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 12 

Abstract 13 

Background:  14 

Anthropogenic mediations contribute a significant role in stimulating the positive reactions of soil–15 

plant interactions, however, methodical reports on how anthropogenic activities impact soil 16 

microorganism-induced properties and soil health are still inadequate. Here, we evaluated the 17 

influence of anthropogenic fertilization of farmland soil on barley rhizosphere microbial 18 

community structure and diversity, and the significant impacts on agro-ecosystem productivity. 19 

This will help validate the premise that soil amendment with prolonged synthetic fertilizers can 20 

lead to a significant reduction in bacterial abundance and diversity, while soils amended with 21 

organic fertilizers elicit succession of the native soil microbial community and favor the growth of 22 

copiotrophic bacteria.   23 

Methods: The total metagenomic DNA was mined from soils obtained from barley rhizosphere 24 

under chemical fertilization (CB), organic fertilization (OB), and bulk soil (NB). These were then 25 
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sequenced using an amplicon-based sequencing approach, and the raw sequence dataset was 26 

examined using a metagenomic rast server (MG-RAST). 27 

Results: Our findings showed that all environments (CB, OB, and NB) shared numerous soil 28 

bacterial phyla but with different compositions. However, Bacteroidetes, Proteobacteria, and 29 

Actinobacteria predominated barley rhizosphere under chemical fertilization, organic fertilization, 30 

and bulk soils, respectively. Alpha and beta diversity analysis showed that the diversity of bacteria 31 

under organic barley rhizosphere were was significantly more and evenly distributed than when 32 

related to bacteria under chemical fertilization and bulk soil. 33 

Conclusion: The knowledge of the influence of conventional and organic fertilizers on the 34 

structure, composition, and diversity of the rhizosphere microbiome will assist in engineering soil 35 

to increase microbial diversity in the agroecosystem. 36 

Keywords: amplicon sequencing, crop production, metagenomics, root exudate, synthetic 37 

fertilizers 38 

Introduction 39 

Introduction  40 

Globally, crop production is presently increasing because of the high demand for animal feed, 41 

biological fuels and food. Even the increase in oil prices made bioenergy more economical and 42 

cost-effective when related to fossil fuels. At present, 47.9 million km2 of land are dedicated to 43 

agriculture, this will certainly increase with the high population rate. The ever-increasing human 44 

population and the need to boost the production of cash and food crops has have ensued the 45 

anthropogenic amendment of soil with chemical fertilizers (Amoo et al. 2021; Hemathilake & 46 

Gunathilake 2022). Chemical fertilizers encompass a high dose of major nutrients like 47 

phosphorous, potassium, and nitrogen, such as inorganic salts, and microelements like sulfur, 48 
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magnesium, and calcium. The nutrient value in chemical fertilizers is specified as the N:P:K rate, 49 

signifying the proportions of nitrogen, total phosphorus, and potassium. These synthetic fertilizer 50 

inputs could intensely impact farmland ecology and have additional influences on microbial 51 

variability (Enebe & Babalola 2020). Yang et al. (2021) reviewed that long-term N fertilization 52 

greatly reduced microbial biomass, which can further influence the function and structure of the 53 

soil microbial community. It was also reported by Wakelin et al. (2012) that phosphorus 54 

application reliably shifted the structure and functionality of phosphorus cycling -cycling-55 

associated soil microorganisms, as the insufficiency of soil soil-accessible phosphorus elicits the 56 

bacterial community to develop increased phosphorus solubilization ability. It has been reviewed 57 

that too much and perpetual application of chemical fertilizers vastly impacts soil nutrients 58 

(Pahalvi et al. 2021), quickens soil acidification (Hao et al. 2020), intensifies the decline of soil 59 

fertility (Bhatt et al. 2019), influences soil microbial communities (Luan et al. 2020) and led to 60 

environmental deterioration (Kumar et al. 2019). 61 

Owing to the decline in microbial population and environmental problems (such as greenhouse 62 

gas emissions, pollution of water, and soil ecosystems) linked with chemical fertilizer as well as 63 

the quest to realize an optimum farming without compromising future generations, agronomists 64 

are assessing the need of for using organic fertilizers to boost crop production (Trujillo-Tapia & 65 

