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Metagenomics is a scientific breakthrough that can reveal the variations in the microbial diversities and functions between the healthy and diseased plants, towards a productive deployment in diverse biotechnological processes and agricultural activities. This study investigated the possible functional diversity in the rhizosphere microbiome of both healthy and Northern Corn Leaf Blight (NCLB) infected maize growing at farms in the Lichtenburg (LI) and Mafikeng (MA) areas of the North West Province, South Africa. We hypothesized variations in the abundance and diversities of microbial functions in the healthy (LI and MA) and diseased (LID and MAD) maize plants. Hence, we extracted DNA from the healthy and diseased maize rhizosphere in the two maize farms and sequenced using a shotgun approach. Using the SEED subsystem, we discovered that the healthy rhizosphere maize plant was dominated by 24 functional categories, while the NCLB infected rhizosphere maize plant was dominated by 4 functional categories. Alpha diversity analysis showed no significant (p > 0.05) difference between the healthy and diseased maize rhizosphere. However, the analysis of beta diversity showed a significant difference. The substantial abundance of functional groups detected especially in LI indicates that presence of plant diseases altered the functions of soil microbiomes. The significant abundance of the unknown role of rhizosphere microbiomes in disease management suggests the presence of some undiscovered functional genes associated with the microbiome of the healthy maize rhizosphere. Hence, further investigation is needed to explore the roles of these functional genes for their agricultural or biotechnological relevance.
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INTRODUCTION
Maize (Zea mays L.) is one of the world’s most popular and fastest-growing economically important cereal crops. It is the most cultivated cereal across the globe, which forms a food staple for over 900 million people and one-third of malnourished children across the globe. Despite its importance, the quality and quantity of maize is being reduced by a variety of diseases including bacteria, viruses, mycoplasma-like organisms, nematodes, and other higher parasitic plants (Peiffer et al., 2013; ur Rehman et al., 2021). This results in up to 9.4% annual losses across the world, which directly affects human health and income generation (Bandyopadhyay et al., 2019; Seyi-Amole and Onilude, 2021). Some of the most common diseases of maize limiting maize output worldwide include gray leaf spots, various types of rust diseases, southern corn leaf blight (SCLB), and northern corn leaf blight (NCLB) (Naeem et al., 2021). Northern Corn Leaf Blight caused by Exserohilum turcicum is a serious foliar disease of maize distributed widely across the world and is more prevalent in humid weather with temperature between 20°C–28°C. It has been reported to causing a range of 27.6%–97.5% yield loss (Kumar et al., 2011; Craven et al., 2020).
Several disease management approaches have been employed in ameliorating the impact of NCLB, including improved management practices (conventional tillage, crop rotation), foliar fungicide use, biological control, and planting resistant cultivars (Galiano-Carneiro and Miedaner, 2017; Ranganatha et al., 2017). However, the proposed solution to the current threat to food security and safety reportedly lies in the sustainable utilization of beneficial microorganisms to achievelong-term agricultural production, with minimal or no adverse impact to the ecosystem, since plants selectively recruit microbes from the soil to build a diverse, yet stable and predictable microbial community in their root region (Adedeji et al., 2020), which provides them with specific benefits, especially plant disease resistance (Akanmu et al., 2021; Fadiji et al., 2021b). The process entails the suppression of pathogens in the rhizosphere by secretion of antimicrobial chemicals, competition within an ecological niche (i.e., nutrition), or through induced systemic resistance (ISR). Thus, the microbiome can indirectly boost the capacity of resistant pathogens to regulate the plant immune system (Qu et al., 2020).
The rhizosphere microbiome is the initial line of defense against soil-borne infections, and the ecological connections between plant and soil microbes are the primary determinant of whether or not the pathogen can infect the roots (Chiaramonte et al., 2021). More so, the associated microbial structure and functions are dependent on the soil physicochemical status which plays a significant role in the ecological processes and functions. It also aids the plant-microbes relationship such as the stimulation of plant growth, mineralization, and rapid decomposition of soil organic matter (Akinola et al., 2021). Rhizosphere organisms have been extensively investigated for their beneficial effects on plant development and health, including nitrogen-fixing bacteria, mycorrhizal fungi, plant growth-promoting rhizobacteria (PGPR), biocontrol microorganisms, mycoparasitic fungi, and protozoa (Mendes et al., 2013). Although the interaction between plants and microbes have been widely explored, limited information exists on the impact of the vast majority of plant-associated microbes on plant development, health, and disease. As a result, understanding the functional roles of plant microbiome is essential in enhancing the plant health and productivity.
The rhizosphere microbial populations have been extensively studied using culture-dependent methodologies (Ajiboye et al., 2022). The drawback of this approach is the inability to sufficiently elucidate the roles of soil microorganisms in a specific environment (Fadiji et al., 2021c). Whereas, shotgun metagenomics has gained more relevance for its application in employing both the culture-dependent and culture-independent methodologies in studying the community profiles and functional diversities of microbial populations present in an environment. Rather than focusing on a specific genomic location, shotgun metagenomic sequencing analyzes all DNA samples taken from a certain environment (Fadiji et al., 2021a).
