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Abstract: Soil fertility is a function of the level of organic and inorganic substances present in the soil,
and it influences the activities of soil-borne microbes, plant growth performance and a host of other
beneficial ecological functions. In this metagenomics study, we evaluated the response of maize
microbial functional gene diversity involved in chemotaxis, antibiotics, siderophores, and antifun-
gals producing genes within the rhizosphere of maize plants under compost, inorganic fertilizer,
and unfertilized conditions. The results show that fertilization treatments at higher compost manure
and lower inorganic fertilizer doses as well as maize plants itself in the unfertilized soil through
rhizosphere effects share similar influences on the abundance of chemotaxis, siderophores, antifungal,
and antibiotics synthesizing genes present in the samples, while higher doses of inorganic fertilizer
and lower compost manure treatments significantly repress these genes. The implication is for
a disease suppressive soil to be achieved, soil fertilization with high doses of compost manure fertil-
izer treatments as well as lower inorganic fertilizer should be used to enrich soil fertility and boost
the abundance of chemotaxis and disease suppressive genes. Maize crops also should be planted
sole or intercropped with other crops to enhance the rhizosphere effect of these plants in promoting
the expression and abundance of these beneficial genes in the soil.
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1. Introduction

The movement of microbes from one point in the environment to another as a re-
sult of potential differences in nutrients or proper chemical gradients is termed chemo-
taxis. Chemotaxis has many physiological roles, such as improving access to growth
nutrients as well as in the initiation of infection. This movement is ATP (energy) depen-
dent for efficient flagella and other locomotory structures of the microbes in responding
to the chemical gradients stimuli. Chemotaxis is a survival mechanism of microbes ei-
ther positively going towards or away from the source of the stimulus. The priming of
the chemosensory pathways by the signaling molecules facilitates chemotaxis, and this
begins when the chemical molecules bind to the receptors, which form complexes with
cheA (a histidine kinase) and cheW (an adaptor protein). The primed cheA will result in
autophosphorylation on histidine residue with a corresponding trans-phosphorylation of
cheY (a primary response regulator) which binds to the flagella motor to initiate chemotaxis
movement [1,2]. Other facilitators of chemosensory pathways are cheR (methyltransferase),
cheB (methylesterase), etc. [3]. Often, bacteria perform energy taxis in response to migrat-
ing to suitable environments that support their metabolic activities [4], as observed in
the rhizosphere of organic manure fertilized maize plants.

Agricultural intensification necessitates the use of chemical fertilizer in boosting soil
fertility. This inorganic fertilizer on prolonged application to the soil causes a range of detri-
mental effects such as eutrophication, greenhouse gas emission, reduction in plants nutrient

Genes 2021, 12, 535. https:/ /doi.org/10.3390/ genes12040535

https:/ /www.mdpi.com/journal/genes


https://www.mdpi.com/journal/genes
https://www.mdpi.com
https://orcid.org/0000-0003-0865-8336
https://orcid.org/0000-0003-4344-1909
https://doi.org/10.3390/genes12040535
https://doi.org/10.3390/genes12040535
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/genes12040535
https://www.mdpi.com/journal/genes
https://www.mdpi.com/2073-4425/12/4/535?type=check_update&version=1

Genes 2021, 12, 535

20f 15

uptake, and toxicity on soil microbes [5]. The inorganic fertilizer-associated drawbacks
prompted soil fertilization with compost, plant/crop residues, animal droppings, etc.
These organic substances are not only cost-effective but also are microbiological and en-
vironmentally friendly [6-8]. The richness of nutrients that could serve as inducers to
microbial chemoreceptors causes the improvement in the expression of chemotaxis genes
and migration of soil-borne microbes to the nutrient source. Often this microbial migration
is towards the rhizosphere. The organic substances given off by the plant roots serve as
growth-enhancing nutrients for microbes. The rhizosphere is a spot of high metabolic
activities and assembly of a vibrant and unique consortium of microbial communities
which actively participate in biogeochemical cycling, plant hormone production, as well as
antagonistic antimicrobial chemicals production. Although both beneficial and pathogenic
microbes are equally attracted to the rhizosphere, the beneficial ones help to check the ac-
tivities of the phytopathogens and hence sustain the health of the plants [9-11].