Ramírez-Fuentes 2016). Organic fertilizers are derivatives from animal or plant-based resources 66 

or other organic elements that are the product of naturally occurring processes that contain both 67 

major and minor nutrients for plant growth (Tan et al. 2023). They can also be an active source of 68 

soil microbes, while also improve improving soil structure (Sharma et al. 2023). Lin et al. (2019) 69 

reported that the application of organic fertilizer can shape the microbial composition and recruit 70 

useful bacteria into the tea rhizosphere. This became evident from their results which showed a 71 



significant increase in the relative abundance of Gemmatimonadales, Acidobacteriales, 72 

Solibacterales, Streptomycetales, Burkholderiales, Nitrospirales, Ktedonobacterales and 73 

Myxococcales. Underwood et al. (2011) investigation revealed that the variability of fungi, 74 

archaea, viruses and bacteria are increased in soil due to the rich nutrients in organic manure added 75 

to soil. This claim became clear from rhizosphere microbiome research conducted by Qiao et al. 76 

(2019) where they established that organic fertilization promotes bacterial diversity when 77 

compared with chemical fertilization. 78 

The rhizosphere of plants has evolved into diverse and complex microbial groups with different 79 

information processing systems involved in plant enlargement and growth, and plant defense 80 

response (Babalola et al. 2020). Plants induce substantial selection pressure on the development 81 

of some bacteria like Rhizobium. This they achieved through the emission of roots’ exudates. The 82 

secreted root exudates contain compounds of different kinds that attract the development of 83 

specific plant microbiota. The attracted organisms utilize these exudates as sources of energy and 84 

multiply in the vicinity (Bukhat et al. 2020; Pantigoso et al. 2022).  85 

Globally, barley is cultivated on about forty-eight million acres of land and is the fourth most 86 

grown grain. Furthermore, it is a good investigational model to study plant-microbe 87 

communications in the light of domestication and crop selection. (Escudero-Martinez et al. 2022; 88 

Giraldo et al. 2019). Barley plays a significant role in the selection, fortification, and nourishment 89 

of rhizosphere microbial composition and structure (Verstegen et al. 2014). Barley rhizosphere 90 

microbiome plays a significant function in improving plant fitness and plays a key role in 91 

suppressing disease as well as the biogeochemical cycling in the soil (Berendsen et al. 2012; Lu et 92 

al. 2018). It is also a primary caveat (pointer) of soil quality due to their quick reaction to ecological 93 

alteration (Zheng et al. 2020).  94 



Bacterial composition, structure, and diversity are posited to underprop ecosystem functioning and 95 

a loss of it can affect the functioning of soil and food security (Bano et al. 2021). To comprehend 96 

the adverse, neutral, or positive effects of fertilization schemes on soil microbiome, we use the 97 

amplicon sequencing approach to profile the bacterial structure, richness, and variability of barley 98 

rhizosphere. The method has been used to provide complete insights into the species diversity of 99 

microbial communities in soil systems (Amoo & Babalola 2019). This study hypothesis assumes 100 

that soil amendments with chemical fertilizers are often lethal to non-target soil microorganisms 101 

and organic fertilizers elicit succession of the native soil microbial community. We also posited 102 

that organic fertilization will favor the growth of copiotrophic bacteria, while long-term chemical 103 

fertilization caused causes a significant reduction in bacterial abundance and biodiversity. 104 

Materials & Methods 105 

Study area and sample collection 106 

Eight weeks after the germination of the barley seed, we collected twenty-four soil samples of 20 107 

g each from barley rhizosphere under chemical fertilization (8 soil samples) (25°39’’32.2 “S 108 

27°39’49.8 "E), barley rhizosphere under organic fertilization (8 soil samples) (25°39'04.9"S, 109 