We hypothesize using a shotgun metagenomics method, that an invasive pathogen, either directly or indirectly through the plant, triggers stress responses in the microbial community, which lead to the activating antagonistic traits and shift in the microbiome composition that restricts pathogen invasion. Upon pathogenic attack, plants can use microbial assemblages from the soil for protection against infections (Mendes, 2018). Since shotgun metagenomics enables researchers to decipher the functional variety of microbiomes in a given context (Fadiji et al., 2021c), knowledge of the relationship between microbial distribution and function could be harnessed to explore new strains of microbes useful for agricultural use while elucidating the role of rhizosphere microbiome in reducing disease impacts. Therefore, profiling the functional characteristics of microbial communities in the maize rhizosphere is critical to linking rhizosphere soils of healthy and NCLB diseased maize plants with varied functions that enhance plant and soil health, thus ensuring sustainable maize production. Hence, this study aims at unveiling the functional diversity of microbes in the maize rhizosphere of both healthy and NCLB infected maize plants using a shotgun metagenomics approach.
MATERIALS AND METHODS
History of the Sampled Fields
The maize rhizosphere soil samples used in this research were collected from two different locations within the North West Province in South Africa. The North-West University farm in Mafikeng (25°47′19.1″S 25°37′05.1″E) and a commercial farm in Lichtenburg (25⁰59′40.2″ S, 26°31′44.2″E) were sampled in this study. The province has a summer season between October and March, the typical rainfall ranges from 300 to 700 mm per annum and temperatures from 22°C to 34°C. The average winter temperature is 16°C, with the hottest months being May and July. The maize cultivar WE 3127 was planted in both sites for the sample collection period. The Lichtenburg (LI) farm has been noted for maize monoculture practice for the past 10 years, while the University farm (MA) has been exposed to the rotational cultivation of maize and cowpea since 1989. The two farms have a history of synthetic pesticides and NPK fertilizer use, mechanized land tilling systems, and artificial irrigation techniques. The choice of the locations was influenced by the occurrence of Northern corn leaf blight (NCLB) disease in some parts of the farms. Identification of NCLB diseased plants was based on the occurrence of symptoms on the leaves, such as elliptical, grey-green lesions of 3–15 cm long, tan with distinct dark zones of fungal sporulation, which turns to a blight that becomes severe in its advanced stage (Vieira et al., 2014). Soil samples were collected from the rhizosphere of both healthy and NCLB-infected plants from each of the farms at about 8 weeks after planting.
Sample Collection
The sample collection from the two selected maize growing farms (MA and LI) was carried out in January 2021. To enable adequate representation of the field sampled, each field was demarcated into two areas, and each area was independently sampled for the healthy (15 samples) and NCLB infected (15 samples). Each sampled plant was uprooted and gently shaken to remove the loose soils while soil tightly bound to the root were carefully scrapped into separate sterile bags. The respective samples from heathy and diseased maize collected from each farm area were then pooled into two replicates and labelled accordingly. Hence, a total of four samples was collected from each farm sampled. These were transferred into iced-cooler boxes (4°C), and transported to the laboratory where the samples were stored at −20°C until DNA extraction for high throughput sequencing to be conducted.
Physicochemical Analysis of the Soil Samples
Prior to the use of each soil sample for physicochemical analysis, they were separately ground and sieved with a 2 mm sieve. Determination of the total nitrogen content was conducted according to the method of Sáez-Plaza et al. (2013). pH was determined using a pH meter in the soil, the distilled water ratio was 1:2.5. Bray No. 1 solution was used as the extractant when determining the phosphorous level of the soil (Bray and Kurtz, 1945), the phosphorus extracted was quantified colorimetrically, based on the development of the molybdenum blue colour with ammonium molybdate. The compound’s absorbance, as measured by a spectrophotometer at 882 nm, was directly proportional to the quantity of phosphorus extracted from the soil. The exchangeable N-NO3 and N-NH4 were determined using 1 M KCl solution according to the method described by Kachurina et al. (2000). Spectrophotometric measurements of the absorbance were made at 260 and 220 nm, respectively. The dry combustion technique was used to calculate the total amounts of N and C (Wright and Bailey, 2001). The exchangeable potassium and sodium were measured by 1 mM ammonium acetate analysis at neutral pH, whereas the sulphur was identified by HCl extraction. The loss of ignition approach was used to calculate organic matter (Hoogsteen et al., 2015). Determination of soil organic carbon was conducted in line with the procedure explained by Walkley and Black (1934).
DNA Extraction and Shotgun Sequencing
