oleifera seems to be efficiently
converted into ammonia via the action of a nitrogenase enzyme (EC 1.18.6.1) existing in the
pathway “Nitrogen metabolism” (Figure S23). This enzyme is highly enriched (Table S11)
in Pseudomonas fluorescens (Table S3). The latter kind of bacteria is a plant growth-promoting
bacteria (PGPB). As most PGPB inhabit the plant rhizosphere, they are further named PGP-
rhizobacteria (PGPR). These bacteria do not have complete dependency on the host plant,
but still provide beneficial functions for the plant. For example, they can act in the alteration
of plant defense responses and in the production of 1-aminocyclopropane-1-carboxylate
(ACC) deaminase (EC 3.5.99.7), which promotes plant root growth and cell elongation
and, also, confers tolerance against abiotic stresses [72] by avoiding the accumulation of
ethylene [73]. ACC deaminase participates in the pathway “Cysteine and methionine
metabolism”, where it was shown to be highly enriched in the PGPR Bacillus subtilis
(Tables S3 and S11), which exists in the rhizosphere microbiome of M. oleifera (Figure S9),
aligning with results of previous reports [74].

4.2. Chemotaxis in the Rhizosphere Microbiome of M. oleifera

In the present study, Escherichia coli was the only microbe that efficiently promoted
chemotaxis (Tables S3 and S4), although this process was strongly promoted in the Bacillus
and Pseudomonas species [75]. Chemotaxis is a signal transduction process participating in
biofilm formation and colonization of beneficial neutral and mutualistic soil microbes [76].
The presence of these commensal microbes protects plants from pathogens by preventing
their colonization [77,78]. The exudation pattern at the plant root-soil interface represents
a unique ecological niche that attracts or recruits a large collection of specific microbes
that mostly migrate to the rhizosphere via chemotaxis [52,79]. These rhizosphere microbes
include Gram-negative (e.g., Pseudomonas fluorescens and Escherichia coli) and Gram-positive
(e.g., Bacillus subtilis) bacteria that exhibit motility towards each of the exuded 20 amino
acids in addition to certain organic acids, but not towards sugar [80,81]. For example,
Fusarium wilt infection in watermelon was not severe due to the presence of soil non-
pathogenic Fusarium oxysporum and Pseudomonas fluorescens [82]. In terms of carbohydrate
participation in chemotaxis, sucrose was proven to promote solid surface motility (SSM)
and root colonization by B. subtilis by triggering a signaling cascade in a second pathway
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for sucrose utilization, namely “Levan detour” [75]. Thus, it is unlikely that the pathway
“Levan detour” exists in the rhizosphere microbiome of M. oleifera.

Generally speaking, bacteria sense chemical changes in the surrounding environment
using a certain receptor complex that integrates chemical signals in order to modulate
the required flagellar direction and swimming mode of bacteria [83,84]. Receptor and
flagellar-motor complexes are embedded within the bacterial cell membrane. These actions
are mediated by a cascade of transient phosphorylation of chemotaxis proteins transduced
via protein-protein interaction and mediated by a shuttle protein, namely CheY [84,85].

There are two kinds of chemotaxis-specific receptors involved in chemotaxis and
signal transport, namely methyl-accepting chemotaxis proteins (MCPs) and dual-function
receptors. The first type seems to participate in chemotaxis in the rhizosphere microbiome
of M. oleifera as four MCPs (i.e., Tsr, Tar, Tap, and Aer) which were present in E. coli
(Figure S26 and Table S3). In accordance with these results, the Tap receptor, in particular,
was previously proven to be highly enriched specifically in rhizosphere E. coli [86]. The
CHeY receptor is a homodimer that is required to connect to a histidine kinase, namely
CheA, via a linker protein, namely CheW, in order to generate a stable activated ternary
complex [83]. This complex is highly enriched in the rhizosphere microbiome of M. oleifera
in addition to the MotA stator (Figure S26). The latter is a member of the flagellar-motor
complex in addition to MotB, where both combine to form a proton channel anchored to
the cell wall in order to promote the flagellar rotation process, which takes place in the M.
oleifera rhizosphere microbiome. We speculate that rhizobacteria cross talk in order to share
metabolites synthesized by specific bacteria (e.g., E. coli) to mediate their mobility towards
plant exudates.