27°40'46.6"E) and bulk soils (8 soil samples) at a depth of 0 –15 cm. For the inorganic field, 150 kg 110 

ha−1 N, 75 kg ha−1 P2O5, and 75 kg ha−1 K2O were the quantities of inorganic fertilizer which that 111 

had been in use for more than a decade. Urea, potassium sulphatesulfate, and calcium 112 

superphosphate were the sources of N fertilizer, K fertilizer, and P fertilizer, respectively. The 113 

organic fertilizer field has been undergoing the use of 10,625 kg ha−1 amount of cow dung for 114 

more than a decade. The fertilization regime employed in this study were was in line with the 115 

United States Department of Agriculture (USDA, 2014).  The measurement (10 × 4 m) was used 116 

for the respective planting field for this research, and the cultivar planted on both fields is barley 117 
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seed (Pume). Each of the research fields was 40 m away. Sterile plastic bags were used to 118 

temporarily store the soil samples and then moved to cooler boxes filled with ice. On getting to 119 

the laboratory, the soil samples (after debris removal) were stored in the refrigerator (–20 °C) for 120 

further assessment. The history of the soil's physical and chemical properties (Table S1) before 121 

fertilization and planting was done following the standard analytical method earlier reported by 122 

Enagbonma et al. (2021). 123 

Molecular and downstream analysis  124 

We used the Nucleospin Soil kit (Macherey-Negel, Germany) to extract the DNA of the entire 125 

barley rhizosphere microbiome by using the kit’s manual as a guide. The mined DNA was later 126 

sent to the Molecular Research Laboratory, Clovis roadRoad, Texas, United States. Library 127 

preparation of the16S rRNA gene was done by employing the 515F (5'‐128 

GTGCCAGCMGCCGCGGTAA‐3') and 806R (5'‐GGACTACHVGGGTWTCTAAT‐3') 129 

universal primers with standard Illumina barcodes and adapters. The Ampure XP beads were used 130 

to further purify the amplicons. The validation and quantification of the barcoded libraries were 131 

done by using Agilent DNA 1000 Bioanalyser and Qubit DNA BR reagent assay. Thereafter, the 132 

MiSeq was used to sequence the quantified libraries. The preprocessing and analysis of the raw 133 

sequences (FASTQ files) from Illumina Miseq were done via a public pipeline (MG-RAST server) 134 

seen at http://metagenomics.anl.gov/ (Meyer et al. 2008; Wakung’oli et al. 2020). Generated reads 135 

after quality preprocessing and deduplication (via eliminating sequences that are: (a) greater than 136 

5 vaguely base pairs with 15 phred score limit, (b) artificial sequences made by sequencing artifacts 137 

(c) have a length of greater than 2 standard deviations from the average value) were annotated by 138 

using alignment device called BLAT against a databank that offers a nonredundant integration of 139 

numerous databases called M5NR database. Taxonomic analysis was done using the Ribosomal 140 
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Database Project (RDP) under the following conditions: an e-value of 1e–5, an optimal alignment 141 

length of 15 bp., and a lowest identity of 60%. The metagenomic rast server technology presented 142 

an approximation of microbial abundances existing in the barley rhizosphere under chemical 143 

fertilization (CB), barley rhizosphere under organic fertilization (OB) and bulk soil (NB). After 144 

the MG-RAST analysis on the 24 individual sequences, we computed the comparative abundances 145 

of the taxa via percentages. Thereafter, the mean number of relative abundance of the 8 replicates 146 

for each site (CB, OB, and NB) was used for statistics. From this statistical analysis, an assessment 147 

was performed to evaluate the composition, structure, and diversity of the microbiome among the 148 

samples. The normalization tool in metagenomic rast server technology were was switched on to 149 

standardize the dataset. The rarefaction curve analysis was also prepared via the rarefaction tool 150 

in MG-RAST. PAST version 3.20 was used to evaluate alpha diversity (via Pielou Evenness, 151 

Simpson, Chao-1, and Shannon) for individual samples. The Kruskal–Wallis test was used to 152 

compare these indices among sites (Hammer et al. 2001). The principal coordinate analysis 153 