The samples of rhizosphere soils collected were subjected to the DNA extraction protocol of the Qiagen DNeasy PowerSoil Pro Kit (Qiagen, Hilden, Germany). From each sample, 0.25 g was measured for DNA extraction. The shotgun approach of the whole-metagenome sequencing method generated the datasets used in this investigation. This was carried out at the Molecular Research LP, Texas, United States. The DNA concentration of the samples were obtained using a life technologies assay kit-Qubit® dsDNA HS. The libraries were then prepared with 20–50 ng of DNA using the Illumina DNA Prep (M) tagmentation library preparation kit in line with the manufacturer’s instructions, and samples were fragmented and adapter sequences added. Next, a limited-cycle PCR was performed using the adapters, and the material was supplemented using unique indices. The library preparation was followed by the ultimate concentration of the libraries, after which the final concentration of the prepared libraries was determined using the Qubit® dsDNA HS Assay Kit (Life Technologies), and the average size of the library was determined using the Agilent 2100 Bioanalyzer (Agilent Technologies, United States). The libraries were pooled and diluted to 0.6 nM equimolar ratios and sequenced at the paired end for 300 cycles on the NovaSeq 6000 system (Illumina, United States).
Metagenome Annotation and Data Analysis
The metagenome sequences were uploaded to the metagenomics rapid annotation online service (MG-RAST) (Meyer et al., 2008), which performed the quality control steps involving dereplication, which removes artificial sequences, ambiguous base-filtering, and host species-specific sequences. After which, the annotation of the sequences was carried out with BLAST algorithm (Kent, 2002) against the M5NR database (Wilke et al., 2012) which permits non-redundant alignment of several databases. The RDP database was used to classify organisms according to their taxonomy, and the SEED subsystem database’s default settings were used to assign functional categories from level 1 to level 3 to the organisms. While constructing the functional table, the failed sequences during annotation were deleted, while the unclassified reads were retained for statistical analysis. The percentages were calculated and the functional table arranged for each functional level. The raw sequences associated with this study were deposited with NCBI under the BioProject accession number PRJNA821718. The variations in soil physicochemical properties between the rhizosphere soil of the healthy and NCLB diseased maize were calculated using a one-way ANOVA and Tukey’s pairwise comparison test.
The Shannon diversity and Pielou Evenness indices of the samples were determined, and the indices between the sites were compared with the Kruskal–Wallis test, and the test of significance was determined by a Monte Carlo permutation test using 9999 random permutations. The variations in the community composition observed within the same sample group were determined by PAST version 3.20. The beta diversity was determined by using primary coordinate analysis based on the Euclidean distance matrix using one-way analysis of similarities (ANOSIM) (Carrell and Frank, 2015). The Shiny heat map was used to plot the heat maps (Khomtchouk et al., 2017). The PCA and PCoA were plotted using Canoco software (ter Braak and Šmilauer, 2012).
RESULTS
Physicochemical Analysis of NCLB Diseased and Healthy Maize Rhizosphere Soil
The chemical properties of soil samples in Lichtenburg generally recorded higher significance p < 0.05 than samples obtained from the maize farm in Mafikeng, except N-NH4 (mg/kg) (Table 1). The pH in both LI and LID are close to neutral while MA and MAD are slightly acidic. With the exception of N-NH4 in MA and MAD, all the samples expressed small quantities of total carbon, sulphur, organic carbon, organic matter, and ammonium, while higher quantities of phosphorous and potassium contents were recorded. Generally, more significant (p < 0.05) amounts were observed in LI and LID, compared to MA and MAD (Table 2).
TABLE 1 | Effect of farm locations on the soil chemical properties.
[image: Table 1]TABLE 2 | Chemical analysis of the healthy and NCLB diseased maize rhizosphere samples.
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The mean values of samples from the rhizosphere of healthy maize in Lichtenburg (LI) (1,615,034,280 bp) and Mafikeng (MA) (7,255,180,845) were found in the sequences uploaded for analysis on the MG-RAST server, while the sequence count for rhizosphere soils from NCLB diseased plants in Lichtenburg (LID) and Mafikeng (MAD) was 526,054,117 and 1,105,047,462. However, following QC, the quality of retained mean sequences revealed LI = 1,165,623,372 and MA = 673,172,171 for samples from healthy rhizosphere soils, and LID = 4,876,551,985 and MAD = 1,025,190,816 for samples from the diseased plant rhizosphere soils. The abundance and diversity of microbial communities in the rhizosphere are depicted by the rarefaction generated by MG-RAST database.
Taxonomy and Functional Analyses of Rhizosphere Microbiomes Associated With Healthy and Diseased Maize Plant
The predominant phyla across the rhizosphere samples were Proteobacteria, Actinobacteria, Streptophyta, Acidobacteria, and Bacteroidetes while Euryarchaeota and Ascomycota were the major Archaea and Fungal phyla. Higher abundance of the microbial community was evident in samples from the healthy than diseased rhizosphere, especially in Lichtenburg (Table 3).
TABLE 3 | Taxonomic analyses of rhizosphere microbiomes associated with healthy and diseased maize plants.
[image: Table 3]Across the sampled sites investigated, a total of 28 functions of the microbial profile with variations in their relative abundances were obtained at level 1 through the SEED subsystem hierarchical gene annotation. The functional categories dominated samples from the LI site. Functions recorded in these samples including, virulence, stress response, disease and defense, RNA metabolism, membrane transport, cell wall and capsule, sulfur metabolism, regulation and cell signaling. Others include cell division and cell cycle, phosphorus metabolism, nitrogen metabolism, iron acquisition and metabolism, potassium metabolism, miscellaneous and protein metabolism. These functions were more predominant rhizosphere samples from the LI site while nucleosides and nucleotides, DNA metabolism, photosynthesis, and clustering-based subsystems dominated the samples from the LID site.