4.3. Mineral Solubilization in the Rhizosphere Microbiome of M. oleifera

During the symbiotic interaction between plant and rhizosphere microbiome, the latter
undergoes several important useful mechanisms, including solubilization to make nutrients
in a form available for plant absorption [87]. These mechanisms include several minerals
and compounds like phosphorus, nitrogen, potassium, and ammonium and are produced
by the rhizosphere microbiomes of the three kingdoms, including archaea, bacteria, and
eukarya [51]. Several reports indicated that the solubilization of phosphorus into the
form absorbable by roots of green pepper plant takes place in Pseudomonas fluorescens by
inositol phosphatases and/or several other non-specific phosphate phosphatases and C-P
lyases [73]. In addition, Bacillus subtilis and Escherichia coli can conduct the solubilization of
minerals through the production of enzymes that act on organic phosphorus, mainly stored
as insoluble myo-inositol hexaphosphate [88–90]. The latter three bacteria were proven
to participate in phosphorus solubilization in the rhizosphere of M. oleifera as the key
player in this mechanism; i.e., myo-inositol-1(or 4)-monophosphatase (EC 3.1.3.25) of the
pathway “Inositol phosphate metabolism” was proven to be highly enriched (Figure S22
and Tables S3 and S11).

4.4. Mobility and Restoration of Nutrients in the Rhizosphere Microbiome of M. oleifera

As rhizosphere nutrients are rapidly depleted, a restoration (uptake) action should
be conducted by the rhizosphere microbiome to compensate for the shortage. Restoration
mainly depends on the relative mobility of nutrients during soil solution movement. For
example, nutrients with low rates of mobility (e.g., phosphorus, potassium and ammonium)
barely undergo restoration, whereas those with high rates (e.g., nitrate and calcium) are
easily restored [91]. Amino acids are the main mobilizable source of carbon and nitrogen
that support microbial growth in the rhizosphere compared with other chemicals like sug-
ars or organic acids [52]. As exudates, changes in the level and distribution of amino acids
in the soil can effectively alter the signature and function of the microbial community. We
speculate that bacteria, under certain conditions, synthesizes and metabolizes amino acids
at a high rate in order to provide the plant with different forms of nitrogen, e.g., amino acids,
ammonia, nitrite, nitric oxide, and nitrogen (Figures S6–S17 and S23). Then, the rate of
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restoration of all forms of nitrogen in the rhizosphere microbiome of M. oleifera is expected
to be high. Some selected highly enriched enzymes in the rhizosphere microbiome of M.
oleifera (Table S11) acted in the biosynthesis of all amino acids, while in metabolism of only
14 amino acids, and are shown in Figure 5. Figures S6–S17 indicate cross talking among
pathways which handle the dynamics of the biosynthesis/metabolism of amino acids, in
which many amino acids are synthesized as a result of the metabolism of other amino
acids. For example, alanine can be synthesized by metabolizing aspartate via the action
of aspartate 4-decarboxylase (EC 4.1.1.12), as shown in the pathway “Alanine, aspartate
and glutamate metabolism” (Figure S7). Additionally, serine aldolase or aminomethyl
transferase (EC 2.1.2.1) acts bi-directionally, as shown in the pathway “Glycine, serine
and threonine metabolism”, towards the biosynthesis/metabolism of serine and glycine,
while threonine aldolase (EC 4.1.2.48) also acts bi-directionally towards the biosynthe-
sis/metabolism of glycine (Figure S8). Furthermore, tryptophan can be synthesized by
metabolizing serine due to the action of tryptophan synthase (EC 4.2.1.20) as shown in the
latter pathway (Figure S8). We speculate that the direction of each reaction should depend
on the demands of the rhizosphere microbiome and/or host plant. The first, second, and
forth enzymes are highly enriched in the Bacillus subtilis, Pseudomonas fluorescens, and E. coli
of the rhizosphere microbiome of M. oleifera, while the third enzyme is highly enriched in
E. coli only (Tables S3 and S11).

Agriculture 2022, 12, x FOR PEER REVIEW  13  of  24 
 

 

Then, the rate of restoration of all forms of nitrogen in the rhizosphere microbiome of M. 

oleifera is expected to be high. Some selected highly enriched enzymes in the rhizosphere 

microbiome of M. oleifera (Table S11) acted in the biosynthesis of all amino acids, while in 

metabolism of only 14 amino acids, and are shown in Figure 5. Figures S6–S17 indicate 

cross talking among pathways which handle the dynamics of the biosynthesis/metabo‐

lism of amino acids, in which many amino acids are synthesized as a result of the metab‐

olism of other amino acids. For example, alanine can be synthesized by metabolizing as‐

partate via the action of aspartate 4‐decarboxylase (EC 4.1.1.12), as shown in the pathway 

“Alanine, aspartate and glutamate metabolism” (Figure S7). Additionally, serine aldolase 

or aminomethyl  transferase  (EC 2.1.2.1) acts bi‐directionally, as shown  in  the pathway 

“Glycine, serine and threonine metabolism”, towards the biosynthesis/metabolism of ser‐

ine and glycine, while threonine aldolase (EC 4.1.2.48) also acts bi‐directionally towards 

the biosynthesis/metabolism of glycine (Figure S8). Furthermore, tryptophan can be syn‐

thesized by metabolizing serine due to the action of tryptophan synthase (EC 4.2.1.20) as 

shown in the latter pathway (Figure S8). We speculate that the direction of each reaction 

should depend on  the demands of  the rhizosphere microbiome and/or host plant. The 

first, second, and forth enzymes are highly enriched in the Bacillus subtilis, Pseudomonas 

fluorescens, and E. coli of the rhizosphere microbiome of M. oleifera, while the third enzyme 

is highly enriched in E. coli only (Tables S3 and S11). 

   
(a)  (b) 

Figure 5. Abundance of genes encoding selected highly enriched enzymes in KEGG pathways to‐

wards either the biosynthesis (a) or metabolism (b) of amino acids in the rhizobiome of M. oleifera. 

Detailed information regarding the abundance of genes encoding these and other enzymes in differ‐

ent KEGG pathways is shown in Table S11. Detailed descriptions of these enzyme ECs are given in 

Table S4. There are several other enzymes  that participate  in either process and  follow  the same 

pattern of gene abundance and enzyme enrichment. 

Amino  acids were  also  proven  to  stand mainly  as  intermediate  switchers  or  bi‐

omarkers for the direction of the soil nitrogen cycle, where their appearance indicates or‐

ganic matter degradation and release  from cells, and  their disappearance  indicates  the 

mineralization and assimilation, or low mobility and restoration rates [91]. In terms of the 

relative abundance of free amino acids in rhizosphere soil, a meta‐analysis from 22 studies 

indicated that Ala and Glu are the most abundant free non‐protein amino acids across the 

steps of the nitrogen cycle, followed by Asp, Gln, Gly, His, Leu, Ser, Thr, Val, Arg, and 

Asn, while the abundance of Met and Cys were the lowest [92]. We speculate that a certain 

0
100
200
300
400
500
600
700
800
900

1000

4
.3
.2
.1
 A
rgin

in
e

1
.4
.1
.3
 G
lu
tam

ate
3
.5
.1
.1
 A
sp
artate

1
.4
.1
.1
 A
lan

in
e

2
.3
.1
.3
0
 Serin

e
2
.1
.2
.1
 G
lycin

e
4
.2
.3
.1
 Th

re
o
n
in
e

2
.5
.1
.4
7
 C
yste

in
e

2
.1
.1
.1
3
 M

eth
io
n
in
e

2
.6
.1
.4
2
 V
alin

e/Le
u
cin

e
1
.4
.1
.9
 Iso

le
u
cin

e
4
.1
.1
.2
0
 Lycin

e
3
.4
.1
1
.5
 P
ro
lin

e
1
.1
.1
.2
3
 H
istid

in
e

1
.1
4
.1
6.1

 Tyro
sin

e
4
.2
.1
.5
1
 P
h
e
n
ylalan

in
e

4
.2
.1
.2
0
 Tryp

to
p
h
an

6
.3
.1
.2
 G
lu
tam

in
e

6
.3
.5
.4
 A
sp
aragin

e

G
e
n
e 
ab

u
n
d
an

ce

Enzyme EC/amino acid

Biosynthesis

S R

0
100
200
300
400
500
600
700
800

4
.1
.1
.1
9
 A
rgin

in
e

6
.3
.2
.1
 G
lu
tam

ate

6
.3
.4
.5
 A
sp
artate

4
.3
.1
.1
7
 Serin

e

1
.4
.4
.2
 G
lycin

e

4
.3
.1
.1
9
 Th

re
o
n
in
e

4
.4
.1
.8
 C
yste

in
e

4
.4
.1
.1
1
 M

eth
io
n
in
e

4
.3
.1
.3
 H
istid

in
e

2
.6
.1
.9
 Tyro

sin
e

1
.1
4
.1
6.1

 P
h
e
n
ylalan

in
e

4
.1
.1
.2
8
 Tryp

to
p
h
an

2
.6
.1
.1
6
 G
lu
tam

in
e

3
.5
.1
.1
 A
sp
aragin

e

G
e
n
e
 a
b
u
n
d
an

ce

Enzyme EC/amino acid

Methabolism

S R

Figure 5. Abundance of genes encoding selected highly enriched enzymes in KEGG pathways
towards either the biosynthesis (a) or metabolism (b) of amino acids in the rhizobiome of M. oleifera.
Detailed information regarding the abundance of genes encoding these and other enzymes in different
KEGG pathways is shown in Table S11. Detailed descriptions of these enzyme ECs are given in
Table S4. There are several other enzymes that participate in either process and follow the same
pattern of gene abundance and enzyme enrichment.

Amino acids were also proven to stand mainly as intermediate switchers or biomarkers
for the direction of the soil nitrogen cycle, where their appearance indicates organic matter
degradation and release from cells, and their disappearance indicates the mineralization and
assimilation, or low mobility and restoration rates [91]. In terms of the relative abundance
of free amino acids in rhizosphere soil, a meta-analysis from 22 studies indicated that
Ala and Glu are the most abundant free non-protein amino acids across the steps of the
nitrogen cycle, followed by Asp, Gln, Gly, His, Leu, Ser, Thr, Val, Arg, and Asn, while the
abundance of Met and Cys were the lowest [92]. We speculate that a certain scenario of
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cross talking ought to take place between plant root cells and the surrounding rhizosphere
microbes in order to rescue nutrients with poor mobility by storing them in the rhizosphere
microbiome until they are eventually required by the plant, or the plant, at some point,
promotes nutrient mobility in the rhizosphere microbiome by promoting higher rates of
biosynthesis, metabolism, and the transportation of the required nutrients.

4.5. Amino Acid Transport in the Rhizosphere Microbiome of M. oleifera

The transportation of amino acids in bacteria is mediated by primary active transport
using ABC transporters, but not via diffusion across the plasma membrane [93]. The
pathway “ABC transporters” was shown to be enriched in the rhizosphere microbiome of M.
oleifera (Figure S27 and Table S10). Amino acids, as a mandatory source of nitrogen required
by plant, transport themselves across the plant cell membrane by one or more of three
complex integral membrane protein classes, namely the LHT family (lysine-histidine-like
transporters), AAP family (amino acid permeases), and ProT family (proline transporters),
each of which have varying roles in plant amino acid transportation [94]. Among these
families, AAP seems to have been chosen by the rhizosphere microbiome of M. oleifera,
where a complex of four important metabolites (e.g., AapJ, AapQ, AapM, and AapP) was
highly enriched in the rhizosphere microbiome of M. oleifera (Figure S27). AapJ is known
to produce AapQ, an ABC transporter substrate-binding protein, while AapM is known
to produce an ABC transporter permease, and AapP is a histidine permease (Figure S27).
The latter metabolite is the only among the four transporters with a known EC (EC 7.4.2.1)
and is proven in the present study to be highly enriched in Bacillus subtilis dwelling in
rhizosphere (Tables S3 and S11). This integral ABC transporter complex has a major role in
the efflux and transportation of biosynthesized amino acids and other forms of nitrogen
source [95].

4.6. Amino Acids and Biofilm Formation in the Rhizosphere Microbiome of M. oleifera

Amino acids produced by bacteria have roles in both bacterial biofilm formation
and disassembly in Gram-positive and Gram-negative rhizobacteria [96]. For example,
tyrosine synthesized by the highly enriched enzyme in the present study, namely aspartate
aminotransferase (EC 2.6.1.1), in the pathway “Tyrosine metabolism” (Figure S14 and
Table S11) can decrease cell-cell attachment, and thus primarily prevent biofilm formation.
When presented at a low concentration, tyrosine can disassemble biofilm in a number of
bacteria, including Bacillus subtilis and Pseudomonas aeruginosa [97]. The efflux of valine,
synthesized in the present study at a high level (Figure S10 and Table S11) by the action of
branched-chain amino acid aminotransferase (EC 2.6.1.42) at the pathway “Valine, leucine
and isoleucine biosynthesis”, also participates in the biofilm formation of certain Gram-
negative bacteria [98], although it was proven to be toxic to some bacteria at this high efflux
level. Casamino acid, a mixture of all amino acids except for tryptophan and small peptides
of hydrolyzed casein, was also proven in an earlier report to promote biofilm formation in
the rhizosphere by Pseudomonas fluorescens [99].

4.7. Production of Indole Acetic Acid in the Rhizosphere Microbiome of M. oleifera

Indole acetic acid (IAA) is mainly a plant auxin that controls many physiological
processes such as cell enlargement, proliferation, and differentiation, as well as the cell’s
response to light or gravity [100–102]. This auxin was also proven to be synthesized by
rhizobacteria, where its level is affected by two factors [103,104]. The first is the loca-
tion of auxin-synthesizing genes in the bacterial genome, e.g., plasmid or chromosomal,
as the first induces higher levels of IAA compared with the second. The second fac-
tor is the type of expression, e.g., constitutive or induced, as the first results in higher
rate of IAA biosynthesis. IAA can also be synthesized by phytopathogenic bacteria via
the best characterized two-step route of the pathway “Tryptophan metabolism”, namely
indole-3-acetamide (IAM) [88,89], or synthesized by beneficial bacteria via route indole-3-
pyruvate (IPyA) of the same pathway [89]. In the present study, plant exudates seem to
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promote route IPyA for metabolizing tryptophan, where the two enzymes of this pathway,
namely L-tryptophan—pyruvate aminotransferase (EC 2.6.1.99) and indole-3-pyruvate
monooxygenase (EC 1.14.31.168), are highly enriched in the Bacillus subtilis of the rhizo-
sphere microbiome of M. oleifera, whereas the enzymes in the route IAM, i.e., tryptophan
2-monooxygenase (EC 1.13.12.3) and amidase (EC 3.5.1.4), showed almost no enrichment
(Figures 6 and S16 and Tables S3 and S11). We speculate that the IPyA route is the choice
of the host plant in a trial to bypass deleterious effects of phytopathogens. Similar results
were previously reached in blackcurrant with the beneficial rhizobacterium Pseudomonas flu-
orescens [105,106]. To support these results, other prior research indicated that amino acids
(e.g., tryptophan, methionine, lysine, and phenylalanine) exuded from alfalfa seedlings
and transported to Salmonella enterica cells were mainly depleted as a result of de novo
amino acid metabolism [107]. The entry of IAA of beneficial bacteria was proven to result
in increased rooting, as well as increased ability to uptake minerals in wheat [108]. Another
report emphasized the ability of Pseudomonas putida to stimulate root elongation in canola
via IAA biosynthesis [104]. Prinsen and colleagues [109] also indicated that bacterial IAA
mediates rhizobia-plant symbiosis, whereas another report indicated that IAA promotes
bacteria’s ability to colonize plant roots [104], a role that is mediated by chemotaxis [76].
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Figure 6. Enrollment of tryptophan in plant-microbe interaction at root-soil interface and its participa-
tion in a number of cross-talking pathways in the rhizobiome of M. oleifera. Light blue box = pathway
“Tryptophan metabolism”; dark red box = pathway “Biosynthesis of various plant secondary metabo-
lites”; light green box = pathway “Phenylalanine, tyrosine and tryptophan biosynthesis”; light brown
box = pathway “Staurosporine biosynthesis”; gray box = pathway “Indole alkaloid biosynthesis”;
and pink box = pathway “Plant hormone signal transduction”. (Clockwise) EC 4.2.1.20 = tryptophan
synthase; EC 1.1.1.110 = aromatic 2-oxoacid reductase; EC1.13.12.3 = tryptophan 2-monooxygenase;
EC 3.5.1.4 = amidase; EC 4.1.1.28 = aromatic-L- amino-acid decarboxylase; EC 1.4.3.4 = monoamine
oxidase; EC 1.2.1.3 = aldehyde dehydrogenase (NAD+); EC 1.14.31.168 = indole-3-pyruvate monooxy-
genase; EC 2.6.1.99 = L- tryptophan—pyruvate aminotransferase; EC 4.1.1.28 = aromatic-L-amino-acid
decarboxylase; and EC1.14.19.9 = tryptophan halogenase. * Indicates an enzyme that participates in
the two pathways “Tryptophan metabolism” and “Indole alkaloid biosynthesis” in the rhizobiome of
M. oleifera.
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There is proof that exuded tryptophan is toxic to some bacteria, including the rhi-
zosphere nitrogen-fixing bacterium, Azospirillum brasilense. Thus, the process of IAA
biosynthesis via beneficial bacteria not only promotes plant growth, but also promotes
the survival of these beneficial bacteria in the rhizosphere by detoxifying tryptophan and
biosynthesizing IAA [110,111] (Figure 6). In the case of an excessive amount of IAA in
the rhizosphere, it is possible that the plant partially stores transported IAA in the form
of inactive phytohormone namely indole-3-lactic acid (ILA). This compound is originally
synthesized in the rhizobacteria via an irreversible metabolic step mediated by aromatic
2-oxoacid reductase (EC 1.1.1.110) at the pathway “Tryptophan metabolism” (Figure S16).
Unlike IAA, the accumulation of cellular ILA in plant cells has a negative influence on
plant growth as it competes with plant IAA for auxin-binding sites, which results in a
reduced rate of plant growth [112]. In the present study, this step in the pathway does not
occur in the rhizosphere microbiome of M. oleifera, where aromatic 2-oxoacid reductase
does not exist (Figures 6 and S16 and Table S11). Thus, plant cells likely store IAA only.
Alternatively, IAA can be stored inside plant tissues in the conjugated form of IAA-amino
acids, like lysine, alanine, and leucine [101]. This reaction also takes place for synthesized
IAA in bacteria prior being absorbed by plant roots. IAA-lycine is the only conjugate that is
shown to exist in the rhizosphere microbiome of M. oleifera, where the synthesizing enzyme,
indoleacetate—lysine synthetase (EC 6.3.2.20), was enriched in Pseudomonas fluorescens
and members of the bacterial genera Microvirga, Chloroflexi, Streptomyces, Arthrobacter, etc.
(Tables S3 and S11). According to our knowledge, the latter enzyme is not a member at
any KEGG pathway. IAA-amino acid conjugates might also serve as a storage molecule
to be used upon the deficiency of tryptophan at either end [113]. Although there is no
solid evidence to support the presence of the IAA conjugated form in the rhizosphere,
microbiomes in this region were proven in prior research to harbor enzymes that can both
promote IAA-amino acid conjugation and hydrolyze IAA-amino acid peptide bond [114].

In accordance with previous reports, we claim that IAA acts as a shuttle signaling
molecule between M. oleifera and the surrounding rhizosphere microbiome (Figure 6) with
roles in plant-microbe interaction including bacterial colonization, on one hand, and phyto-
stimulation and improvement of plant growth, on the other hand [89,115], where the plant
can benefit from IAA synthesized by rhizobacteria, and vice versa. This dynamic interaction
is influenced by plant exudate pattern, where IAA efflux/influx is monitored based on the
demand at either end.

4.8. Tryptophan as a Core Substrate in a Number of Reactions in the Rhizosphere Microbiome of
M. oleifera

We speculate that a plant exudes tryptophan to promote several reactions in the
rhizosphere microbiome, on one hand, and to store it along with the bacterially synthesized
IAA in the rhizosphere microbiome until required, on the other hand (Figure 6). Tryptophan
is a substrate that goes towards the production of IAA in the rhizosphere microbiome of
M. oleifera not only via route IPyA, but also via a three-step route (Figures 6 and S16). The
latter route involves three highly enriched enzymes in the rhizosphere microbiome of M.
oleifera (Table S11), namely aromatic-L-amino-acid decarboxylase (EC 4.1.1.28), monoamine
oxidase (EC 1.4.3.4), and aldehyde dehydrogenase (NAD+) (EC 1.2.1.3), in the pathway
“Tryptophan metabolism” (Figure S16). These three enzymes are highly enriched in the
present study in Pseudomonas fluorescens (Table S3).

Tryptophan is also a substrate in two very important mutual routes of the pathway
“Biosynthesis of various plant secondary metabolites” (Figure S20). The first route is Benzox-
azinoid biosynthesis, which results in the production of indole via the action of the highly
enriched bidirectional enzyme, tryptophan synthase (EC 4.2.1.20), in the rhizosphere micro-
biome of M. oleifera (Table S11). This reaction is not shown in Figure S20, but it was copied
from the pathway “Phenylalanine, tyrosine and tryptophan biosynthesis” (Figure S17). The
enzyme was highly enriched in the Bacillus subtilis, Pseudomonas fluorescens, and E. coli of
the rhizosphere microbiome of M. oleifera (Table S3), and in Pseudomonas putida in prior
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research [116]. Indole is a nitrogen heterocyclic aromatic compound that has important
pharmaceutical properties such as being anti-inflammatory, anti-microbial, anti-viral, and
anti-cancer [117]. Furthermore, indole-producing rhizobacteria can have applications in
biodegradation and bioremediation, where they selectively induce bacterial membrane
toxicity and inhibit cell division, ATP production, and protein folding [116]. The sec-
ond route refers to the eventual biosynthesis of the plant alkaloid gramine via several
unassigned steps followed by two assigned steps controlled by the bifunctional enzyme,
3-aminomethylindole N-methyltransferase (EC 2.1.1.340), which is not enriched in the
rhizosphere microbiome of M. oleifera. Our results align with those of prior reports that
indicated that gramine is synthesized by eukaryotic organisms, but can be applied exter-
nally as a recruitment cue to promote the assembly of some microbes in the rhizosphere of
barley [118].

In the present study, tryptophan also participates in two other important pathways,
namely “Staurosporine biosynthesis” (Figure S18) and “Indole alkaloid biosynthesis”
(Figure S19). In the first pathway, tryptophan is converted into 7-chloro-L-tryptophan
via the highly enriched enzyme, tryptophan halogenase (EC 1.14.19.9), in members of
the Gram-negative genus Sphingomonas in the rhizosphere microbiome of M. oleifera
(Tables S3 and S11). This enzyme was previously reported to be enriched in Pseudomonas
fluorescens, where it participates in the biosynthesis of several medicinally important antibi-
otics, such as anti-fungal pyrrolnitrin [119]. In the second pathway, tryptophan is converted
into tryptamine, a rate-limiting step (Figure S19), via action of the highly enriched enzyme
in the rhizosphere microbiome of M. oleifera (Table S11), namely aromatic-L-amino-acid
decarboxylase (EC 4.1.1.28), which also participates in route IPyA of the pathway “Tryto-
phan metabolism” (Figures 6 and S16). The pathway “Indole alkaloid biosynthesis” has
important pharmaceutical application, like the biosynthesis of the two anti-cancer alkaloids,
vincristine and vinblastine [120].

4.9. Role of Amino Acyl tRNA in the Rhizosphere Microbiome of M. oleifera

The growth rate of bacteria is dependent on the proportion of functioning ribosomes
out of the total amount of ribosomes acting on protein translation. Excessive unused 70S
ribosomes are dimerized by the action of the ribosome modulation factor (RMF) to recover
100S particles. This action protects functioning ribosomes from degradation using proteases
and nucleases in the bacterial stationary phase, but results in a reduced translation rate
in bacteria due to the loss of amino acyl tRNA binding on such a high-molecular-weight
ribosomal particle [121,122]. Thus, a high rate of amino acyl tRNA biosynthesis in the
rhizosphere microbiome of M. oleifera in the present study (Figure S24 and Table S10)
might indicate the existence of a high proportion of functioning 70S particles and a high
translation rate.

4.10. Glucose as the Ultimate Target of Carbohydrate Metabolism in M. oleifera

Carbohydrates ultimately break down into glucose via processes of carbohydrate
metabolism in order to provide a constant supply of energy to living cells [123]. These pro-
cesses include biosynthesis, metabolism, and the interconversion of carbohydrates, of which
we have selected the pathway “Starch and sucrose metabolism”, which is highly enriched in
the rhizosphere microbiome of M. oleifera, for further discussion (Figures S4 and S21). The
main target in this pathway in the rhizosphere microbiome of M. oleifera is high enrichment
of enzymes that convert sucrose and starch into glucose. The enriched enzymes in the route
of sucrose metabolism are α-glucosidase (or maltase) (EC 3.2.1.20), fructokinase (EC 2.7.1.4),
glucose-6-phosphate isomerase (EC 5.3.1.9), and glucokinase (EC 2.7.1.2). Meanwhile, the
enriched enzymes in the route of starch metabolism are isoamylase (EC 3.2.1.68), (1 -> 4)-
alpha-D-glucan (EC 5.4.99.15), maltooligosyltrehalose trehalohydrolase (EC 3.2.1.141), and
alpha, alpha-trehalose phosphorylase (EC 2.4.1.64). In the route of sucrose metabolism,
the first three enzymes are highly enriched in members of the genus Microvirga, while the
fourth enzyme, glucokinase, is highly enriched in E. coli and B. subtilis (Table S3). With
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regard to the starch metabolism route, all enzymes are highly enriched in the B. subtilis of
the rhizosphere microbiome of M. oleifera (Tables S3 and S11).

Glucose is a simple monosaccharide that represents the most important carbohydrate
form and the primary metabolic fuel of all living organisms. It is usually synthesized in
plants from carbon dioxide and water via photosynthesis and can be stored in the plant
as starch or broken down to liberate ATP units. The breaking down of glucose starts
with glycolysis prior entering Kreb’s cycle, and oxidative phosphorylation approaching
the generation of several units of ATP [123]. In the other direction, unprocessed glucose
serves as the precursor for the biosynthesis of more complex carbohydrates like starch
and glycogen [124]. Alternatively, plants can efflux starch, sucrose, and glucose, and their
simpler forms, via exudation to the soil by passive diffusion [75,125] in order to form
a carbon sink to be available for the plant and its rhizosphere microbiome, collectively
called a holobiont [78,126]. These carbon forms can act in chemotaxis as chemo-attractants
of soil microbes [127]. Exuded sucrose participates in the plant’s defense mechanisms
during biotic stresses, as it enhances root colonization of beneficial bacteria such as B.
subtilis [128,129]. Furthermore, microbes in the rhizosphere microbiome can also synthesize
starch and glucose from the atmospheric carbon source and deposit both of them in the soil
carbon sink to be mutually shared by the plant and rhizosphere microbiome [126]. In case
of a shortage of carbon sources in the plant, we speculate that the plant can recruit starch
and glucose from the soil carbon sink to the roots by two known actions, namely cell-wall
invertases (CWI) and hexose transporters [130].

5. Conclusions

The present study has focused on the metabolic processes that are enriched in the
rhizobiome of the wild plant M. oleifera due to the interaction between the plant and the
surrounding commensal microbes. The study indicated possible cooperative actions against
pathogenic bacteria and mutual benefits at both ends in an orchestrated fashion. However,
the exact interactions among soil microbes, on one hand, and between microbes and their
host plant, on the other hand, require further experimentation. In addition, we claim that
studying the signatures and metabolic capabilities of the plant rhizosphere microbiome of
wild plants helps in deciphering new approaches for improving plant growth and defense
mechanisms against pathogens. These approaches can be helpful in the breeding program
of crop plants in the future.
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