(PCoA) was used to depict the diversity between species (beta diversity) based on a Euclidean 154 

distance matrix, and the differences in community composition among the groups of samples were 155 

tested by using the one-way analysis of similarity through 999 permutations (Clarke and Green 156 

1988). The principal component analysis (PCA) demonstrated how the bacteria at the phylum level 157 

were distributed among sites. The PCoA and PCA were designed by CANOCO 5 158 

(http://www.canoco5.com/). The Shinyheatmap was used to plot the heatmap with a z-score 159 

converted to the relative abundance of bacterial classification (Khomtchouk et al. 2017). 160 

Results 161 



 Sequencing information and bacterial distribution across the barley rhizosphere under 162 

different fertilization schemes and bulk soils 163 

The sequence information of barley rhizosphere under chemical fertilization (CB), organic 164 

fertilization (OB), and Bulk soil (NB) are summarized in Table S2. 165 

Analysis of the amplicon sequence data using the RDP database showed that 22 phyla were present 166 

in barley rhizosphere obtained from CB and OB as well as the bulk soil (NB) and the others were 167 

grouped as unclassified bacteria (Fig. 1). PCA was plotted to demonstrate how these bacteria at 168 

phylum level were distributed among the barley rhizosphere (CB and OB) and the bulk soil with 169 

PCA axes 1 and 2 elucidated 95.50% and 4.50% variance correspondingly (Fig. 3). The arm length 170 

of the PCA revealed that Bacteroidetes, Verrucomicrobia, Nitrospirae, Planctomycetes, 171 

Spirochaetes, Aquificae, Dictyoglomi, Fibrobacteres, and Synergistetes predominated barley 172 

rhizosphere under chemical fertilization (CB) while Proteobacteria, Firmicutes, Cyanobacteria, 173 

Fusobacteria, Tenericutes, Deinococcus-Thermus and Chlorobi predominated barley rhizosphere 174 

under organic fertilization (OB). The bulk soil was predominated with Actinobacteria, 175 

Acidobacteria, Chloroflexi, Chlamydiae, Thermotogae, and Thermodesulfobacteria. The relative 176 

abundance (phylum level) of Proteobacteria (18.95%) in barley rhizosphere under organic 177 

fertilization (OB) was significantly higher than the Proteobacteria (18.58%) of barley rhizosphere 178 

under chemical fertilization (CB) and the bulk soil (NB) (17.52%). The relative abundance of 179 

Actinobacteria where significantly higher in NB (22.42%) than the relative abundances of 180 

Actinobacteria in CB (19.14%) and OB (18.41%) while the relative abundance of Bacteroidetes 181 

was significantly higher in CB (4.17%) than the relative abundances of OB (3.87%) and NB 182 

(2.71%) (Fig. 1). At the species level, 2320 species were recorded in the barley rhizosphere under 183 

chemical fertilization (CB), while 2393 species were recorded in the barley rhizosphere under 184 



organic fertilization (OB) and 2197 species were observed in bulk soil (NB). Rubrobacter 185 

radiotolerans dominated in CB while Bacillus megaterium dominated in OB and Rubrobacter 186 

xylanophilus dominated the bulk soil NB (Fig. 2).  187 

Assessment of bacterial diversity from the barley rhizosphere and the bulk soil 188 

The alpha diversity for the barley rhizosphere under fertilization and bulk soil was calculated 189 

(Chao-1) to be 2320 species in CB, 2393 species in OB, and 2197 species in NB. The Simpson, 190 

Shannon index and Evenness values were significantly higher in OB followed by CB and NB 191 

(Table 1). The rarefaction curve (Fig. S1) shows that the bacterial richness was higher in OB when 192 

compared with CB and NB. Contrasting among any duo of bacterial societies (beta diversity) using 193 

Principal Coordinate Analysis (Fig. 4) revealed no clustering in the compared environments. The 194 

analysis of similarity calculated the p p-value to be 0.02 and the R R-value to be 0.67, suggesting 195 

that the separation of sites is strong. For example, sample OB is separate and far away from sample 196 

NB, meaning that its bacterial society and structure are distinctive from those of the bulk soils. 197 