The dominant functional categories as obtained from the MA site were fatty acids, isoprenoids and lipids, respiration, metabolism of aromatic compounds, motility and chemotaxis, prophages, phages, plasmids, transposable elements, dormancy and sporulation, cofactors, prosthetic groups, vitamins, pigments, carbohydrates, amino acids, and derivatives as observed in samples from the MA sites, while secondary metabolism, clustering-based subsystems, and miscellaneous dominated the MAD samples (Figure 1).
[image: Figure 1]FIGURE 1 | Heatmap of the subsystem level 1 showing the key function of the microbiome. The color saturation gradient of the scale bar represents the relative abundances with a z-score. Healthy maize rhizosphere soil from Lichtenburg (LI), and Mafikeng (MA). NCLB diseased maize rhizosphere soil from Lichtenburg (LID), and Mafikeng (MAD).
Principal component analysis (PCA) was used to examine the distribution of different functional categories between samples from the healthy rhizosphere (LI and MA) and the diseased rhizosphere (LID and MAD) (Figure 2). No significant variation was observed in the functional categories observed across the study sites (Table 4). The findings showed that the LI site was dominated by 16 functional categories, the MA site by 10, the LI site by 4, and the LID site by 3 functional categories (Figure 3). The Lichtenburg location had 13 and 4 main functional categories dominating LI and LID, respectively, whereas the Mafikeng sites had 8 and 4 major functional categories which dominated MA and MAD, respectively.
[image: Figure 2]FIGURE 2 | PCA analysis showing a graph of the distribution of major microbial function of the healthy (LI and MA) and diseased (LID and MAD) rhizosphere soil samples. PC-Axis 1 (88.6%) and PC-Axis 2 (10.1%), the variations were described based on Euclidean dissimilarities. Healthy maize rhizosphere soil from Lichtenburg (LI), and Mafikeng (MA). NCLB diseased maize rhizosphere soil from Lichtenburg (LID), and Mafikeng (MAD).
TABLE 4 | Diversity evaluation of Evenness, Simpson, and Shannon indices of microbial community at level 1 of the SEED subsystem across the sampled sites.
[image: Table 4][image: Figure 3]FIGURE 3 | The bar chart representing the functional groups obtained at level 2 of the SEED subsystems. Healthy maize rhizosphere soil from Lichtenburg (LI), and Mafikeng (MA). NCLB diseased maize rhizosphere soil from Lichtenburg (LID), and Mafikeng (MAD).
Unknown functions were shown to be more prevalent at the subsystem Level 2 hierarchy for gene annotation across all locations. The unknown protein had the highest relative abundance of 20.99% (LI), 20.8% (LID), 20.2% (MA), and 20.3% (MAD). This was followed by the plant-prokaryote DOE project with 5.71% (LI), 5.66% (LID), 5.7% (MA), and 5.76% (MAD). The abundance of protein biosynthesis was 5.08% (LI), 5.16% (LID), 5.02% (MA), and 4.95% (MAD) across the sites (Figure 3).
The variety of the functional categories at SEED subsystem level 1 was examined using the evenness, Simpson, and Shannon indices. The findings showed no significant (p > 0.05) variation (Table 4). The amount of variation in functional diversity among the sites was analyzed using the Kruskal–Wallis method and found to be non-significant (p = 0.99). The PCoA graph revealed that the relative abundance of the 28 functional categories found at SEED Subsystems level 1 differed significantly across LI and LID sites and MA and MAD sites (Supplementary Figure S1A). To see if the locations were similar, one-way ANOSIM was utilized. The findings demonstrated a statistically significant (p < 0.05) difference in the 28 functional categories from all samples across the locations (R = 0.58 and p = 0.01).
Pathways of the Metabolic Functions of the Microbial Communities in the Soil Samples
The Subsystems at level 3 expressed the sequences involved in the pathways present in the sulfur metabolism, carbohydrates metabolism, nitrogen metabolism, disease and defense, virulence, secondary metabolism, and phosphorus metabolism. From the sulfur metabolism pathways, there was an abundance of sulfur oxidation, sulfatide metabolism and galactosylceramide, thioredoxin-disulfide reductase, utilization of glutathione, taurine utilization, DMSP breakdown, sulfate reduction associated complexes, alkanesulfonates utilization in the LI site while the MA site obtained an abundance of L-cystine uptake and metabolism, release of Dimethyl sulfide (DMS) from Dimethylsulfoniopropionate (DMSP) and inorganic sulfur assimilation. However, the same value was obtained as the relative abundance of alkanesulfonate assimilation in the two sites in F1 (LI and MAD). The abundance of sulfur oxidation, utilization of glutathione, DMSP breakdown and sulfate reduction associated complexes was higher in the LI rhizosphere than the LID, MA, and MAD rhizosphere samples (Supplementary Figure S1B and Supplementary Table S2). However, the relative abundances of alkanesulfonate assimilation and galactosylceramide and sulfatide metabolism in the LID rhizosphere were higher than those obtained from the LI, MA, and MAD rhizosphere samples. In the MA rhizosphere samples, the was a higher abundance of L-cystine uptake and metabolism, release of Dimethyl sulfide (DMS) from Dimethylsulfoniopropionate (DMSP) and Inorganic sulfur assimilation obtained than in LI, LID, and MAD. Also, the same relative abundance of 0.02% alkanesulfonates utilization and 0.03% L-cystine uptake and metabolism was observed for this metabolic pathway across all the rhizosphere samples from all sites.
