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With Solanum lycopersicum
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Food Security and Safety Focus Area, Faculty of Natural and Agricultural Sciences, North-West University, Mmabatho, South

Africa

The microorganisms inhabiting soil perform unique functions in the growth and

development of plants. However, little is known about how plant health status affects their

potential functions. We examined the functional diversity of the microbiome inhabiting

the rhizosphere of powdery mildew diseased and healthy tomato plants alongside the

bulk soils in South Africa’s Northwest Province employing a shotgun metagenomics

approach. We envisaged that the functional categories would be abundant in the healthy

rhizosphere (HR) of the tomato plant. We collected soil from the rhizosphere of healthy,

powdery mildew diseased tomato plants (DR), and bulk soil (BR). After that, their DNA

was extracted. The extracted DNA was subjected to shotgun metagenomic sequencing.

Our result using the SEED subsystem revealed that a total of fifteen (15) functional

categories dominated the healthy rhizosphere, seven (7) functional categories dominated

the diseased rhizosphere. At the same time, six (6) functions dominated the bulk soil.

Alpha (α) diversity assessment did not reveal a significant difference (p > 0.05) in all

the soil samples, but a considerable difference was observed for beta (β) diversity (P =

0.01). The functional categories obtained in this research were highly abundant in HR.

Therefore, this study shows that the functions groups of the rhizosphere microbiomes

were more abundant in HR samples as compared to others. The high prevalence

of functions groups associated with rhizobiomes in the tomato rhizosphere indicates

the need for more research to establish the functional genes associated with these

rhizosphere microbiomes.

Keywords: microbial diversity, root exudate, SEED subsystem, tomato, shotgun metagenomics, powdery mildew

INTRODUCTION

The microbial community present in the soil plays important functions like the acquisition of
nutrients like calcium, carbon, iron, magnesium, nitrogen, potassium, and sulfur, among many
others, by plants and the transformation of exudates produced from the plant root into organic
materials (Fadiji et al., 2021b). The microbial communities in the rhizosphere are abundant and
diverse. They enhance plants’ resistance to biotic and abiotic stresses (Kumar et al., 2019; Wu et al.,
2020; Monohon et al., 2021). Microbial communities inhabiting the rhizosphere soil of tomato
plants can act against the activity of spoilage organisms that can introduce diseases to tomato plants

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://doi.org/10.3389/fsufs.2022.894312
http://crossmark.crossref.org/dialog/?doi=10.3389/fsufs.2022.894312&domain=pdf&date_stamp=2022-05-11
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles
https://creativecommons.org/licenses/by/4.0/
mailto:olubukola.babalola@nwu.ac.za
https://doi.org/10.3389/fsufs.2022.894312
https://www.frontiersin.org/articles/10.3389/fsufs.2022.894312/full


Adedayo et al. Microbial Functional Diversity of Tomato

(Ahmad et al., 2012). These microbes’ efforts improve endurance
to non-living conditions, which eventually leads to improvement
of plant growth (Ayangbenro and Babalola, 2021).

Tomato plant roots have a close relationship with microbiota
found in its rhizosphere soil under natural systems (Lee et al.,
2019). These microbiota are a part of a special microbial
community that contributes to the growth and development of
the tomato plant, thereby improving its health status (Ajilogba
et al., 2013). Knowledge of the characteristics of microbiota
potentiality aids the safety of plants’ health, necessary for the
functionality of the microbiome in the rhizosphere (French et al.,
2021b).

The functions of the microbial community in the rhizosphere
of tomato plants are manifold. They include the disintegration
of metabolic material or products that boost the production
of nutrients and other substances required for plants’ growth
(Korenblum et al., 2020; Omotayo et al., 2021). Sulfur cycling,
phosphorus, potassium, and protein metabolism are among the
various metabolic processes in the rhizosphere of plant crops,
which improves the health condition of the plants (Dixon et al.,
2020; Teklić et al., 2021). Tomato diseases and pests are known
to reduce productivity (Ajilogba and Babalola, 2013). Among
these diseases are early blight (Alternaria solani) reported by
Akhtar et al. (2019), powdery mildew used as a case study in
this research (Oidium neolycopersici) as reported by Sun et al.
(2019), tomato late blight (Phytophthora infestans) reported by
Mazumdar et al. (2021), bacterial wilt (Ralstonia solanacearum)
reported by Zhang et al. (2020b), and soft rot (Xanthomonas
species and Fusarium oxysporum) (Khalil Bagy and Abo-Elyousr,
2019; Oh et al., 2019; Safari et al., 2021) among others.