Sample OB was away from CB, signifying that its bacterial society and structure between the two 198 

samples differ (Fig. 4). 199 

Discussion 200 

This study used the amplicon sequencing technique to profile the bacterial composition, 201 

abundance, and diversity of barley rhizosphere under different fertilization regimes (CB and OB) 202 

and to see if there was a marked shift from comparable bulk soils. Soil fertilization is an old 203 

farming scheme targeted at promoting the fertility of soils for high growth and yield of crops (Bitire 204 

et al. 2022; Seenivasagan & Babalola 2021). Lately, ecologists have concentrated on revealing 205 

fertilisation regimes' influence on the soil's microbial societies (Ajilogba et al. 2022a; Masowa et 206 
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al. 2021). This investigation was able to establish that some substantial differences occur in 207 

bacteria from barley rhizosphere under chemical fertilization, organic fertilization, and bulk soil. 208 

PCA (Fig. 3) supported our assumption that each site (CB, OB, and NB) has a predominant 209 

bacteria phyla. This bacterial variation could be linked to the fertilization scheme which adds 210 

nutrients to the soil but alters the soil pH (Ajilogba et al. 2022b; Zhang et al. 2017). This variation 211 

was also seen in bacterial composition with the relative abundance of Bacteroidetes, Proteobacteria 212 

and Actinobacteria predominated CB, OB and NB respectively (Fig. 1). The alterations in bacterial 213 

dominance among the sites may perhaps impact the ecosystem functions contributed by these 214 

bacteria (Enagbonma et al. 2019; Enebe & Babalola 2022). It also indicated a clear shift in the 215 

bacterial community structure in the rhizosphere under different fertilization practices, however, 216 

it is quite undecided if this temporal selection is triggered by the barley plants' selective pressure 217 

or the bacteria. Rhizosphere soil under organic fertilization showed the highest alpha diversity 218 

(evenness and richness) of bacteria (Table 1, Fig. S1). This supported a previous study that reported 219 

that organic fertilization commonly increases bacterial abundance in soils with manure (Cheng et 220 

al. 2020; Uzoh et al. 2021). This was also reflected in the total number of species recorded in each 221 

site, with 2393 species found in OB, 2320 species found in CB, and 2197 species in bulk soil (Fig. 222 

2). This pattern was also observed by Enebe & Babalola (2020) when they used shotgun 223 

metagenomics to profile the bacterial richness and structure in maize rhizosphere under different 224 

fertilization schemes. These bacterial variations among CB, OB, and NB were further supported 225 

by the beta diversity analysis via PCoA (Fig. 4), suggesting that the separation of sites is 226 

significantly strong (p < 0.05). For example, sample OB were separate and far away from sample 227 

NB, meaning that its bacterial community and structure are unique from those of the bulk soils. 228 

Sample OB was away from CB, signifying that its bacterial society and structure between the two 229 



samples differs (Fig. 4). Our rarefaction curve (Fig. S1) shows that the metagenome of the organic 230 

fertilizer-treated rhizosphere soil and the control samples were alike, this suggests that 231 

organic fertilizer showed the most stable community than the chemical fertilizer. Although, 232 

we are aware of the barley plant selection effect, which could be credited to chemical signaling 233 

compounds secreted by the plants’ roots through rhizodeposition (Bouhaouel et al. 2019; Liljeroth 234 

et al. 1990). The correlation between the microbial community enrichment effects of organic 235 

manure and barley plants are both capable of promoting the soil organic carbon needed by bacteria. 236 

We expected the bacterial diversity in CB to be lower than the NB, but this was not the case, as 237 

revealed by the alpha diversity analysis (Table 1). So, care must be taken in relating inorganic 238 

versus organic amended soils. In all, this study revealed that effects on the abundance, structure, 239 

and diversity of the rhizosphere microbiomes are governed by fertilization. Fertilization 240 

supervision is recommended to manipulate rhizosphere bacterial communities to farmers’ 241 

advantage. 242 

Conclusions 243 

Taken together, this research unveiled and supported the various studies that stated that soil 244 

fertilization brings about a microbial shift. These bacterial differences were also supported by the 245 

alpha and beta diversity analysis, which showed that bacteria under organic fertilization were more 246 

diverse and evenly distributed when related to the bacteria under chemical fertilization and bulk 247 

soils.  Moreover, this study revealed the dominance of Bacteroidetes, Proteobacteria, and 248 