For the pathway involved in utilization of glutathione, its relative abundances were the same (0.07%) in all rhizosphere samples except in LID, where its relative abundance was 0.06% (Supplementary Figure S1B and Supplementary Table S2). For the metabolic pathways linked with carbohydrate metabolism, there was abundance in sugar utilization in thermotogales, maltose and maltodextrin utilization, trehalose biosynthesis, entner-Doudoroff pathway, pentose phosphate pathway, Pyruvate metabolism II: acetyl-CoA L-rhamnose utilization, inositol catabolism, and photorespiration (oxidative C2 cycle) in the MA and MAD samples. The pathways including serine glyoxylate cycle, glycolysis and gluconeogenesis, and dehydrogenase complexes were more dominant in the MA rhizosphere sample while the calvin benson cycle was observed on the LID and MA samples. TCA cycle pathway was dominant in the LI rhizosphere sample, while Pyruvate metabolism I: PEP was only present in the LID rhizosphere sample. The same values were obtained for glycolysis and gluconeogenesis (0.46%) and Pyruvate metabolism II: acetyl-CoA L-rhamnose utilization (0.42%) for the diseased rhizosphere samples (LID and MAD). In TCA cycle the same values (0.57%) were obtained across all sites besides MAD which was (0.56%) (Supplementary Figure S2 and Supplementary Table S3). Sequences related to nitrogen metabolism were dominant in LI. Some metabolic pathways such as allantoin utilization, Nitrilase, Amidase clustered with urea and nitrile hydratase functions, and Nitric oxide synthase were more dominant in the MA site. The dominance of major metabolic pathways such as ammonia assimilation, denitrification, nitrosative stress, cyanate hydrolysis, nitrogen fixation, and dissimilatory nitrite reductase was also observed in the LI site, more on the healthy maize plant rhizosphere sample (Supplementary Figure S3 and Supplementary Table S4). The same value (0.01%) of Amidase clustered with urea and nitrile hydratase functions was obtained across all samples. In the results for virulence, disease, and defense, the metabolic pathways involved in beta-lactamase, arsenic resistance, copper homeostasis: copper tolerance, copper homeostasis, mercuric reductase, multidrug resistance efflux pumps, Multidrug efflux pump in Campylobacter jejuni (CmeABC operon), Methicillin resistance in Staphylococci, Streptococcus pyogenes Virulome, resistance to fluoroquinolones, resistance to chromium compounds and The mdtABCD multidrug resistance cluster were more dominant in the MA and MAD rhizosphere samples (Supplementary Figure S2A). Bacterial cyanide production and tolerance mechanisms, BlaR1 family regulatory sensor-transducer disambiguation, cobalt-zinc cadmium resistance, multilocus sequence typing (MLST), MexE-MexF-OprN multidrug efflux system, resistance to vancomycin, Streptococcus pyogenes virulome, and zinc resistance were dominant in the LI and LID site (Supplementary Figure S4 and Supplementary Table S5). Also, the multidrug resistance efflux pump relative abundances were higher in the diseased rhizosphere samples (LID and MAD). However, for the relative abundances observed in the metabolic pathways involved in Multidrug efflux pump in Campylobacter jejuni (CmeABC operon), Streptococcus agalactiae virulome and the mdtABCD multidrug resistance cluster were more dominant in the MA rhizosphere sample. We also observed that the pathway, Multidrug efflux pump in Campylobacter jejuni Campylobacter jejuni (CmeABC operon), and MexE-MexF-OprN multidrug efflux system, were the same (0.02%) in all rhizosphere samples (LI, LID, MA, and MAD). The dominance of some major metabolic pathways in phosphate metabolism was also established with the abundance of pathways such as phosphorus uptake, alkylphosphonate utilization, phosphonate metabolism, phosphoenolpyruvate phosphomutase, high affinity phosphate transporter, and control of PHO regulon and phosphate metabolism in the LI site (Supplementary Figure S5 and Supplementary Table S6). The abundance of Phosphate-binding_DING_proteins was observed in the MAD rhizosphere samples. The same value was obtained for phosphonate metabolism, phosphoenolpyruvate phosphomutase, and phosphate metabolism (0.01%) across all samples from the two sites. Furthermore, for the pathways involved in secondary metabolism, we observed that the metabolic pathways, including steroid sulfates, alkaloid biosynthesis from L-lysine, cinnamic acid degradation, and auxin degradation were relatively higher in LI and LID rhizosphere samples than those of the MA and MAD rhizosphere samples. The pathways of flavanone biosynthesis, Phenylpropionate degradation, Biflavanoid_biosynthesis, 2-isocapryloyl 3R hydroxymethyl-gamma butyrolactone and other bacterial morphogens, clavulanic acid biosynthesis, tannin biosynthesis, cannabinoid biosynthesis, non-ribosomal peptide synthetases (NRPS) in Frankia sp. Ccl3, and auxin biosynthesis were more present in the MA and MAD rhizosphere samples. Also, the pathways of cinnamic acid degradation, phenazine biosynthesis, and cannabinoid biosynthesis were present in the diseased rhizosphere samples (LID and MAD) (Supplementary Figure S6 and Supplementary Table S7). The same values were obtained for flavanone biosynthesis (0.02%), cinnamic acid degradation (0.02%), auxin degradation (0.03%), Non-ribosomal peptide synthetases (NRPS) in Frankia sp. Ccl3 (0.01%), and auxin biosynthesis (0.10%) across all rhizosphere samples from both sites in the study (Supplementary Figure S6 and Supplementary Table S7).
DISCUSSION