Plant roots provide mechanical support and the transporting
of water and mineral salts via xylem and phloem tissues
transports sugar and other organic substrates to various parts
of the plant including its stem, branches, and leaves. They
can participate in definitive purposes like chemical substance
and exudation (Jacobsen et al., 2018). The region between
microbial communities and roots of plants is the rhizosphere,
where carbohydrates and organic acid are examples of the
metabolites produced as rhizodeposits secreted from the roots
(Hassan et al., 2019; Adedeji and Babalola, 2020; Tian et al.,
2020). The exudates have molecules that draw microbes to
the rhizosphere (Liu et al., 2020). The rhizosphere’s primary
habitat for microbial communities contains distinct, active, and
abundant microorganisms unlike bulk soils (Molefe et al., 2021;
Wahdan et al., 2021).

Functional diversity is defined as a component recognized by
microbial ecologists as the important link between biodiversity
that is generally concerned with what microbial communities do
in their ecosystem. It helps to determine the trophic relationships,
associations between microbes, their involvement in the process
of biogeochemical cycles, and their responses to environmental
change. The functions of the microorganisms found in the
rhizosphere soil are abundant and for this reason, promote
the quality and fertility of the soil (Zhu et al., 2020). Various
studies have examined the rhizosphere microbiome associated
with Solanum lycopersicum (Nuzzo et al., 2020; Wen et al.,
2020; French et al., 2021a) but the functional potential of the

microbial community in its rhizosphere employing a shotgun
approach is understudied. There are limited functional features
of root-associated microbiomes in sufficient rhizosphere soil
of Solanum lycopersicum, even though recent research used a
whole-genome sequencing approach to analyze the functional
potential of the rhizosphere microbiome of tomatoes (Guerrieri
et al., 2021; Zhou et al., 2021). However, the principle limiting
these procedures is that they cannot reveal sufficient perception
of the functions investigated from soil microbial communities.
The introduction of culture-independent procedures like high-
throughput sequencing, especially shotgun metagenomics, has
helped to subdue this limitation. Shotgun metagenomics made
unraveling of the functional potentials of microbiomes in a
particular environment possible. To understand functional soil
microbial diversity, we present one of the foremost attempts
at examining its interaction with powdery mildew diseased,
healthy tomato plants, and bulk soils. We hypothesized that
the functional diversity of microbial communities in the tomato
rhizosphere would be more abundant in the healthy rhizosphere
of tomatoes compared to the diseased and bulk soils. This will
further help examine the impact of plants’ health status on the
functional potentials of the rhizosphere microbiome.

MATERIALS AND METHODS

Soil Sampling and Processing
The study was carried out at the North-West University farm
at this coordinate (25◦47′19.1′′S, 25◦37′05.1′′E; 25◦47′17.0′′S,
25◦37′03.2′′E; 26◦019′36.9′′S, 26◦053′19.0′′E altitude, 159 km).
Slight rain (300–600mm) that comes with thunderstorms is
experienced annually in this region between August to March
in summer and the temperature ranges between 20 and 40◦C.
During the winter between April to July, the temperature falls to
8◦C and lower. The Roma tomato cultivar is cultivated on this
farm, where it has been produced for more than 7 years.

Rhizosphere soil samples were obtained from three plots, each
with three replicates. The first plot contained a healthy tomato
plantation. The second contained a powdery mildew diseased
tomato plantation characterized by the bright yellow spots and
powdery appearance on the leaves and stems, and the last plot
was the bulk soil of a natural grassland with no tomato plantation.
The rhizosphere soils were obtained from the root region of the
tomato plant. With the aid of a sterilized soil auger, the soil was
dug at the range of 4–15 cm deep and the soil samples were
collected into sterile zip-lock plastic bags. Soils adhering to the
root of the tomato plant was shaken and collected in the bag.
The plots were separated by 40m (healthy, and diseased). The
bulk plot was separated by 50m from the other plots. Replicates
were obtained from the rhizosphere of 5 tomato plants (healthy
and diseased) and the collected rhizosphere soils were pooled
together. Therefore, 15 tomato plant rhizospheres were pooled
together to form 3 replicates. The healthy rhizosphere soil was
denoted “HR,” diseased rhizosphere “DR,” and bulk soil “BR.”
The soil samples were collected in mid-March 2021, just before
the tomato harvest. The rhizosphere and bulk soils were dug from
a depth of 5–15 cm. The soil samples were collected and placed
into sterile plastic bags (Ziploc), kept in cold boxes containing ice
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at−4◦C, and transported to the laboratory (Babalola et al., 2022).
Upon reaching the laboratory, the samples were stored in a cold
room at−20◦C.

DNA Extraction
According to the manufacturer’s instructions, total soil DNA
was extracted from 0.5 g of obtained soil with the NucleoSpin
Soil kit (Macherey-Nagel, Germany). Fifty microliter of elution
buffer was used to dissolve the extracted DNA and then sent
out to Molecular Research DNA Lab for shotgun sequencing
in the United States of America. With the aid of nanodrop,
the quality of the DNA was assessed. The DNA quantity and
concentration were quantified using a Qubit R© dsDNA HS Assay
Kit with a Qubit R© fluorometer (Life Technologies, Carlsbad,
CA, USA). The DNA libraries were organized after being passed
through fragmentation and adapter sequence removal with
Nextera DNA Flex library provision materials manufactured by
Illumina. Qiagen DNEasy PowerClean Pro Cleanup Kit was
employed to determine the purity of the DNA. The DNA samples
were made to pass through the fragmentation process and
adapter sequences. After the final concentration of DNA had
been determined, the size of the libraries produced was quantified
with the aid of the Agilent 2100 Bioanalyzer manufactured by
Agilent Technologies, USA. Furthermore, the libraries acquired
were pooled in 0.7 nM, the equimolar ratio, after which the
Illumina NovaSeq 6000 system was employed for 300 cycles of
pair-end sequencing.

Data Analyses
The acquired metagenome sequences were uploaded onto the
online server MG-RAST (Hong et al., 2019). The quality control
of the raw data was executed on the online server. This procedure
entails cutting off the low reads sequences, filtering ambiguous
bases, artificial sequences, and other adapter sequences from
data already sequenced with the aid of the Trimmomatic version
0.33 (Bolger et al., 2014). The annotation of sequences already
processed was conducted with the aid of BLAT according to
Kent (2002) after the quality control procedure against the
M5NR database, as explained byWilke et al. (2012). This allowed
for the incorporation of non-redundant databases. Following
the method of Mitra et al. (2011) that explained how the SEED
Subsystem was employed to classify the microbiomes as observed
in Supplementary Figure S1. Likewise, functional profiling was
carried out using the SEED Subsystem databases 1, 2, 3 levels
with certain quantities like 10−5 e-value deduction together
with at least 60% sequence similarity to a subsystem. On other
sequences that could be annotated no analysis was further
considered. Normalization of data sequences was examined to
inhibit the various errors of the experiments on MG-RAST.
The functional levels were obtained after functional tables were
summed up and sequence data that were not categorized were
maintained for statistical analysis. However, the functional
diversity abundance was calculated in percentages. Thereafter,
independent examination of the 9 sequences was conducted
employing MG-RAST. The mean obtained from the 3 replicates
of the rhizosphere and bulk soil (HR, DR, and BR) were used for
statistical analysis. On the NCBI SRA data set, the raw sequences

TABLE 1 | Analysis of sequenced data and diversity evaluation of the shotgun

metagenomes of the tomato plant rhizosphere.

Sample sites HR DR BR

bp counts of sequences 2152004650.3 1,409,528,303 1,409,528,303

Mean sequence of data (bp) 765,041,235 1,352,124,415 1,385,218,693

Mean G + C content (%) 63 64 64

Identified protein sequences 3,985,526 4,178,206 2,515,439

Each value is a mean of three replicates. HR, soil obtained from healthy tomato

rhizosphere; DR, rhizosphere soil from diseased tomato; BR, bulk soil.

data were deposited with the bioproject number PRJNA766489
and the following Sequence Read Archive (SRA) with accession
numbers SRX12366062, SRX12366063, SRX12366064 (Healthy);
SRX12366065, SRX12366066, SRX12366067 (Diseased);
SRX12366068, SRX12366069, SRX12366070 (Bulk).

Statistical Analysis
The heatmap through Z-score was employed to produce
representing heatmaps with the functional groups of relative
abundance. The assessments of functional diversity were
conducted using Shannon and Pielou indices for the microbiome
in rhizospheric soil of tomato plants and bulk soil samples.
Furthermore, a Kruskal–Wallis test was conducted to compare
the indices, and these analyses were carried out on the PAST
3.20 version (Hammer et al., 2001). To determine the functional
differences and β-diversity in the soil samples. Principal
Coordinate Analysis was employed. Euclidean-based Principal
Component Analysis (PCA) was employed to distribute different
functional groups from rhizosphere soil samples of the tomato
plant. CANOCO 5.0 version was employed to plot the graphs
PCA and PCoA.

RESULTS

The Metagenome Sequencing, Quality
Control, and Protein Annotation
The sum of sequences uploaded was 5,038,729,957 bp. This
was recorded for rhizosphere soil samples of the tomato plant
and bulk soil samples. The mean sequence data for the healthy
soil (HR) was 2152004650.3 bp, diseased rhizosphere soil (DR)
1,409,528,303 bp, and bulk soil 1477197003bp. After the quality
control had been executed, the mean of the sequences and mean
G + C content were obtained for HR (765,041,235 bp, 63%),
DR (1,352,124,415 bp, 64%), and BR (138,521,8693 bp, 64%)
(Table 1). The identified protein sequences in rhizosphere soil
of tomato plants and bulk soil samples were 3,985,526 for HR,
4,178,206 for DR, and 2,515,439 for BR (Table 1).

Analysis of Functional Diversity of
Microbial Biomes Associated With the
Rhizosphere of the Diseased and Healthy
Tomatoes and Bulk Soil
Our results on SEED Subsystem level 1, revealed 28 functional
categories from the microbiome inhabiting the rhizosphere soil
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FIGURE 1 | Heatmap data of primary metabolism of the microbiomes in the healthy, diseased rhizosphere soil of tomato plants and bulk soil samples at Level 1. Each

plot situated on the relative abundances expresses the gradient color with a Z-score. HR, soil obtained from healthy tomato rhizosphere; DR, rhizosphere soil from

diseased tomato; BR, bulk soil.

of the tomato plants and bulk soil. The HR soil was dominated
by 15 functional categories namely: Carbohydrates (C),
Miscellaneous (Mis), Cofactors, Vitamins, Prosthetic Groups,
Pigments (CVPgP), Cell Wall and Capsule (CwC), Nucleosides
and Nucleotides (NN), Fatty Acids, Lipids, Isoprenoids (FacLI),
Clustering-based subsystems (CbS), Stress Response (SR),
Nitrogen Metabolism (NM), Regulation and Cell signaling
(RCs), Motility and Chemotaxis (MC), Cell Division and Cell
Cycle (CdCc), Potassium metabolism (KM), Dormancy and
Sporulation (DS), and Photosynthesis (P) (Figure 1). In the
rhizosphere of diseased tomato plants seven (7) functional
categories were identified including Phosphorus Metabolism
(PhM), Amino Acids and Derivatives (AaD), DNA Metabolism
(DNAM), Sulfur Metabolism (SM), Virulence, Disease and
Defense (VDD), Metabolism of Aromatic Compounds (MAC),
and Iron acquisition and metabolism (FeAM) (Figure 1).
In bulk soil six (6) functional categories were identified:
Membrane Transport (MemT), Protein Metabolism (ProM),
Respiration, RNA Metabolism, Phages, Prophages, Transposable

elements, and Plasmids (PPTeP) (Figure 1). The differences
identified between the functional groups of the rhizosphere
soil and bulk soil did not differ significantly (p > 0.05)
(Supplementary Table S2). The PCA graph in this research
enabled us to observe how the functional categories were
distributed in the soil samples. This is illustrated in Figure 2

which shows the abundance of 15 functional categories in the
healthy rhizosphere of tomatoes, 7 in the diseased rhizosphere of
tomatoes, and 6 in bulk soil.

At subsystem level 2 functional categories, the unknown
functions dominated with 21%, followed by Plant-prokaryote
DOE project (6%), Protein biosynthesis (5%), Central
carbohydrate metabolism (5%), DNA repair (3%), Branched-
chain amino acid (2%), Monosaccharides (2%), Purines (2%),
Arginine, urea cycle, polyamines (2%), ABC transporter (2%),
and fatty acids (1%). Seven functions were obtained in DR:
Resistance to antibiotics and toxic compounds (3%), Lysine,
threonine, methionine, and cysteine (3%), RNA processing and
modification (2%), Folate and pterins (2%), Protein degradation
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FIGURE 2 | The PCA graph showing prominent metabolism of the microbial

biomes in the healthy, diseased rhizosphere soil of tomato plants and bulk soil

samples at Level 1. Axis 1 (59%) and Axis 2 (41%) revealed the variations

based on Euclidean differences. HR=soil obtained from healthy tomato

rhizosphere, DR, rhizosphere soil from diseased tomato; BR, bulk soil.

(2%), Aromatic amino acids and derivatives (1%), and DNA
replication (1%). While 3 Electron donating reactions (2%), di
and oligosaccharides (2%), and One-carbon Metabolism (1%)
dominated the BR samples (Figure 3).

α and β Diversity Assessment of the
Functional Groups in the Rhizosphere Soil
of Tomato Plant and Bulk Soil
The functional group diversity at level 1 statistically explained the
Simpson, Shannon, and evenness index of the SEED subsystem.
The Kruskal–Wallis test showed that the functional categories
were not significantly different (p> 0.05) (Table 2). However, the
PCoA plot unveiled differences between the 28 functional groups
present in theHR, DR, and BR at level 1 (Figure 4). The similarity
among the soil samples was observed with one-way ANOSIM (R
= 0.67 and p= 0.01).

DISCUSSION

This study examined the functional diversity of the microbiome
in the rhizosphere soils of powdery mildew diseased tomato
plants and bulk soil obtained from North to West University
Farm, South Africa. Our results show that there is an eventual
shift in the microbiome with functional group diversity present
in the healthy rhizosphere of tomato plants compared to their
presence in diseased rhizosphere soil and bulk soil. The microbial
communities move from bulk soil to the healthy and diseased
rhizosphere of tomatoes as the result of the exudates produced by

the tomato plant root embedded in rhizosphere soil (Berendsen
et al., 2012; Li et al., 2014). The DNA samples extracted from
the soil samples were sequenced with shotgun metagenomics.
The data obtained after the sequencing were uploaded to the
MG-RAST database to conduct the analysis. The prevalent phyla
obtained after the analysis were archaea, eubacteria, and fungi.

The functions of the soil samples’ microbiomes are illustrated
with the aid of SEED subsystem analysis. This subsystem
assists in gathering and categorizing functional groups into
different categories. The categories fall into 5 different subsystem
levels. The highest level is Level 1, which is composed of
different metabolisms in the subsystems namely anabolism and
catabolism. Other levels display circumstantial pathways or
specific genes necessary in the metabolism processes (Overbeek
et al., 2014; Brettin et al., 2015).

In this study, the abundance of the functional groups
exhibited by the microbiomes was determined in the healthy
rhizosphere soil of tomatoes. At subsystems level 1, they do not
reveal significant differences across the soil samples i.e., both
rhizosphere and bulk soils (p > 0.05) (Supplementary Table S2).
The functional categories obtained in the healthy tomato
rhizosphere soil were most abundant compared to diseased
rhizosphere and bulk soil as reported in this study as the result
of the healthy nature of plants. This supports the hypothesis that
rhizospheric microbes may be grouped based on their functional
categories and not strictly their taxonomical diversity (Ramírez-
Flandes et al., 2019). The functional groups were abundant in the
rhizosphere due to the presence of microbial communities that
contribute to the production of root exudate (Huang et al., 2014).

Our results agree with that of Tian et al. (2015). They
reported how the functional categories, including carbohydrate,
and protein metabolism, biological nitrogen fixation, and
degradation of plant polysaccharides among other functions were
harbored and enriched bacterial populations with the root-knot
nematode, Meloidogyne incognita, in tomato roots. Castellano-
Hinojosa et al. (2021) revealed the functional categories that
include amino acid transport and metabolism, carbohydrate
transport and metabolism, and carbon and nitrogen fixation
are present in the rhizosphere soil of tomatoes. These
contribute to the growth of tomatoes which corresponds with
our results. Fadiji et al. (2021a) further explained that the
functional diversity of carbohydrates, cell wall and capsule,
membrane transport, clustering-based subsystems, cofactors,
vitamins, prosthetic groups, pigments, lipids, isoprenoids, iron
acquisition and metabolism, DNA metabolism, dormancy and
sporulation, cell division and cell cycle, fatty acids, metabolism
of aromatic compounds, motility and chemotaxis, nitrogen
metabolism, phages, prophages, transposable elements, plasmids,
and miscellaneous were abundant in the root rhizosphere of
maize plants obtained from different farmlands. This indicated
the abundant activity of the different microbial communities
present in the root of the maize plants, thereby improving the
plants’ health.

The results obtained from the α-diversity investigation based
on the categories of functions identified in the soil metagenomes
reached the theoretical limit of 2.81, thereby reducing the
subsystems found in the soil samples (Dinsdale et al., 2008). The
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FIGURE 3 | Level 2 subsystem arrangement of functional diversity annotation in the rhizosphere and bulk soil. HR, soil obtained from healthy tomato rhizosphere; DR,

rhizosphere soil from diseased tomato; BR, bulk soil.

TABLE 2 | The functional group diversity and evenness assessment of the

rhizobiome at level 1 of the SEED subsystem of the soil samples.

Taxon Statistics HR DR BR p-value

Functional diversity Simpson 0.93 ± 0.02 0.93 ± 0.02 0.93 ± 0.02 0.980

Shannon 2.88 ± 0.20 2.89 ± 0.20 2.88 ± 0.20

Evenness 0.64 ± 0.09 0.64 ± 0.09 0.63 ± 0.09

Mean ± standard error. n = 3 p-values based on Kruskal–Wallis test. HR, rhizosphere

soil samples from a healthy tomato plant; DR, rhizosphere soil from diseased tomato; BR,

bulk soil.

evenness value of the functions obtained in the soil sample was
low as obtained in Table 2. We were able to show the prevalent
metabolisms of different types and various features of functional
groups in the studied rhizosphere and bulk soil. The results
obtained revealed that all the functional groups related to the soil
samples do not differ significantly (p > 0.05) (Table 1).

The PCoA plot revealed a special separation between the
rhizosphere soil (healthy and diseased) and bulk soil (Figure 4).
The ANOSIM indicated significant differences between the
functional categories of the rhizosphere and bulk soil (p-values=
0.01). The PCA revealed the abundancy of the level metabolisms
of the microbiomes in the HR as hypothesized compared to
DR and BR. Our result was in accordance with the study
of Mendes et al. (2019) that reported on the abundance of
functional categories in the rhizosphere soil of the plant. The
variance obtained from the soil sample signals that the microbial
metagenomes ascertain the specific functions in the rhizosphere
soil. On the PCA plot, each metagenome point shows the
composition of sequences joined to each subsystem together with
the vector arrows that explain the degree of a metabolic pathway
to the point at which distribution is influenced.

FIGURE 4 | PCoA graph for the functional groups identified at the SEED

subsystem Level 1 of rhizosphere microorganisms from each site based on

Euclidean dissimilarities. HR, soil obtained from healthy Tomato Rhizosphere;

DR, Rhizosphere soil from diseased tomato; BR, Bulk soil.

Healthy tomato rhizosphere soil possessed some predominant
functional categories (Supplementary Table S2, Figure 1). The
result was expected because the rhizosphere soil has been
reported to contain exudates that are volatile organic compounds
(VOC) produced by tomato roots (Gulati et al., 2020; Korenblum
et al., 2020). These exudates are released from the root hairs
of plants and consist of amino acids, carbon-rich compounds,
organic acids, proteins, sugars, and secondary metabolites,
which are consumed by the microbial community inhabiting
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the rhizosphere soil (Emmanuel and Babalola, 2020). Bardgett
and Van Der Putten (2014) reported that the microbial
community diversity inhabiting the soil substantially shapes
biological diversity at the aboveground level. Microbiomes in the
rhizosphere soil carry out important functions in evolutionary
and ecological responses. Madany et al. (2020) reported how
salicylic acid-induced resistance in tomatoes against Orobanche
(broomrape), and observed its effect on carbon (fatty acids,
organic acids, and sugars) and nitrogen (amino acids and
polyamines) metabolism of the tomato plant.

At level 3 functional categories, the prominent metabolic
route with carbohydrate metabolism is more pronounced in
HR (Supplementary Figure S1A). This result is in line with
earlier study by Mendes et al. (2019) which revealed how
microorganisms needed a high prevalence of carbohydrate as
an energy source for rhizosphere microbiome composition
and functioning. Nitrogen is an important macronutrient
required for the sustainability of life in both plants and
animals (Zhang et al., 2020a). This gaseous element “N2”
is acquirable in the atmosphere at an uncombined state
>75% (Bolinches et al., 2020). Nitrogen-fixing bacteria in
the soil fix N2 into plant-accessible amino acids, ammonia,
nitrate, and urea. Nitrogen metabolism, as illustrated in
Supplementary Figure S1B, indicates metabolic pathways that
include ammonia assimilation, allantoin utilization, nitrate and
nitrite ammonification, nitric oxide synthetization, and nitrogen
fixation. According to Zheng et al. (2020), nitrogen metabolic
pathways in the rhizosphere of tomato plants improve its
growth and tomato fruit yield in greenhouse plantations.
Our results were in accordance with that of Castellano-
Hinojosa et al. (2021) namely that nitrogen metabolism was
abundant in the rhizosphere of tomato plants upon inorganic
nitrogen fertilization.

Sulfur metabolism was also found to dominate the HR at
subsystem level 3 functional categories. The principal functions
in HR are inorganic sulfur assimilation, sulfatase and sulfatase
modifying factors, sulfur oxidation, galactosylceramide and
sulfatide metabolism, alkanesulfonates utilization as shown
in Supplementary Figure S1C. Sulfur is among the major
macroelements required by tomato and potato plants to prevent
the invasion of plant diseases by producing sulfur-containing
defense compounds (SDCs) like glutathione, glutathione-
S-transferase, phytochelatins, and other sulfur-containing
proteins (Rausch and Wachter, 2005). Sulfur metabolism
was conducive in the root of the tomato plants, thereby
improving their wellbeing (Wang et al., 2017). Another report
revealed how the microbial community plays a significant
role in the process of enzymatic sulfur metabolism. The
genes that encode for prominent enzymes’ production for
microbial sulfur oxidation, nitrogen fixation, and carbon
fixation in T2 (slightly acidic tailings) were prominently
obtained from Thiobacillus, Acidithiobacillus, Methylococcus
capsulatus, and Thiobacillus denitrificans (Chen et al., 2013).
Phosphorus metabolism was also prevalent in HR. The
functional categories in this subsystem include phosphate
metabolism, the pentose phosphate pathway, phosphorus
uptake, high-affinity phosphate transporter, alkylphosphonate

utilization, nucleoside triphosphate pyrophosphohydrolase
MazG, polyprenyl diphosphate biosynthesis, and phosphonate
metabolism among others (Supplementary Figure S1D). In the
rhizospheres of soybean, alkylphosphonate and phosphorous
uptake were relatively abundant as reported by Mendes et al.
(2014) which correspond with to the results of this study.

Secondary metabolism is included among the subsystem level
3 functional groups. These functions, including biosynthesis of
methionine, auxins, tannins, heme, siroheme, threonine, and
homoserine are abundant in theHR (Supplementary Figure 1E).
It has been reported that the abundance of the microbial
communities in the healthy rhizosphere of tomatoes assists
in the production of hormones by the tomato plants (Nuzzo
et al., 2020). The biosynthesis of hormones that include auxin,
gibberellin, cytokine, abscisic acid, jasmonic acid, and salicylic
acid participate in the control of the mineral nutrient conditions
(Rubio et al., 2009; Patel et al., 2016, 2021). The syntheses support
a close interrelation between hormonal stimuli and nutritional
homeostasis. These hormones are known to improve the growth
of the tomato plant root and shoot. They are responsible for
producing new cells that further promote cell elongation and
apical dominance of the plant part (Chowdappa et al., 2013).

CONCLUSION

In this study, we present one of the first reports to prove
that plant health status affects the functional diversity of
microbial communities that inhabit powdery mildew diseased,
healthy tomato rhizosphere, and bulk soils. We report that
the general functional categories were abundant in the healthy
rhizosphere of tomato plants with some of the prominent
ones including the metabolism of carbohydrates, nitrogen,
phosphorus, sulfur, and secondary metabolites. The Alpha
diversity of the study showed no significant differences in
functional groups of the rhizosphere functional groups, but
significant different was obtained in the beta diversity of
the functional groups of the rhizosphere microorganisms.
Due to the existence of various functions explaining how
the beneficial rhizosphere microorganisms express important
genes, we propose further research should be conducted on
rhizosphere microbiomes’ ability to produce functional genes
which contribute to production of various crops in of agricultural
practices. Also, this study expresses those functions associated
with plant-growth promotion were abundant in the microbial
communities present in the healthy rhizosphere of tomato plants.
Therefore, our study is fundamental for the improvement of
tomato production by investigating the important features of the
rhizosphere organisms to improve sustainable agriculture.
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