Actinobacteria in barley rhizosphere under chemical fertilization, organic fertilization, and bulk 249 

soils respectively suggesting the shift in their ecological function played by these bacteria. Results 250 

from this study and with the quest to feed the human population that is ever increasing, there is a 251 

need to sustainably employ integrated fertilizer tactics to achieve optimal outputs in maintaining 252 

the microbial communities and promoting plant health and yield. 253 



Acknowledgements 254 

BJE and AEF thanks South Africa’s National Research Foundation/The World Academy of 255 

Science African Renaissance, Work in 256 OOB lab is based on support from the National 

Research Foundation of South Africa. 257 

References 258 

Ajilogba CF, Babalola OO, Adebola P, and Adeleke R. 2022a. Bambara groundnut rhizobacteria 259 

antimicrobial and biofertilization potential. Frontiers in Plant Science 13.  260 

Ajilogba CF, Habig J, and Babalola OO. 2022b. Carbon source utilization pattern of soil bacterial 261 

microbiome of bambara groundnut rhizosphere at the different growth stages determines 262 

soil fertility.  263 

Amoo AE, and Babalola OO. 2019. Impact of land use on bacterial diversity and community 264 

structure in temperate pine and indigenous forest soils. Diversity 11:217.  265 

Amoo AE, Enagbonma BJ, Ayangbenro AS, and Babalola OO. 2021. Biofertilizer: An eco-266 

friendly approach for sustainable crop production. Food Security and Safety: African 267 

Perspectives:647-669.  268 

Babalola OO, Fadiji AE, Enagbonma BJ, Alori ET, Ayilara MS, and Ayangbenro AS. 2020. The 269 

nexus between plant and plant microbiome: Revelation of the networking strategies. 270 

Frontiers in Microbiology 11. 10.3389/fmicb.2020.548037 271 

Bano S, Wu X, and Zhang X. 2021. Towards sustainable agriculture: rhizosphere microbiome 272 

engineering. Applied Microbiology and Biotechnology:1-20.  273 

Berendsen RL, Pieterse CM, and Bakker PA. 2012. The rhizosphere microbiome and plant health. 274 

Trends in plant science 17:478-486.  275 

Bhatt MK, Labanya R, and Joshi HC. 2019. Influence of long-term chemical fertilizers and organic 276 

manures on soil fertility-A review. Universal Journal of Agricultural Research 7:177-188.  277 

 



Bitire TD, Abberton M, Oyatomi O, and Babalola OO. 2022. Effect of bradyrhizobium japonicum 278 

strains and inorganic nitrogen fertilizer on the growth and yield of bambara groundnut 279 

(Vigna subterranea (L.) verdc) accessions.  280 

Bouhaouel I, Richard G, Fauconnier M-L, Ongena M, Franzil L, Gfeller A, Slim Amara H, and du 281 

Jardin P. 2019. Identification of barley (Hordeum vulgare L. subsp. vulgare) root exudates 282 

allelochemicals, their autoallelopathic activity and against Bromus diandrus Roth. 283 

Germination. Agronomy 9:345.  284 

Bukhat S, Imran A, Javaid S, Shahid M, Majeed A, and Naqqash T. 2020. Communication of 285 

plants with microbial world: Exploring the regulatory networks for PGPR mediated 286 

defense signaling. Microbiological Research 238:126486. 10.1016/j.micres.2020.126486 287 

Cheng H, Zhang D, Huang B, Song Z, Ren L, Hao B, Liu J, Zhu J, Fang W, and Yan D. 2020. 288 

Organic fertilizer improves soil fertility and restores the bacterial community after 1, 3-289 

dichloropropene fumigation. Science of the Total Environment 738:140345.  290 

Enagbonma BJ, Amoo AE, and Babalola OO. 2021. Biopedturbation by termites affects 291 

respiration profiles of microbial communities from termite mound soils. Journal of Soil 292 

Science and Plant Nutrition 21:2115-2123.  293 

Enagbonma BJ, Aremu BR, and Babalola OO. 2019. Profiling the functional diversity of termite 294 

mound soil bacteria as revealed by shotgun sequencing. Genes 10:637.  295 

Enebe MC, and Babalola OO. 2020. Effects of inorganic and organic treatments on the microbial 296 

community of maize rhizosphere by a shotgun metagenomics approach. Annals of 297 

Microbiology 70:1-10.  298 



Enebe MC, and Babalola OO. 2022. Functional diversity of bacterial communities in the 299 

rhizosphere of maize grown on a soil under organic and inorganic fertilization. Scientific 300 

African 16:e01212.  301 

Escudero-Martinez C, Coulter M, Alegria Terrazas R, Foito A, Kapadia R, Pietrangelo L, Maver 302 

M, Sharma R, Aprile A, Morris J, Hedley PE, Maurer A, Pillen K, Naclerio G, Mimmo T, 303 

Barton GJ, Waugh R, Abbott J, and Bulgarelli D. 2022. Identifying plant genes shaping 304 

microbiota composition in the barley rhizosphere. Nature Communications 13:3443. 305 

10.1038/s41467-022-31022-y 306 

Giraldo P, Benavente E, Manzano-Agugliaro F, and Gimenez E. 2019. Worldwide research trends 307 

on wheat and barley: A bibliometric comparative analysis. Agronomy 9:352.  308 

Hao T, Zhu Q, Zeng M, Shen J, Shi X, Liu X, Zhang F, and de Vries W. 2020. Impacts of nitrogen 309 

fertilizer type and application rate on soil acidification rate under a wheat-maize double 310 

cropping system. Journal of environmental management 270:110888.  311 

Hemathilake D, and Gunathilake D. 2022. Agricultural productivity and food supply to meet 312 

increased demands.  Future Foods: Elsevier, 539-553. 313 

Kumar R, Kumar R, and Prakash O. 2019. Chapter-5 the impact of chemical fertilizers on our 314 

environment and ecosystem. Chief Ed 35:69.  315 

Liljeroth E, Bååth E, Mathiasson I, and Lundborg T. 1990. Root exudation and rhizoplane bacterial 316 

abundance of barley (Hordeum vulgare L.) in relation to nitrogen fertilization and root 317 

growth. Plant and Soil 127:81-89.  318 

Lin W, Lin M, Zhou H, Wu H, Li Z, and Lin W. 2019. The effects of chemical and organic fertilizer 319 

usage on rhizosphere soil in tea orchards. PloS one 14:e0217018. 320 

10.1371/journal.pone.0217018 321 



Lu T, Ke M, Peijnenburg W, Zhu Y, Zhang M, Sun L, Fu Z, and Qian H. 2018. Investigation of 322 

rhizospheric microbial communities in wheat, barley, and two rice varieties at the seedling 323 

stage. Journal of agricultural and food chemistry 66:2645-2653.  324 

Luan H, Gao W, Huang S, Tang J, Li M, Zhang H, Chen X, and Masiliūnas D. 2020. Substitution 325 

of manure for chemical fertilizer affects soil microbial community diversity, structure and 326 

function in greenhouse vegetable production systems. PloS one 15:e0214041.  327 

Masowa MM, Kutu FR, Babalola OO, Mulidzi AR, and Dlamini P. 2021. Effects of 328 

complementary and sole applications of inorganic fertilizers and winery solid waste 329 

compost on maize yield and soil health indices. Emirates Journal of Food and 330 

Agriculture:565-574.  331 

Meyer F, Paarmann D, D'Souza M, Olson R, Glass EM, Kubal M, Paczian T, Rodriguez A, Stevens 332 

R, Wilke A, Wilkening J, and Edwards RA. 2008. The metagenomics RAST server – a 333 

public resource for the automatic phylogenetic and functional analysis of metagenomes. 334 

BMC Bioinformatics 9:386. 10.1186/1471-2105-9-386 335 

Pahalvi HN, Rafiya L, Rashid S, Nisar B, and Kamili AN. 2021. Chemical fertilizers and their 336 

impact on soil health. Microbiota and Biofertilizers, Vol 2: Ecofriendly Tools for 337 

Reclamation of Degraded Soil Environs:1-20.  338 

Pantigoso HA, Newberger D, and Vivanco JM. 2022. The rhizosphere microbiome: Plant–339 

microbial interactions for resource acquisition. Journal of Applied Microbiology 133:2864-340 

2876.  341 

Qiao C, Penton CR, Xiong W, Liu C, Wang R, Liu Z, Xu X, Li R, and Shen Q. 2019. Reshaping 342 

the rhizosphere microbiome by bio-organic amendment to enhance crop yield in a maize-343 

cabbage rotation system. Applied Soil Ecology 142:136-146.  344 



Seenivasagan R, and Babalola OO. 2021. Utilization of microbial consortia as biofertilizers and 345 

biopesticides for the production of feasible agricultural product. Biology 10:1111.  346 

Sharma U, Datta M, and Sharma V. 2023. Soil microbes and biofertilizers.  Soils in the Hindu 347 

Kush Himalayas: Management for Agricultural Land Use: Springer, 117-144. 348 

Tan Y, Wang J, He Y, Yu X, Chen S, Penttinen P, Liu S, Yang Y, Zhao K, and Zou L. 2023. 349 

Organic fertilizers shape soil microbial communities and increase soil amino acid 350 

metabolites content in a blueberry orchard. Microbial ecology 85:232-246.  351 

Trujillo-Tapia MN, and Ramírez-Fuentes E. 2016. Bio-fertilizer: an alternative to reduce chemical 352 

fertilizer in agriculture. Journal of Global Agriculture and Ecology 4:99-103.  353 

Underwood T, McCullum-Gomez C, Harmon A, and Roberts S. 2011. Organic agriculture 354 

supports biodiversity and sustainable food production. Journal of Hunger & 355 

Environmental Nutrition 6:398-423.  356 

Uzoh IM, Okebalama CB, Igwe CA, and Babalola OO. 2021. Management of soil-microorganism: 357 

interphase for sustainable soil fertility management and enhanced food security. Food 358 

Security and Safety: African Perspectives:475-494.  359 

Verstegen H, Köneke O, Korzun V, and von Broock R. 2014. The world importance of barley and 360 

challenges to further improvements. Biotechnological approaches to Barley 361 

improvement:3-19.  362 

Wakelin S, Mander C, Gerard E, Jansa J, Erb A, Young S, Condron L, and O’Callaghan M. 2012. 363 

Response of soil microbial communities to contrasted histories of phosphorus fertilisation 364 

in pastures. Applied Soil Ecology 61:40-48.  365 

Wakung’oli M, Amoo AE, Enagbonma BJ, and Babalola OO. 2020. Termite societies promote the 366 

taxonomic and functional diversity of archaeal communities in mound soils. Biology 9:136.  367 



Yang T, Lupwayi N, Marc S-A, Siddique KHM, and Bainard LD. 2021. Anthropogenic drivers of 368 

soil microbial communities and impacts on soil biological functions in agroecosystems. 369 

Global Ecology and Conservation 27:e01521. 370 

https://doi.org/10.1016/j.gecco.2021.e01521 371 

Zhang Y, Shen H, He X, Thomas BW, Lupwayi NZ, Hao X, Thomas MC, and Shi X. 2017. 372 

Fertilization shapes bacterial community structure by alteration of soil pH. Frontiers in 373 

Microbiology 8. 10.3389/fmicb.2017.01325 374 

Zheng H, Liu Y, Chen Y, Zhang J, Li H, Wang L, and Chen Q. 2020. Short-term warming shifts 375 

microbial nutrient limitation without changing the bacterial community structure in an 376 

alpine timberline of the eastern Tibetan Plateau. Geoderma 360:113985.  377 

 378 

https://doi.org/10.1016/j.gecco.2021.e01521