Maize is a major food crop cultivated all over the world and is a strategic solution to supporting the food security of the growing human population that is estimated to reach 9 billion people by 2050 (Sucher et al., 2017; Tyczewska et al., 2018; Fadiji et al., 2021c). However, the quantity and quality of maize are often compromised by plant diseases which causes significant economic damage, with additional cost implications on disease management (Sucher et al., 2017). Northern corn leaf blight caused by Exserohilum turcicum (Pass.) is one of the most persistent and devastating foliar diseases of maize, causing more than 30% yield reduction (De Rossi et al., 2021; Naeem et al., 2021). Hence, achieving improved plant health and yield necessitates an increased understanding of the functions and nutrient pathways of the rhizosphere microbiome populations involved, particularly the beneficial ones engaged in agricultural sustainability, growth promotion, and ecosystem balance (Fadiji et al., 2021c).
In addition to a plant’s health status, soil types and plant root exudates have also been considered as contributory factors to variations in the microbial composition and abundance in maize rhizosphere. The physiological and functional properties of soil microbial populations mostly recorded in this study, Proteobacteria, Actinobacteria, Streptophyta, Acidobacteria, Ascomucota, and Euryarchaeota among others, have been reported for their roles in enhancing the soil nutrient status (Cordero et al., 2020; Adedayo et al., 2022). Moreso, bacterial diversity in many soils is significantly influenced by soil pH and abundance of most macronutrients is reportedly increased in alkaline soils (Molefe et al., 2021). This is consistent with the findings in this study, where the soil chemical properties recorded in the samples collected from Lichtenburg were mostly higher compared to those from Mafikeng, thus reaffirming the report of Vanlauwe et al. (2007) who discussed the variations in the soil chemical properties and soil fertility status across different fields. However, the ability of plants to create an environment rich in carbohydrates, aromatic compounds, and amino acids has been linked to their potential in altering the microbial diversity and selection in the rhizosphere.
Earlier investigations have explored several techniques involving both the culture dependent and culture independent including Pyrosequencing, 16SrRNA, and ITS in investigating the microbial communities (Lee et al., 2019). However, employing the shotgun metagenomic approach to study the healthy and NCLB diseased maize rhizosphere gives a further insight into the composition, diversity, and functions of the associated microorganisms. Although the non-significance of the alpha diversity across the samples revealed similar representation of the microbial activities and metabolic pathways of the SEED subsystem across the sampled sites, as confirmed by the Kruskal-Wallis’ test with a p-value 0.99 (Table 4). This was also verified by the cumulative variance of 98.75% (PCA 1 and 2) showing the extent of diversity in the study, as found in line with the report of Dinsdale et al. (2008).
Samples obtained from the diseased plant rhizosphere (LID and MAD) demonstrated higher relative abundance of some dominant functions including carbohydrates metabolism, cell division and cell cycle, iron acquisition and metabolism, motility, and chemotaxis as reflected in the subsystems at level 1. We also observed the metabolism of important mineral nutrients such as nitrogen, sulfur, phosphorus, and potassium (Figure 1). Meanwhile, mineral nutrition has a significant impact on the growth of plants and crop yields, which makes it an important contributor to sustainable agriculture (White and Brown, 2010; Fageria and Moreira, 2011). Furthermore, the microbial abundance in the healthy rhizosphere (LI and MA) is further evidence of the plant growth-promoting fungi (PGPF) and plant growth-promoting rhizobacteria (PGPR) activities of the associated microbes (Akanmu et al., 2021; Dlamini et al., 2022). Furthermore, the abundance of the unknown function observed from all sites at subsystem level 2, combined with clustering-based subsystems, indicate that there are several important functions connected with this rhizosphere microbiome that have yet to be discovered.
The findings show that the microbial communities across the samples support the growth and development of maize plants through the availability of important nutrients, especially in sample LI which showed increased prevalence of these metabolisms, this could be validated with the presence of organic and inorganic sulfur metabolism, potassium metabolism, and ABC transporters in the subsystems at level 2 (Figure 3). The level 3 metabolic pathways of sulfur metabolism also revealed that the samples were dominated with 12 pathways (Supplementary Figure S1B and Supplementary Table S2). Plants require sulphur biomolecules to develop effective defense mechanisms in response to a variety of stresses. Within the cell, Sulphur assimilates serve a critical role as structural components for essential cellular compounds. Furthermore, their function as a signaling agent for intracellular communication has been established (Ihsan et al., 2019). Our findings imply that microorganisms in the fields can create thioredoxin and use glutathione, a peptide that contains L-cysteine, as a cofactor to protect maize plants from oxidative stress (Shahid et al., 2014; Takagi and Ohtsu, 2016; Chukwuneme et al., 2021b).
From our results on chemical soil properties (Table 1), the sulfur contents of our samples were lower at Mafikeng site, especially in MAD soil, as a result, the presence of sulfur metabolic genes in our samples revealed that microorganisms maintain a healthy sulfur metabolism in their environments. Studies have shown that sulfur absorption in plants is critical to the natural sulfur cycle. The sulfur absorption route in plants fixes inorganic sulfur in the environment, such as sulfate ions in soil and sulfur dioxide gas in the air (Saito, 2004). The presence of nitrogen, sulfur, phosphorus, and potassium metabolism metabolic pathways in our samples thereby implies that soil bacteria play an important role in plant growth promotion and nutrient cycling (Etesami and Adl, 2020).