Nevertheless, the cascade effects of plant exudates and fertilizer (organic and inorganic)
on the priming of chemotaxis genes and attraction of microbial communities to the rhizosphere
leads to the promotion and establishment of a disease suppressive soil. This disease suppressive
soil operates on a natural principle of the survival of the fittest and competition for dominance.
It breeds a stiff microbial competition at the rhizosphere and, depending on the fate of the com-
petitive outcome between the pathogens and the beneficial microbes, determines the chances for
development or sustenance of health or death in the plants [12,13]. For instance, the pathogen
Streptomyces sp. capable of producing thaxtomic substances which aid its infection and initi-
ation of scab disease condition in potato plant is directly controlled by the beneficial bacteria
Pseudomonas fluorescens LBUM223. This inhibition effect on the Streptomyces sp. is due to
the antimicrobial substance (Phenazine-1-carboxylic acid) produced by P. fluorescens LBUM223,
which interferes with the proper cellular function of the pathogen and so results in its inhibi-
tion [14]. Antimicrobial substances like 2,4-diacetylphloroglucinol, hydrogen cyanide, chitinase,
phenazines, organic acids, as well as iron-chelating substances (siderophores) are responsi-
ble for the induction and maintenance of a disease suppressive soil [15-18]. In this study,
we evaluated the functional genes profile abundance involved in chemotaxis and antimicrobial
and siderophore producing substances from the maize rhizosphere under organic, inorganic,
and untreated control using shotgun metagenomics study. Therefore, we hypothesize that both
organic compost at higher dose and low inorganic fertilizer application will not differ from
those of the untreated control in the enrichment of chemotaxis genes and antimicrobial agents
production genes abundance within the maize rhizosphere. These treatments will enhance
the development of disease-suppressive and healthy soil.

2. Materials and Methods
2.1. Site Description, Samples Collection, and DNA Extraction

The site description and the soil samples were collected as previously described
by Enebe and Babalola [19]. The soil chemical constituents are: pH 4.97, phosphorus
10.5 mg/kg, nitrogen 377 mg/kg, potassium 285 mg/kg, calcium 388 mg/kg, magnesium
162 mg/kg, organic carbon 0.36%, and the physical composition was sand 80%, silt 5%,
and clay 15%. The farm was divided into plots and treated with inorganic fertilizers
(N2oP7K3) (120 and 60 kg/ha inorganic fertilizer) and compost manure derived from
plant materials, (vegetables and domestic wastes) (8 and 4 tons per hectare). Maize seeds
(Zea mays everta) were planted in both the fertilized soils and the control. A total of 9 maize
plants rhizosphere were sampled (i.e., 3 plants’ rhizosphere samples from each replicate
per treatment) (5 treatments x 3 replicate plots per treatment). Sampling was done in
early September at the 7th week after germination and the rhizosphere soils were obtained
from maize plants at a depth of 0-15 cm from the soil surface using a 5 cm diameter
auger. The average temperature was 27.7 °C [20]. At post-sampling, the samples were
collected in a sterilized plastic bags and transported to the laboratory for analysis in ice-
containing boxes. This was proceeded by the extraction of microbial community DNA from
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the soil samples using PowerSoil DNA isolation kit (MoBio Laboratories, Incorporation,
Carlsbad, CA 92010, USA) following the manufacturer’s guide.

2.2. Sequencing of the Community DNA

DNA concentrations in the extracts were measure with Qubit® dsDNA HS Assay
Kit (from Life Technologies, Carlsbad, CA, USA). The libraries of the DNA were pre-
pared using Nextera DNA Flex library preparation kit (Illumina Incorporation, San Diego,
CA, USA) by following the manufacturer’s user-guide-manual. In each of the samples,
50 nanogram of the DNA was used for the libraries preparation. Adapter sequences were
introduced into the samples, and this was followed by fragmentation. The adapter was
used during the PCR cycles in the presence of added unique indices. The total libraries’
concentrations generated were quantified using Qubit® dsDNA HS Assay Kit (from Life
Technologies, Carlsbad, CA, USA). Additionally, average library’s sizes were evaluated
using an analytical machine—Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA). Thereafter, the libraries (DNA) was pooled together into an equal-molar ratio of
0.7 nM. The combined DNA were sequenced paired-end for 300 cycles using the sequenc-
ing machine—NovaSeq 6000 system (Illumina, San Diego, CA, USA). The sequencing of
the DNA was carried out at the Mr DNA molecular research laboratory in USA.

2.3. Sequence Processing, Annotation and Statistical Analysis

The metagenomic reads obtained were uploaded to MG-RAST where quality control
processes were performed on the reads [21]. The pre-processing of the uploaded reads
involved the removal of artificial reads, host-specific sequences, and other ambiguous
base pairs. This was proceeded by gene annotation using BLAT algorithm [22] and M5NR
database [23]. The annotation of the protein-coding genes were carried out by blasting
through M5NR as well as SEED Subsystem level-function. The BlastX was used to perform
hit at an E-value cutoff (1 x 10~°), minimum alignment length of 15 base pairs, and per-
centage identity of 60%. The unannotated sequences were not subjected to any further
evaluation or analysis. Applied also was the MG-RAST normalization tool to enable us
to reduce the possible experimental error. The chemotaxis and disease suppressive genes
involved in antibiotics, antifungal, nematicide, and siderophores were manually curated
and extracted from the total gene files obtained from the SEED Subsystem. The sequence
data were used for statistical analysis, and the chemotaxis, disease suppressive genes’
variances were evaluated using one-way analysis of variance at p-value less than 0.05.
The abundance and distribution of disease suppressive genes were visualized in a bar
chart representation using Microsoft Excel. In addition, the online Circos software was
(http:/ /circos.ca/, accessed on 15 February 2020) employed in plotting the chart of chemo-
taxis genes. Evenness, Simpson, and Shannon diversity indexes were evaluated and con-
trasted amongst the treatments using a Kruskal-Wallis test. The 3 diversity was ascertained
using principal coordinate analysis (PCoA) based on Euclidean distance-matrix. These anal-
yses were performed using PAST version 3.20 software (Hammer et al. 2001) and CANOCO
5v (Microcomputer Power, Ithaca, NY, USA) for PCoA and principal component analysis
(PCA). The sequences are deposited on NCBI SRA dataset, SRA accession: PRINA607213.

3. Results
3.1. Metagenomics Dataset

The sequence reads pre-post quality control were 5,558,478 (N2), 9,687,815 (N1),
12,070,719 (Cp4), 7,834,687 (Cn0), 15,575,330 (Cp8), with mean GC percent of 43.11, 64.12,
49.11, 64.11, 63.12% for N2, N1, Cp4, Cn0, and CpS8, respectively. After post quality con-
trol process, the sequences that remained are 2,892,203, 8,198,530, 2,945,816, 6,780,803,
13,083,355 sequence reads from N2, N1, Cp4, Cn0, and Cp8 with predicted proteins
of known functions comprises of 1,603,127 (61.86%) (Cp4), 5,410,912 (45.25%) (Cp8),
2,834,072 (44.49%) (Cn0), 1,812,036 (69.99%) (N2), 3,418,368 (45.11%) (N1) sequence reads,
while 969,988 (37.43%) (Cp4), 6,519,307 (54.52%) (Cp8), 3,523,113 (55.31%) (Cn0), 764,206
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(29.52%) (N2), 4,144,168 (54.69%) (N1) were sequences with predicted proteins of un-
known functions. The treatments Cp8, N1, and Cn0 enriched the bacterial communities,
chemotaxis, and disease suppressive genes at the maize rhizosphere significantly.

3.2. Abundant Bacterial Phyla in the Samples

The microbial sequenced genomes present at the maize rhizosphere have an abundant
of Proteobacteria and Actinobacteria which was dominant in Cp8, Cn0, and N1 samples.
Firmicutes, on the other hand, are the most abundant bacterial phyla in N2 and Cp4 samples.
There was nearly equal distribution in proportion of Bacteriodetes in all the samples but
Cp8 sample had the highest recorded abundance (Figure 1).

Figure 1. The abundance of bacterial phyla across the treatments from the maize rhizosphere soil sam-
ples. CnO (control), Cp8 (8 tons/ha compost manure), Cp4 (4 tons/ha compost manure), N2 (120 kg/ha
inorganic fertilizer), and N1 (60 kg/ha inorganic fertilizer). The bacteria abbreviations are presented as
follows: Acid (Acidobacteria), Acti (Actinobacteria), Aqui (Aquificae), Bact (Bacteroidetes), Cand (Candidatus
Poribacteria), Chla (Chlamydiae), Chlo (Chlorobi), Chlf (Chloroflexi), Chry (Chrysiogenetes), Cyan (Cyanobac-
teria), Defe (Deferribacteres), Dein (Deinococcus-Thermus), Dict (Dictyoglomi), Elus (Elusimicrobia), Fibr
(Fibrobacteres), Firm (Firmicutes), Fuso (Fusobacteria), Gemm (Gemmatimonadetes), Lent (Lentisphaerae),
Nitr (Nitrospirae), Plan (Planctomycetes), Prot (Proteobacteria), Spir (Spirochaetes), Syne (Synergistetes), Tene
(Tenericutes), Ther (Thermotogae), Verr (Verrucomicrobia). Adapted from Enebe and Babalola [24].

3.3. Chemotaxis Genes Present at the Maize Rhizosphere

The metagenomics sequences from the maize rhizosphere soil samples under the treat-
ments containing the chemotaxis genes differ significantly (p < 0.05) amongst the treat-
ments Cp8, N1, and Cn0 from treatments N2 and Cp4 (Figure 2). The abundance of these
genes also varies among the treatments. Of the chemotaxis genes identified, cheBR fu-
sion proteins involved in signal transduction of the two-component systems, followed by
mcp (methyl accepting chemotaxis protein), cheA (Histidine kinase), cheB (methyl esterase),
cheR (methyl transferase), mot B and A (chemotaxis proteins motB and motA), cheY (response
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regulator), as well as cheW (coupling protein) were the most abundant chemotaxis genes
present in the sequenced samples.

Figure 2. The distribution of chemotaxis genes in maize rhizosphere soil samples under fertilization
and control conditions. Cn0 (control), Cp8 (8 tons/ha compost manure), Cp4 (4 tons/ha compost
manure), N2 (120 kg/ha inorganic fertilizer), and N1 (60 kg/ha inorganic fertilizer). The gene sym-
bols are depicted as follows: (cheBR) two-component system, chemotaxis family, CheB/CheR fusion
protein, (mcp) methyl-accepting chemotaxis protein, (cheA) two-component system, chemotaxis fam-
ily, sensor kinase CheA, (cheB) two-component system, chemotaxis family, response regulator CheB,
(cheR) chemotaxis protein methyltransferase CheR, (imotB) chemotaxis protein MotB, (cheY) two-
component system, chemotaxis family, response regulator CheY, (motA) chemotaxis protein MotA,
(cheW) purine-binding chemotaxis protein CheW, (cheD) chemotaxis protein CheD, (fsr) methyl-
accepting chemotaxis protein I, serine sensor receptor, (cphl) two-component system, chemotaxis
family, sensor kinase Cph1, (cheV) two-component system, chemotaxis family, response regulator
CheV, (cheZ) chemotaxis protein CheZ, (cheC) chemotaxis protein CheC, (wspE) two-component sys-
tem, chemotaxis family, sensor histidine kinase and response regulator WspE, (tar) methyl-accepting
chemotaxis protein II, aspartate sensor receptor, (wspR) two-component system, chemotaxis family,
response regulator WspR, (wspF) two-component system, chemotaxis family, response regulator
WspF, (cheX) chemotaxis protein CheX, (rcpl) two-component system, chemotaxis family, response
regulator Repl, (wspA) methyl-accepting chemotaxis protein WspA, (m0tC) chemotaxis protein MotC,
(wspC) chemotaxis protein methyltransferase WspC, (pix]) methyl-accepting chemotaxis protein Pix]J,
(wspD) chemotaxis-related protein WspD, (pixL) two-component system, chemotaxis family, sensor
histidine kinase and response regulator PixL, (motD) chemotaxis protein MotD, (tap) methyl-accepting
chemotaxis protein IV, peptide sensor receptor, (wspB) chemotaxis-related protein WspB.

3.4. Antimicrobial and Siderophore Genes Contributing to Disease Suppressive Soil

Under treatments and untreated fertilization, the metagenomics sequences containing
antimicrobial—siderophore genes implicated in the development of a disease suppressive
soil are prnC (FADH2 O2—dependent halogenase II), bceB (bacitracin transport system
permease protein), cefD (isopenicillin N epimerase), irpl (yersiniabactin nonribosomal
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protein), mbtC (mycobactin polyketide synthetase), aveA (type 1 polyketide synthase AVES),
mbtD (mycobactin polyketide synthase) and chitin deacetylase. They are very abundant
in the soil at varying concentrations. bceB, cefD, and irp1 did not differ in Cp8, and Cp4,
but the rest of the genes differed across the treatments (Figure 3).
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Figure 3. The percentage distribution of antimicrobial and siderophores producing genes within the rhi-
zosphere soil of maize treated with organic, inorganic fertilizers and control treatments Cn0 (control),
Cp8 (8 tons/ha compost manure), Cp4 (4 tons/ha compost manure), N2 (120 kg/ha inorganic fertilizer)
and N1 (60 kg/ha inorganic fertilizer). prnC (FADH2 O2-dependent halogenase II), bceB (bacitracin
transport system permease protein), cefD (isopenicillin-N epimerase), irp1 (yersiniabactin nonribo-
somal peptide/polyketides), mbtC (mycobactin polyketide synthase MbtC), aveA (type 1 polyketide
synthase AVES), mbtD (mycobactin polyketide synthase MbtD).

3.5. Diversity (« and B) Estimation of the Chemotaxis and the Disease Suppressive Genes

The diversity indices were depicted by Shannon, Simpson, and evenness for o diver-
sity of the chemotaxis genes. Shannon, Simpson, and evenness diversity indexes clearly
showed that there were significant differences (p < 0.001) for the chemotaxis functional
genes o diversity. Moreover, there was no difference in the 3 diversity, which is, the diver-
sity between the unfertilized and fertilized (Cp8, Cp4, and N1) rhizosphere soils (Table 1)
and depicted by the principal coordinate analysis—PCoA (Figure 4). Additionally, the «
diversity indices based on Kruskal-Wallis test for disease suppressive genes differed signif-
icantly (p < 0.05). In addition, the principal component analysis (PCA) was performed to
show the distribution of chemotaxis genes between the treatments and the control samples
(Figure 5). PCA and PCoA were performed for disease suppressive genes (Figures 6 and 7)
and also for bacterial phyla (Figures S1 and S2).

Table 1. Diversity indexes of chemotaxis genes within the fertilized and unfertilized soils from maize
rhizosphere Cn0 (control), Cp8 (8 tons/ha compost manure), Cp4 (4 tons/ha compost manure),
N2 (120 kg/ha inorganic fertilizer), and N1 (60 kg/ha inorganic fertilizer)

Cp8 Cp4 N2 N1 Cn0 p Value
Simpson 0.8377 0.8025 0.6948 0.8065 0.8139 5.7 x 1074
Shannon 2219 2.068 1.649 2.084 2.105

Evenness 0.2967 0.2824 0.1928 0.2593 0.2648
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Figure 4. PCoA analysis showing the  diversity of chemotaxis genes within the fertilized
and unfertilized maize rhizosphere soil samples Cn0 (control), Cp8 (8 tons/ha compost manure),
Cp4 (4 tons/ha compost manure), N2 (120 kg/ha inorganic fertilizer), and N1 (60 kg/ha
inorganic fertilizer).
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Figure 5. PCA—principal component analysis of the chemotaxis genes abundance within
the maize rhizosphere treated with organic, inorganic fertilizer, and untreated control Cn0
(control), Cp8 (8 tons/ha compost manure), Cp4 (4 tons/ha compost manure), N2 (120 kg/ha inor-
ganic fertilizer) and N1 (60 kg/ha inorganic fertilizer).
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Figure 6. Principal component analysis for the identified disease suppressive genes in the maize
rhizosphere treated with organic and inorganic fertilizers. Cn0 (control), Cp8 (8 tons/ha compost
manure), Cp4 (4 tons/ha compost manure), N2 (120 kg/ha inorganic fertilizer), and N1 (60 kg/ha

inorganic fertilizer).
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Figure 7. Principal coordinate analysis for the disease suppressive genes present at the maize
rhizosphere under fertilization treatments.

Cn0 (control), Cp8 (8 tons/ha compost ma-

nure), Cp4 (4 tons/ha compost manure), N2 (120 kg/ha inorganic fertilizer), and N1 (60 kg/ha
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4. Discussion

Soil fertility is a function of the level of organic substances present in the soil, and it
influences the activities of soil-borne microbes, plant growth performance, and a host
of other beneficial ecological functions [25,26]. The microbes present in the rhizosphere
of plants have been implicated in plant nutrient uptake, growth hormones production,
scavenging for parasitic pathogens, competing for nutrients with pathogens, induction of
systemic, and acquired resistance by the plants to pathogens, enabling plants to tolerate
abiotic stress, and perform biogeochemical cycling processes [12,27-29]. The bacteria be-
longing to the phyla Firmicutes and Chlamydiae are the major driver separating N2 and Cp4
from the control and other treatments. At the same time, Cyanobacteria and Bacteroidetes
are responsible for the observed separation between N2 and Cp4. The factors, along with
the negative values of axis 1 separated Cp8 from N1 and Cn0. Additionally, analysis
of the bacterial phyla shown in PCA plot has a strong positive loading for Firmicutes
and Chlamydia and negative loading for Fusobacteria, Aquificae, Chlorobi, Proteobacteria,
Nitrospirae, Actinobacteria, and Acidobacteria. This reflects an increased abundance of plant
growth-promoting bacteria at the rhizosphere of maize plants at both positive and negative
axis 1. For instance, Proteobacteria, Actinobacteria, and Firmicutes are excellent chitinase-
producing bacteria in the soil [30]. Axis 2 shows strong positive loadings for Cyanobacteria
and Bacteroidetes at positive axis 2. These microbes are good organic matter degraders
(performed by Bacteroidetes) [31] and fix carbon and nitrogen in the soil (Cyanobacteria) [32].

The bacterial species belonging to the phyla Proteobacteria have been found to par-
ticipate in soil functions such as nutrient cycling and soil health maintenance. They are
gram-negative bacteria that are most abundant in agricultural soils, as reported by other
studies [33-35]. The presence of this group of bacteria in Cp8, N1, and Cn0 samples is
consistent with the findings by Fierer et al. [36] and Mhete et al. [37]. Actinobacteria,
on the other hand, are gram-positive bacteria that involves in the biogeochemical cycling
of nutrients and production of various secondary metabolites [38]. Bacteroidetes, also are
very abundant in the soil and anaerobic environments. They inhabit the plants’ rhizosphere
and participate in the maintenance of soil health, degradation of organic polymers, and in
nutrients cycling [36,39] and their population increase with an increase in soil nutrients
or fertilization [40]. In addition, Firmicutes have been reported to be very abundant in
slightly acidic soil [41], as also found in this work.

In this metagenomics study, however, we evaluated the response of maize microbial
functional gene diversity involved in chemotaxis, antibiotics, siderophores, and antifun-
gals production within the rhizosphere of maize plants under inorganic compost fertil-
izer and unfertilized conditions. The results clearly show that fertilization treatments at
higher compost manure and lower inorganic fertilizer doses, as well as maize plants in
the unfertilized soil through rhizosphere effects, exert varying influences on the abun-
dance of chemotaxis siderophores, antifungal, and antibiotics synthesizing genes present
in the samples.

Maize rhizosphere soil treated with compost at a concentration of 8 tons per hectare
showed the highest chemotaxis, antibiotics, siderophores, and antifungal gene richness,
followed by the lower inorganic fertilizer and the control. It is not yet clearly understood
the extent to which the compost manure contributes to the soil enrichment of the chemo-
taxis and disease suppressive genes in the soil, making it difficult to arrive at a definite
conclusion when comparing organic and inorganic fertilizer influence on the bacterial
motility and disease suppression in the soil. However, organic manure has been shown to
stimulate the antagonistic levels of the bacterial community in the soil, which in turn en-
hances disease suppression of soil-borne microbial pathogens [42-44]. Additionally, there
exists an inversely proportional relation between inorganic fertilizer application and the di-
versity, as well as the richness of microbes. This explains the rationale behind the observed
abundance of these genes at the rhizosphere treated with lower inorganic fertilizer [45].
However, the genes involved in chemotaxis and disease suppression were also enriched
by the maize plants. It could be assumed that through rhizodeposition, the plants were
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able to attract a consortium of specialized microbes [46] or through the production of
signaling chemical compounds such as strigolactones capable of attracting arbuscular
mycorrhizal fungi [47] or Pseudomonas attractant compound such as benzoxazinoids [48]
and a host of other chemicals that boost the richness and diversity of the rhizosphere
microbial population and their corresponding chemotactic and disease suppressive genes.

The observed decrease in the abundance of the chemotaxis genes at a higher dose
of inorganic fertilizer could be explained by the indirect soil pH modification effects [49]
and the roots’ functional and structural adjustment in response to the fertilizer’s acidifica-
tion effects that may result in a change of the rhizosphere microbial population, activities,
and their colonization rate [50].

However, the pix/ is the primary driver to separate the N2 and Cp4 from the other con-
trol and treated samples. While micp, pixL, cheV, wspB, wspA are the forces that separate N2
and Cp4. The first three work oppositely from the last two. The factors along the negative
values of Axis 1 distinguished the Cp8 from N1 and Cn0.

Therefore, axis 1 of the principal component analysis of the chemotaxis genes shows
a strong positive loading for methyl-accepting chemotaxis protein (pix]) and a strong
negative loading for motA, motB, cheBR, cheW, tar, etc. This analysis of bacterial chemo-
taxis genes reflects relatively strong sensing of environmental and intracellular signals by
the bacteria in response to nutrients gradients in the soil at positive axis 1 [51], and in-
creasing signaling transmission cascade, excitation, phosphorylation, dephosphorylation,
deamination, and methylation (that is, signal detection, activation of kinase, phosphate
group transfer, and generation of response) [52] that facilitate bacteria migration from
the bulk soil to the rhizosphere at negative axis 1. In axis 2, there are strong positive
loadings for methyl-accepting chemotaxis protein (mcp), two-component, chemotaxis fam-
ily, sensor histidine kinase and response regulator (pixL), and two-component system,
chemotaxis family, response regulator (cheV). This reflects signal sensing from the environ-
ment and transmission of those signals through phosphate group transfer from histidine
(of histidine kinase enzyme) to aspartate component of the response regulator. They par-
ticipate in cellular and environmental signal detection and priming of bacterial cellular
response such as flagella rotation and bacterial motility [53,54]. Methyl-accepting chemo-
taxis protein (wspA) and chemotaxis-related protein (wspB) have strong negative loadings
at axis 2. This implies an increase in signal sensing and signal transmission to the effector
sites within the bacterial cells [55]. Our result has shown that nutrients gradients are
the strongest determining factor in the abundance of bacterial chemotaxis genes under
organic fertilization but with opposite effects under inorganic fertilization. Treatment of
soil with 8 tons per hectare of compost manure increase the nutrients gradient and chemical
signals that prompted bacterial signal detection, response, and motility towards the nu-
trient rich rhizosphere. Small quantity of inorganic fertilizer and the control (i.e., maize
rhizosphere without any fertilization) equally enhanced the expression of these genes.

Our results also suggest that the chemotaxis genes micp (methyl-accepting chemotaxis pro-
tein), which is a chemoreceptor and cheBR (cheB/cheR fusion protein), cheA (histidine kinase),
cheB (methyl esterase), cheR (methyl transferase), motB and A (chemotaxis protein motB, and MotA),
cheY (response regulator), cheW (coupling protein) are cytoplasmic proteins [3,56-58] which were
the most abundant in the high compost, lower inorganic fertilizer, and the control. They facilitate
the motility of the microbes within the soil rhizosphere environment. It is known that the process
of chemotaxis involved in the flagellar rotation is adenosine triphosphate (ATP) and electron
transport dependent [59], which explains why a higher dose of compost with abundant nutrient
supply efficiency could influence the chemotaxis activities of the rhizosphere microbes above
other treatments. However, the maize plants, as well as the lower dose of inorganic fertilizers,
also enriched these chemotaxis genes. Their abundance and expression could be proportional
to the presence of ligand molecules capable of binding to the chemoreceptors, which are as
follows: phosphate ions, phytohormones, sugars, amino acids, oxygen molecules, hydrocarbon
molecules, quorum sensing signaling molecules, etc. [60-64]. Although these molecules could
attract both pathogenic and beneficial microbes, the observed disease suppressive genes present
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in the treatments have shown that compost manure (Cp8), N1 (60 Kg/ha inorganic fertilizer),
and maize plant (Cn0) are capable of attracting disease suppressive microbes which could facilitate
the development of a disease suppressive soil.

The gene cefD is the key driving factor that separates Cp8, N1, and Cn0 from N2
and Cp4 samples. Chitin deacetylase and bceB are the major drivers that separate N2
and Cp4. Axis 1 has a strong negative loading for prnC, aveA, irpl, mbtC, and mbtD
genes. This depicts an increase in antifungal (pyrrolnitrin), nematicides (avermectin),
and siderophores (carboxymycobactins and yersiniabactin) [65,66] in the maize rhizosphere
at negative axis 1. At positive axis 2, there is a strong positive loading for bceB and chitin
deacetylase. This reflect an abundance of antibiotics and chitin degrading enzymes in
the maize rhizosphere. These antibiotics, antifungal, nematicides, and siderophores pro-
ducing genes are supported by soil fertilization with a high quantity of compost manure,
and it favors plants protection from soil pathogens invasion and enhances soil health.

The observed siderophores genes present in the rhizosphere soil treated with the com-
post and inorganic fertilizer and the control are mbtC, mbtD (mycobactin polyketide syn-
thases), and irp1 (yersiniabactin nonribosomal protein). Siderophores are chemical com-
pounds with a high affinity for iron molecules that are used by microbes to scavenge iron
and create environments of iron deficiency. This iron-deficient environment impairs micro-
bial DNA synthesis and respiration, requiring iron molecules to function effectively [65,67].
Alongside siderophore genes abundance, antibiotics and antifungal genes (prnC, cefD,
aveA) were abundant in the samples. aveA genes are responsible for producing avermectin
(a nematicide) capable of inhibiting nematodes [68]. prnC (FADH2-dependent haloge-
nase II) is responsible for antifungal pyrrolnitrin production [69]. cefD (isopenicillin N
epimerase) is involved in penicillin production [70]. This study clearly demonstrated
the influence of compost manure at higher treatment, low inorganic fertilizer and maize
plants without any fertilization on the microbial chemotaxis genes abundance and disease
suppressive genes. Therefore, understanding the effects of fertilizer and maize plants on
the enrichment of chemotaxis genes and functional genes involved in disease suppression
will be useful in the actualization of sustainable agriculture through the manipulation of
the soil microbiomes.

5. Conclusions

This study clearly shows the effects of fertilization on the abundance of chemotaxis
and disease suppressive genes in the maize rhizosphere. Our results revealed that treat-
ing agricultural soil with higher doses of compost manure derived from plant materials
and domestic waste or lower inorganic fertilizer separately will lead to the enrichment of
the rhizosphere with chemotaxis, antibiotics, siderophores, antifungal, and nematicides
synthesizing genes. Maize plants, on the other hand, have been proven to exert significant
rhizosphere effects in attracting and enriching the rhizosphere with beneficial functional
microbial genes, as well as microbes. Therefore, to achieve healthy soil, we recommend fer-
tilizing the soil with either compost manure at 8 tons per hectare or with a low quantity of
inorganic fertilizer (60 kg/ha). They enhance the development of a disease suppressive soil.
This notwithstanding, intercropping of maize plants with a disease susceptible crop in a dis-
ease conducive soil could be a good alternative in attracting beneficial microbes to combat
the invasiveness of the pathogens and hence the achievement of sustainable agriculture.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ genes12040535/s1, Figure S1: PCoA (Principal Coordinate Analysis) showing the beta
diversity between the maize rhizosphere soils at different fertilization regimes, Cn0 (control),
N60 (60 kg/ha NPK), N120 (120 kg/ha NPK), Cp8 (8 tons/ha compost), and Cp4 (4 tons/ha
compost manure). Adapted from Enebe and Babalola [24] with slight modification. Figure S2:
PCA (principal component analysis) of the bacterial community structure associated with maize
rhizosphere grown under different fertilization and unfertilized regimes (compost 8 tons/ha—CpS8,
compost 4 tons/ha—Cp4, control—Cn0, 60 kg/ha inorganic fertilizer—N60, 120 kg/ha inorganic
fertilizer—N120), showing treatments as the key factors influencing the structural shift and shape of
bacterial community at the rhizosphere soil samples. The percentages represent the observed varia-
tions, and the bacterial abbreviations are Acid (Acidobacteria), Acti (Actinobacteria), Aqui (Aquificae),
Bact (Bacteroidetes), Cyan (Cyanobacteria), Chla (Chlamydiae), Chlo (Chlorobi), Firm (Firmicutes), Fuso
(Fusobacteria), Nitr (Nitrospirae), Prot (Proteobacteria). Adapted from Enebe and Babalola [24] with
slight modification.
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