Our results also revealed that the 15 pathways linked with carbohydrate metabolism, dominated the MA and MAD sites (Supplementary Figure S2 and Supplementary Table S3). Microbial survival is reliant on the ability to use a variety of accessible carbohydrates as carbon and energy sources in any environment. Carbon is the most significant medium component since it provides energy to microorganisms and aids in their development as well as the generation of primary and secondary metabolites (Mekonnen et al., 2019). Our findings show that the microbial communities in our samples aid plants in collecting carbon through various metabolic pathways. The primary pathways for simple carbohydrate generation are gluconeogenesis and pentose phosphate shunt, and they have an important role as osmoregulatory chemicals in cells, particularly in stressful settings (Arnao et al., 2021). The glycolysis route allows glucose to be converted to pyruvate, which can be used as a respiratory substrate. If enzymes in the glycolysis route are suppressed, the amount of pyruvate used as a respiratory substrate decrease, and this produces an indirect effect on the electron transport chain through altering the TCA cycle. Furthermore, disruption to the TCA cycle has been linked to male sterility of the crop plant in the past (Geng et al., 2018).
In the results for virulence, disease, and defense, the 22 metabolic pathways were more dominant in the MA and MAD rhizosphere samples (Supplementary Figure S4 and Supplementary Table S5). The colonization of chick caeca by the metabolic pathway C. jejuni shows that the samples include antibiotic resistance genes (Fadiji et al., 2021c). Moreso, the pathways related to nitrogen metabolism were dominant in the LI site (Supplementary Figure S3 and Supplementary Table S4). The results showed lower levels of the nitrogen fixing pathway on the MA site. Cereals, just like other plants, interact with a variety of bacteria and fungi, including nitrogen-fixing bacteria known as diazotrophs. Since the levels of nitrogen-fixation achieved with nitrogen-fixing bacteria in cereals are insufficient to meet the plant’s needs increasing nitrogen-fixation in cereals has been the focus of several studies (Rosenblueth et al., 2018).
The dominance of some major metabolic pathways in phosphate metabolism was also established with the abundance recorded in LI (Supplementary Figure S5 and Supplementary Table S6). Phosphorus is also a crucial macronutrient for plants and an important biomolecule involved in energy metabolism. Phosphorus fertilizer is frequently used to improve plant soil since it is frequently scarce in the soil and is readily absorbed by plants (Akinola et al., 2021). The prevalence of phosphorus metabolism pathways in the samples suggests that soil bacteria have increased the mineralization, solubility, and availability of phosphorus for plant use (Chukwuneme et al., 2021a). Furthermore, the dominance of some major metabolic pathways in secondary metabolisms was also prevalent in the MAD samples (Supplementary Figure S6 and Supplementary Table S7). Non-ribosomal peptides (NRPs) and polyketides (PKs) are two of the most diverse families of secondary metabolites, encompassing a wide range of compounds with diverse functions such as iron scavenging siderophores, pigments that provide protection against a variety of stress factors, communication molecules, and antimicrobials. Microbes produce secondary metabolites which have antibacterial properties against the plant diseases. Plant defenses can also be induced by some microorganisms (Rat et al., 2021). Secondary metabolism, which involves the creation of many low-molecular-weight molecules known as metabolites by microorganisms as a representation of metabolic complexity, is an important feature of soil bacteria (Chukwuneme et al., 2021b). Despite the widespread recognition of the importance of the rhizosphere microbiome for plant growth, the vast majority of rhizosphere bacteria are still unknown.
CONCLUSION
Using a shotgun metagenomics approach, we conducted a comprehensive impact of northern corn leaf blight disease on the functional diversity of the maize rhizosphere microbiome. The study showed that the major functional groups were more prevalent in the rhizosphere microbial community of the disease than in healthy maize samples in the two locations studied. The rhizosphere microbiomes function in sustainable agricultural production by boosting plant growth and instilling disease resistance. Furthermore, we identified some metabolic pathway sequences associated with sulfur metabolism, carbohydrate metabolism, nitrogen metabolism, virulence, disease, defense, phosphorus metabolism, and secondary metabolism. It is possible that the soil microbes are well adapted to the agricultural management practices used in the soils based on the enrichment of the metabolic pathways linked to stress response, carbohydrate, nitrogen, and phosphorus metabolism in the soils. This enrichment also reflects the genetic potential of the various microbial communities to cycle nutrients, acquire carbon, and respond to environmental stresses in their habitats. The study also reported a large number of unknown functional groups, indicating that the maize rhizosphere microbial community contains several important functional genes.
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Healthy maize rhizosphere soil from Lichtenburg (L), and Mafikeng (MA).
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Healthy maize rhizosphere soil from Lichtenburg (L), and Mafikeng (MA).
NCLB diseased maize rhizosphere soil from Lichtenburg (LID), and Mafikeng (MAD).





OPS/images/sjss-13-10964-g003.gif
Relative Abundane (%),

o

III IIII i |III AN B s WS e
";"i}‘ s

f‘r

& gae;fj
-t'&;i‘

"'f’

«'&I{;ﬁwj e

f

Functions at subsystems Level 2

PP

:.. wn
,ff





OPS/images/sjss-13-10964-t001.jpg
Chemical analysis

PH

S (mg/kg)

Total % C (mgrkg)
P (mg/kg)

K (mg/kg)

N-NOs (mg/kg)
N-NH, (mg/kg)
Org. C %

OM%

Lichtenburg

6.85a
2.7%
1.10a
216.14a
154.00a
8.02a
5500
0.95a
3.03a

Mafikeng

5.27b
0.17b
0.45b
30.84b
109.00b
1.45b
7.08a
0.26b
1.500

Means with different letters along the row are signiicantly b < 0.05) different.





OPS/images/sjss-13-10964-t004.jpg
Subsystem level 1 ] LD

Simpson_1-D 093 + 0.02 093 + 0.02
Shannon_H 287 +0.15 286 +0.15
Evenness_e H/S' 0.63 + 0.09 062 + 0.09

Mean =+ standard error (n = 2). p values based on Kruskal-Walls test.
Healthy maize hizosphere soil from Lichtenburg (Ll and Mafikeng (MA).
NCLB diseased maize rhizosphere soil from Lichtenburg (LID), and Mafikeng (MAD).

MA

0.92 + 0.02
285 +0.16
0.61 +0.10

MAD

0.92 + 0.02
285+ 0.15
0.62 + 0.09

p value

0.9951





OPS/xhtml/nav.xhtml
Contents

		Cover

		Variations in the Functional Diversity of Rhizosphere Microbiome of Healthy and Northern Corn Leaf Blight Infected Maize (Zea mays L.)		Introduction

		Materials and Methods		History of the Sampled Fields

		Sample Collection

		Physicochemical Analysis of the Soil Samples

		DNA Extraction and Shotgun Sequencing

		Metagenome Annotation and Data Analysis





		Results		Physicochemical Analysis of NCLB Diseased and Healthy Maize Rhizosphere Soil

		Metagenomics Sequencing and Processing

		Taxonomy and Functional Analyses of Rhizosphere Microbiomes Associated With Healthy and Diseased Maize Plant

		Pathways of the Metabolic Functions of the Microbial Communities in the Soil Samples





		Discussion

		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
Variations in the Functional
Diversity of Rhizosphere
Microbiome of Healthy and
Northern Corn Leaf Blight
Infected Maize (Zea mays L.)





OPS/images/sjss-13-10964-g001.gif





OPS/images/sjss-13-10964-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg





