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Deciphering the influence of fertilization e

systems on the Allium ampeloprasum
rhizosphere microbial diversity and community
structure through a shotgun metagenomics
profiling approach
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Abstract

Background Chemical fertilizer application in agriculture over the years has been a vital instrument to boost agri-
cultural yields and soil fertility, but has threatened the diversity of the rhizosphere microbiomes in the soil. However,
knowledge about the impacts of biofertilizers (BF) as well as chemical fertilizers (CF) on Allium ampeloprasum rhizo-
sphere’s microbiomes is still limited. Hence, this study investigated the metagenomic profiling of A. ampeloprasum
rhizosphere under different fertilization systems and in bulk soils, to obtain a depiction of their associated microbial
diversity and community structure, which will inform best agricultural practices.

Method The entire DNA sample was mined from soil samples taken from an independent uncultivated bulk soil
and the rhizosphere of A. ampeloprasum treated with chemical and biofertilizer and subjected to shotgun metagen-
omics sequencing.

Results The taxonomic analysis of our metagenome unveiled that while all soil samples exhibited similar core micro-
bial phyla, Bacteroidota and Verrucomicrobiota were exclusive to the biofertilizer (G2) plot. Actinobacteria and Pseu-
domonadota (Proteobacteria) were predominant in the biofertilizer plot (G2), chemical fertilizer (G1), and bulk soil (G3)
plots, respectively. Genera such as Dyadobacter, Verrucomicrobium, Streptomyces, and Haliangium were exclusively
detected in the biofertilizer plot (G2). Alpha diversity analysis showed that G2 harboured the most diverse microbial
community, followed by G3, with the lowest diversity found in the G1 plot, highlighting the importance of biofertilizer
in increasing microbial diversity.

The observed differences in the microbial diversity and community structure are highly linked to the nature of ferti-
lizer applied and the distinct physicochemical parameters of the three plots. However, redundancy analysis subse-
quently highlighted total nitrogen and carbon as the key environmental influencers impacting the microbial commu-
nity structure and composition.
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Conclusion This study underscores the potential of biofertilizers in boosting the rhizosphere microbial diversity,
improving soil health, and offer a sustainable alternative to chemical fertilizers, thereby supporting long-term agricul-
tural sustainability and resilience in food production systems.

Keywords Fertilizers, Leek, Food security, Rhizosphere microbiome, Shotgun sequencing, Synthetic fertilizer

Introduction

The purpose of the Goal 2 of United Nations (UN) 2030
Agenda for Sustainable Development Goals (SDGs) is
to end hunger, advance sustainable agriculture, improve
nutrition, and ensure food security [54]. To achieve this
goal, farmers resort to the application of synthetic inputs,
which improve growth yield, but with regards to public
health, the environment and nutrition, this poses a great
risk [62]. In terms of environmental risk, this has affected
the balance of biodiversity in host plant environments
[89]. These drawbacks led to the instigation of alternative
measures of achieving food safety and security in a feasi-
ble and continuous manner, involving biofertilizer appli-
cation, which leads to the stabilization of the microbial
growth rate. To understand the impact of these fertilizer
inputs on biodiversity in the rhizosphere, the rhizosphere
of various crops has been the subject of numerous inves-
tigations. Du et al. [37] stated that synthetic or chemical
fertilizer and biofertilizer inputs affect microbiome diver-
sity by inducing bacterial and archaeal predominance,
respectively. In the case of Allium families, these shifts
in microbiome composition could have a significant
effect, as Allium plants are recognized to be a prodigious
home of various vitamins, including vitamins A, C, and
K, as well as a number of B vitamins, including B6 and
folate. Additionally, these plants also contain antioxidant
properties and are high in dietary fiber when consumed
as vegetables, making them important in food nutrition
[116]. Beyond their vitamin content, their nutritional
profile and active compounds like Allicine, flavonoids,
and sulphur compounds coupled with their traditional
importance in appetite suppression and improvement of
digestive health, make it highly valuable [93]. However,
the cumulative influence of their potential impacts on
diseases (like cardiovascular, cancer, and neurodegen-
erative diseases), and malnutrition prevention, coupled
with their antimicrobial properties, which help combat
microbial infections, and their impacts on immune sys-
tem support, can add to overall health [11]. On a larger
scale, such improvements can positively impact public
health by reducing disease prevalence, improving qual-
ity of life, and alleviating healthcare burdens. Hence, it is
critical to comprehend the degree of biodiversity changes
as a result of fertilization practices aimed at enhancing A.
ampeloprasum production and increasing yield.

The microbial population of the rhizosphere is com-
posed of viruses, fungi, bacteria, and, archaea with bac-
teria being the most prevalent [91]. Understanding how
agricultural practices farmers adopt to improve growth
and, influence their proliferation or reduction is a posi-
tive step toward attaining agro-ecosystem sustainabil-
ity. Presently, there is a global degradation and loss of
soil biodiversity owing to the indiscriminate introduc-
tion of chemical fertilizers. The introduction of rhizos-
phere beneficial microbiomes could make Goal 2 of the
SDGs achievable by the year 2030 by alleviating hunger
and making food available for all [38].

In this context, embracing an eco-friendly, sustain-
able, cost-effective, and alternative source of fertilizers
called biofertilizer could eradicate all the major prob-
lems posed by chemical fertilizers and boost agricul-
tural production [71]. Biofertilizer function as a major
contributor to sustainable farming by helping plants
solubilize insoluble nutrients to improve soil fertility,
offering protection against diseases and drought, and
increasing plant tolerance and hence crop production
[7].

In addition, biofertilizers contribute to mitigat-
ing the occurrence of soil-borne and crop diseases as
they considerably improve the community of beneficial
microbes in the soil ecology. These beneficial microor-
ganisms including bacteria, archaea, and fungi effec-
tively suppress pathogenic organisms by influencing
them in many ways like competition of nutrients and
niche space, producing antimicrobial compounds and
by induction of systemic resistance in the plants [21].
Moreover, biofertilizers make the soil unfriendly to the
pathogens even when they are in the soil thus resulting
in healthier plants with increased resistance to diseases
due to the presence of the beneficial microbial commu-
nity [28, 33].

Over time, fertilization systems have been proven to
significantly impact the soil functional genes by alter-
ing the composition of the microbial community and
their associated functions involved in the cycling of
nutrients which in turn affects the soil health and crop
productivity. The traditional chemical fertilizers have
been demonstrated to interfere with the microbial
diversity and associated nutrient turnover process of
genes [41]. Conversely, biofertilizers have been found
to be a potential sustainable solution that can boost the
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diversity of beneficial microbes, functional expression
of genes to facilitate nutrient release, and soil fertility
[45, 46, 100].

Profiling the microbial community organization and
diversity related to A. ampeloprasum’s rhizosphere under
different fertilization systems using a shotgun sequencing
approach is an essential milestone in comprehending the
complex impacts of agro-chemical fertilizers as well as
biofertilizer on microbial ecosystems which carry out an
essential task regarding the health of plants, sustainable
agriculture and fertility of soil.

The rhizosphere itself is a home to a vast array of
microorganisms, both culturable as well as unculturable
[88]. Many of these core microbiomes are recognized
for their tasks regarding the growth and health of plants.
Understanding these core microbiomes is important in
developing methods to improve the crop’s resilience and
yield [1].

Additionally, the applications of biofertilizers will
ensure the long-term fertility, crop productivity of the
soil and also contributes to a significant decrease in the
use of chemical or synthetic fertilizers [58].

Among the various fertilization methods utilized in
agriculture, the treatment of plants with organic ferti-
lizers (biofertilizers) are recognized for enhancing and
boosting the diversity of microorganisms and the com-
munity structure within agricultural lands. Supporting
this, a metagenomics study on the impact of inorganic
and organic amendments on the community of micro-
organisms in the microenvironments of maize dem-
onstrated that the communities of microorganisms
(including archaea, fungi, and bacteria) were consider-
ably higher in soil treated with compost manure and
different from those amended with higher amounts of
synthetic fertilizers [42]. Furthermore, the addition of
compost manure to the rhizosphere soil produced the
highest levels of bacterial, archaeal, and fungal diver-
sity and richness. This is in line with the results of Ma
et al. [82], who demonstrated that organic fertilizers
(T40, T100) enhanced the proportion of helpful micro-
organisms in the garlic rhizosphere and promoted plant
growth and nutrient cycling. They also emphasized that
the application of biological fertilizers boosted the intri-
cacy of communications and cooccurrences among soil
bacteria and archaea, fostering competitive relationships
between bacterial populations, as illustrated through net-
work analysis. Additionally, in contrast to chemical fer-
tilizers, organic fertilizers raised the populations of soil
microbiomes and nutrients (carbon and nitrogen), stabi-
lize pH levels, and enhanced garlic yield.

Supporting these findings, Zhao et al. [128] show that
using metagenomics sequencing, Arbuscular mycorrhi-
zal fungi (AMF) introduction significantly shaped the
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structure, diversity, as well as versatility of the commu-
nity of microorganisms within the soil derived from Iris
tectorum rhizosphere. The community of microorgan-
isms was significantly richer and more abundant in the
treatment group that was inoculated with AMFE.

Similarly, in an experiment to investigate the effect
of biofertilizers on crop performance, Ajilogba et al. [8]
reported that Bambara groundnut (Vigna subterranean)
plants treated with rhizobacteria isolated from their
rhizosphere produced up to twice as many seeds per
plant compared to untreated controls. The Bacillus spp.
enhanced nutrient availability and uptake by promot-
ing nitrogen fixation, synthesizing growth-promoting
compounds such as indo-3-acetic acid (IAA) and other
phytohormones, as well as facilitating phosphate solubi-
lization thereby resulting in improved plant growth and
productivity under field conditions.

However, it is important to note that many micro-
organisms remain unculturable under standard labo-
ratory conditions, which restricts our insight into the
entire scope of microbial diversity. This is where shot-
gun sequencing comes into play [15, 74], as it allows
researchers to profile both culturable and unculturable
microbes, providing a holistic view of the rhizosphere’s
microbiome [14, 16]. While previous studies have relied
on microscopic observation and 16S rRNA sequencing
to identify microorganisms from the rhizosphere crops,
these approaches are solely meant for certain groups of
microbes, and none of them can contribute a detailed
overview of the community structure and the diversity of
the total microbial population within the soil specimen.
This highlights the need for more advanced techniques
like shotgun sequencing to provide comprehensive infor-
mation about the microbial diversity and the community
structures within the soil samples [14, 16]. However, the
consequences of chemical fertilizer as well as biofertilizer
treatment on enriching the diversity of microorganisms
and community structure of A. ampeloprasum rhizos-
phere particularly in a semi-arid environment are still not
completely understood. Thus, the goal of this investiga-
tion is to profile the microbial diversity and rhizosphere-
related community structure for A. ampeloprasum under
different fertilization using a shotgun metagenomics
sequencing.

We hypothesized that the integration of synthetic
as well as biofertilizer would possibly alter the diver-
sity as well as the structure of the rhizosphere commu-
nity of microorganisms. We expect that this alteration
will vary depending on the composition and the variety
of fertilizer employed, and that these shifts in microbial
diversity will influence A. ampeloprasum’s growth. To
confirm this hypothesis and learn more about the rela-
tionship between various fertilization systems and the
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growth of A. ampeloprasum plant, we conducted a shot-
gun metagenomics sequencing to examine the influence
of biofertilizer and chemical fertilizers on the taxonomic
abundance, diversity, and structure of A. ampeloprasum
rhizosphere microbiomes. We also sought to ascertain
whether the rhizosphere’s diversity and structure of the
microbial community varied amongst the fertilizer plots
compared to the bulk soil, providing an understanding of
the specific impacts of each treatment on the dynamics of
the soil community of microorganisms.

Experimental procedures and materials

Research location and soil collection protocols

Samples of rhizosphere soil were sourced from Rosaly
Farm (26°06’10.7"S, 27°34’41.8"E), located in the Gaut-
eng Province of South Africa. The farm covers an area
of 15,000 m? and is divided into three plots (each plot
is 20 m apart from the other). The first plot was treated
with chemical fertilizer (G1), while the second plot was
treated with biofertilizer (G2), and the third plot, called
the bulk soil (G3), received no treatment. The sampling
site is characterized by an average temperature of 22 °C,
yearly rainfall of 794 mm, and pH values that are slightly
alkaline, ranging from 7.21 to 7.33 (Table 1 and Supple-
mentary Table S1). The sand content ranged from 77.50
to 79% with minimal variation and a moderate clay con-
tent. Samples of rhizosphere soil were obtained on day 57
after sowing during the bolting stage from A. ampelopra-
sum rhizosphere (15 mm depth) under different fertiliza-
tion systems (chemical fertilizer and biofertilizer), along
with uncultivated bulk soil were collected in four repli-
cates each: L1, L2, L3, and L4 for G1; L9, L10, L11, and
L12 for G2; and LB1, LB2, LB3, and LB4 for G3, produc-
ing 12 samples in total. To eliminate the risk of contami-
nation by fertilizer impacts and root secretions, bulk soil
was obtained from an uncultivated plot sited 20 m away
from the fertilizer plots. Samples of soils collected were
conveyed in an ice box into the laboratory and preserved
for subsequent use. The samples were arranged sepa-
rately, sifted, and later preserved in sealable containers at
4°C.

The farm (Plot A) holds a history of chemical ferti-
lizer application, consisting of 150 g of calcium nitrate
(Ca (NOs),), 120 g of ammonium sulfate ((NH,),SO,),
200 g of potassium nitrate (KNOj3), 150 g of magnesium
nitrate (Mg (NOs),), 150 g of potassium sulfate (K,SO,)
and 100 g of N: P: K (5:1:5) per square meter (g/m?)
applied. Plot B has a record of using 0.56 g of terramax,
a natural organic extract comprising a variety of plant
growth-enhancing rhizobacteria (PGPRs); 0.82 liter of
humesoil, an organic formulation blended with care-
fully selected organic materials, derived from plants and
trees; and 0.494 ml of soluphos, a phosphate-solubilizing
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Table 1 Properties of the soil in A. ampeloprasum rhizosphere

and bulk soils

Physicochemical SamplesID
values
G1 G2 G3

pH 7.33+£7.34° 7.21+£0.03° 7.26+0.03°
P (mg/kg) 208.75+875* 230.25+10.17° 222.00+8.50°
K (mg/kg) 173254049 2174086 21154065
Ca (mg/kg) 94225+0.99* 927.75+0.87° 897.75+091°
Mg (mg/kg) 13575+0.87° 128.25+0.23° 129.5+0.26%
Na (mg/kg) 1.5+0.05° 2+0.10° 1.25+0.10°
N-NO; (mg/kg) 4174114 886+1.13° 559+081°
N-NH, (mg/kg) 1.33+0.10° 1.72+0.12° 143+0.16°
Total N (mg/kg) 417.50+10.08" 479.50+23.01° 414.75+3225%
Sand (%) 79.00+0° 78.75+1.03° 77.50+0.65°
Silt (%) 8.25+1.10° 8.25+0.25° 7.75+048°
Clay (%) 12.75+1.10° 13.00+1.08° 14.75+0.75°
C (%) 0.53+0.01° 0.60+0.04° 0.52+0.04°
S—value 6.28+0.19° 6.26+0.23° 6.11+0.20°
Moisture content 6.28+1.34° 6.07+1.01° 515+048°

Mean and standard errors (n =4); means were significantly distinct (p <0.05)
concerning t-test. G1 =Rhizosphere soil from A. ampeloprasum crop from
chemical fertilizer plot; G2 = Rhizosphere soil from A. ampeloprasum crop from
biofertilizer plot; G3 =Bulk soil samples from uncultivated soil as control. Means
whose letters are identical are not significantly different from one another

microbial inoculant in organic powder form that con-
tains Pseudomonas putida, Bacillus licheniformis at
4.8x10° CFU/g, and microbial food, being applied per
square meter (/m?) as biofertilizers. Chemical fertilizers
and biofertilizers were applied to assess their impacts
on soil microbial composition, diversity and structure as
well as plant growth in comparison to uncultivated bulk
soils used as the controls.

Evaluation of soil chemical and physical features

Soil parameter analysis of A. ampeloprasum rhizosphere

and bulk soils

Each sample’s soil parameters were analyzed indepen-
dently within 14 days of the sample collection. For phys-
icochemical examination, 20 g samples of the soil were
crushed, air dried, and well mixed, followed by sifting
with a 2 mm screen mesh to separate solids and debris
[39]. The size of the soil particles was analyzed with a
hydrometer [86]. The soil's pH was assessed through a
pH meter with 1:2.5 soil in distilled water [17], and total
nitrogen was determined as described by [78]. At pH
7.0 with ammonium acetate (1 M) technique, exchange-
able sodium (Na), potassium (K), magnesium (Mg), and
calcium (Ca) were evaluated following extraction. To
measure the exchangeable potassium ion (K*), a flame
photometer was employed, while exchangeable Ca**
and Mgt were measured via an atomic absorption
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spectrophotometer (AAS) [106]. Using spectropho-
tometry, obtainable phosphorus (P) was evaluated, and
organic carbon was estimated via the Walkley Black pro-
tocol [27]. Available NO;™ and soil exchangeable NH,*
were evaluated using the protocol by [52]. The silt, clay,
and sand percentage proportions were calculated via
methods outlined by Mozaffari et al. [87].

Metagenomic DNA extraction and shotgun sequencing
Following the instructions on the DNeasy® PowerSoil
Pro Kit (Qiagen, Germany), 20 g of soil samples from
each plot were employed to mine the DNA. The mined
DNA from every sample was then sequenced via the Illu-
mina NovaSeq X Plus (PE 150) platform. Using a Covaris
disruptor, DNA was fragmented to approximately 350 bp
to prepare the library, after which end repair, PCR ampli-
fication, and adapter ligation were performed. AATI
analysis was used to confirm the insert size of the library,
and Q-PCR confirmed concentrations greater than 3 nM.
Pooling and sequencing of verified quality libraries were
carried out with the help of the PE150 advancement
technique. Pre-processing of data was achieved through
Fastp [23] to erase adapters and reads of low-quality, and
Bowtie2 [72] was employed to get rid of host impurities.
MEGAHIT [75] used the meta-large preset to compile
the clean reads, and scafftigs were made by discarding
scaffolds with “N” junctions [73].

Prediction of ORF was executed via MetaGeneMark
[84], and sequences below 100 nt were discarded. CD-
HIT was employed to discard excessive ORFs, leading to
a non-redundant or unique gene database [26]. Mapping
of clean data was carried out on this database through
Bowtie2, and genes with read counts <2 were discarded
for subsequent examination [125]. The abundance of
genes was estimated according to the gene length and
read counts [110]. DIAMOND (https://github.com/
bbuchfink/diamond/) [19] aligned unigenes sequences
to the Micro_NR database which comprises of sequences
from viruses, archaea, bacteria, and fungi retrieved from
NCBI’s NR database (https://www.ncbi.nlm.nih.gov/) and
the alignment was carried out with the use of the blastp
algorithm, with a parameter settings le-5 [67] as well
as KEGG database (http://www.kegg.jp/kegg/) [63, 64]
for functional annotation likewise PHI database (http://
www.phi-base.org/index.jsp) for diseases incidence
estimation.

Species identification was allocated through the LCA
algorithm adopted for systematic taxonomy in the
MEGAN program software (https://en.wikipedia.org/
wiki/Lowest_common_ancestor) which was applied to
determine the species-level annotation information of
the sequence [48, 57, 76]. From the outputs of the LCA
annotation and gene abundance table, the abundance of
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each sample in each taxonomy (kingdom, phylum, class,
order, family, genus or species) and the respective gene
abundance tables were obtained. The abundance of a
species in a sample is the sum of the abundance of those
genes annotated as that species [66].

Based on the abundance tables at each taxonomy
level, a relative abundance summary, and an abundance
clustering heatmap were generated (R ade4 package).
Species variations among groups were sorted for by
employing MetaGenomeSeq and LEfSe analysis. Per-
mutation test between groups of each taxonomic level
were conducted using MetaGenomeSeq analysis with a
p-value. LEfSe analysis was carried out using LEfSe soft-
ware (LDA score is 4 by default) [101]. Relative abun-
dance was estimated through the R ade4 package [99]
and illustrated with the use of Excel [122]. Diversity indi-
ces were estimated through the “vegan” R package [90],
and ANOSIM was employed to estimate group variances.

Similarly, selection of species by gradient at species
level was executed through the Random Forest analysis
with the assistance of R pROC and randomForest pack-
ages [18] and a random forest model was constructed.
Species that are of significance value were filtered out
by MeanDecreaseGin and, MeanDecreaseAccuracy and
then rotation estimation (predefined tenfold) is carried
out for all the model, and the ROC curves were drawn.

Statistical analyses

Physicochemical parameter differences were determined
by comparing means via a one-way analysis of variance
(ANOVA) and applying Tukey’s pairwise comparison
test at the significance level (p<0.05). The Pielou Chaol,
Shannon, and evenness diversity indices were assessed
for each sample, and the results were compared between
habitats using the Kruskal-Wallis test with R package
software.

A one-way analysis of similarities (ANOSIM) with 999
permutations was utilized to look for differences in the
community composition between the sample groups,
and a principal coordinate analysis (PCoA) based on an
Euclidean distance matrix was utilized to show the beta
diversity [111]. The distribution of the microbial commu-
nities among the fertilizer plots and bulk soil samples was
demonstrated through a principal component analysis
(PCA) built on a Euclidean distance matrix.

To evaluate the parameters of the environment that
best decipher bacterial diversity and structure, we per-
formed redundancy analysis (RDA), and for validation
as well as a significance test, the Monte Carlo permuta-
tion test, making use of 999 random permutations, was
employed. All the parameters of the environment item-
ized in Table 1 were integrated in the RDA as illustrative
factors. The Bray—Curtis dissimilarities matrix based on
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principal coordinate analysis (PCOA) was used to dem-
onstrate how the assessed phyla were distributed across
the various sites. The RDA, PCoA as well and PCA
graphs were represented via CANOCO (version 5.0). In
the NCBI-SRA database, the quality-filtered sequences
are openly found and accessible under accession numbers
SRP537120, SRP537121, and SRP537188.

Results

Physicochemical parameters analysis of soil

The analysis of the soil’s physicochemical characteristics
uncovered that the nitrate nitrogen (N-NO,) is signifi-
cantly (p<0.05) higher in soil samples from biofertilizer
plots and the bulk than in the chemical fertilizer plot soil
samples, while other physicochemical parameters did not
differ significantly across the soil samples.

Data sets for shotgun sequencing

After quality control evaluation, the average total
sequence reads observed are 208,417,669.8 bp for the
chemical fertilizer plot soil portions (G1) with a 65%
of GC content, 215,776,116.5 bp for the biofertilizer
plot soil portions (G2) with a 64% of GC content and
202,458,310.5 bp for bulk plot soil portions (G3) with
a 64% of GC content. After quality filtering, sequence
reads of acceptable quality with known protein functions
amounted to 133,303,941 for chemical fertiliser plot sam-
ples (G1), 136,025,263 for the biofertilizer plot samples
(G2), and 127,163,254 for bulk plot samples(G3) (Supple-
mentary Table 2).

Analysis of the structural composition of the microbial
community

Distribution of major microbiome phyla across A.
ampeloprasum rhizosphere soil under fertilization and bulk
soil

The sequence data for the 12 Allium ampeloprasum
rhizosphere soils under chemical fertilizer (G1), bioferti-
lizer (G2) treatments, and bulk soil (G3) samples are pro-
vided in Table S2.

Analysis of the metagenomics data revealed a total of 35
phyla across the A. ampeloprasum rhizosphere acquired
from G1, G2 and G3. The rhizosphere soil samples of
A. ampeloprasum crop from the chemical fertilizer plot
(G1) were dominated by Actinomycetota, Pseudomon-
adota, Acidobacteriota, Chloroflexota, Gemmatimon-
adota, Myxococcota, and Nitrososphaerota. However,
rhizosphere soils of A. ampeloprasum crop from biofer-
tilizer plot (G2) were dominated by Actinomycetota,
Pseudomonadota,  Acidobacteriota,  Chloroflexota,
Myxococcota, Bacteroidota, Verrucomicrobiota, Nitros-
osphaerota, and Gemmatimonadota. Moreover, samples
from bulk soil reveal a relative microbial abundance of
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the phyla Actinomycetota, Pseudomonadota, Acido-
bacteriota, Chloroflexota, Myxococcota, Gemmatimon-
adota, and Nitrososphaerota (Fig. 1 and supplementary
Table 3). The only fungal phylum identified, namely
Ascomycota, was identified across the plots (Supplemen-
tary Table S3). A PCA plot with axes 1 and 2 explaning
93.81% as well as 6.19% of the differences respectively,
was employed to illustrate the phyla distribution amongst
the bulk soil samples as well as the A. ampeloprasum
rhizosphere (Fig. 2). The PCA’s vector length reveals
which phylum dominates each group of soil samples (i.e.,
the phylum with the lengthiest PCA vector length) and
how dominant each group is. Using this as an indication,
it demonstrates for instance that phyla Planctomycetota,
Candidatus Eisenbacteria, Candidatus Aminicenantes,
Candidatus Tectomicrobia, Ignavibacteriota, Arma-
timonadota, Candidatus Latescibacterota, Cyanobac-
teriota, Calditrichota, Acidobacteriota Nitrospinota,
Gemmatimonadota and Rhodothermota and candidate
division NC10 (unclassified) predominated chemical fer-
tilizer plot (G1), phyla Spirochaetota, Uroviricota, Myxo-
coccota, Bdellovibrionota, Bacteroidota, Ascomycota and
Verrucomicrobiota predominated biofertilizer plot (G2)
while Nitrososphaerota, Fibrobacterota, Euryarchae-
ota, Actinomycetota and Candidatus Dormiibacterota
predominated the bulk soil samples. A. ampeloprasum
rhizosphere soils (G1 & G2) and the bulk soil (G3) micro-
biomes are separated along the two principal compo-
nents, meaning that there is a significant difference
between these groups based on their microbial diversity
or community composition structure.

Furthermore, the PCA plot (Fig. 3) revealed the distri-
bution of disease incidence within the rhizosphere soils
and bulk soil samples based on the level 1 of the PHI-
coefficient (which corresponds to disease incidence),
explaining a total variation of 83.59%. The direction and
length of the vectors indicate the distribution of the dis-
eases incidence as influenced by the soil samples. Using
this as a guide, blast, fire blight, bacterial speck, black rot
and bacterial wilt were prevalent in the chemical ferti-
lizer-treated soil, followed by the bulk soil samples where
canker, soft rot, fusarium ear blight, and fusarium head
blight were prevalent. However, the biofertilizer-treated
soil (G2) shows the lowest diseases incidence with only
bacterial leaf blight as the dominant disease but the vari-
ation found across the sites is not significantly different
(P>0.05) across fertilization plots (Fig. 3 and Supple-
mentary Table 6). Although the PCA revealed a relatively
lower incidence of diseases in group G2 compared to
groups G1 and G3, an ANOSIM of level 1 was performed
to determine the dissimilarities in the pattern of disease
incidence among the groups. The ANOSIM R statistic
was 0.062, with a related p-value of 0.241. The R value
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Fig. 1 Heatmap showing the main phyla of the communities of the soil microbiome connected to the bulk soil samples and the rhizosphere
of the A. ampeloprasum plant. The bars indicate the color intensity gradient employing the relative abundances with a z-score. G1 (Samples
of rhizosphere soil from a chemical fertilizer plot); G2 (rhizosphere soil samples from biofertilizer plot); and G3 (Bulk soil samples from uncultivated

soils)

depicts a low level of separation between the groups con-
sidering the incidence profiles of diseases.

Structural composition of the microbial community across A.
ampeloprasum rhizosphere soil samples under fertilization
and bulk soil

The relative abundance of Pseudomonadota
(16.08%) and Bacteroidota (2.47%) in the bioferti-
lizer plot (G2) at the phylum level were greater than

Pseudomonadota (G1=15.27 and G3=14.02%) and
Bacteroidota (G1=0.40% G3=0.35%) in the chemi-
cal fertilizer plot (G1) and bulk plot (G3) respectively.
While Actinobacteria (43.95%) and Chloroflexota
(8.14%) from bulk soil samples were higher than Act-
inobacteria (42.67% and 42.32%) and Chloroflexota
(8.02% and 6.93%) in the chemical fertilizer plot (G1)
and bulk soil plot (G3) respectively (Fig. 1 and Supple-
mentary Table S3).



Shittu et al. Environmental Microbiome (2025) 20:126 Page 8 of 23
O. 4
—
Planctomycstota
G1
Ascomycota
Psettidomonadota
. L .
Arma(f‘lanl)l(()irl!%?itol{gl atesc.lbacter.ota
Candidatus Tectomidrobia Hmavibacteriota
Candidatus Eisenbac‘eriaca aths Aminicenantes
Calditrichpta {Y2REDACTRtS
Gemmatimonaddta <y .\\\\
ARSI
“andidatus Rokuibacteriota See— =\ Bacteroidota
candidate division NC1)- ———— DBdellovibriongte icrobiot
CthI’Oﬂe}itl Myxocccota(rmcomlcm iota
X I
8’ Thermomicrobiota Uroviricota
-
8 Spirochaetota
AN
2 Euryarchaeots
Zandidatds Dormiibacterota
Actinomycetot3
Fibrobacterota G
o .
. Nitrososphaerota .
| Bacillota Thermoproteota

1.0

PCA 1 (93.81%)

1.0

Fig. 2 PCA graph illustrating the typical phyla of the soil microbial community. The strength of influence of microbial metagenomes is depicted
by the vector arrow. Axis 1 (93.81%) and Axis 2 (6.19%) illustrate the variation through the Bray—Curtis dissimilarity matrix. G1 (Samples
of rhizosphere soil from a chemical fertilizer plot); G2 (Rhizosphere soil samples from biofertilizer plot); and G3 (Bulk soil samples from uncultivated

soils)

The relative abundances of Spirosomataceae (1.78%),
Verrucomicrobiaceae  (1.62%),  Streptomycetaceae
(2.26%), Kofleriaceae (0.93%), Polyangiaceae (0.95%),
Intrasporangiaceae (2.27%), Microbacteriaceae (2.09%),
Comamonadaceae (0.97%), Xanthomonadaceae
(0.83%), Archangiaceae (0.60%), Geodermatophilaceae
(1.05%), Nitrobacteraceae (1.10%), Devosiaceae (0.33%),
and Chitinophagaceae (0.20%) in soil samples from
biofertilizer plot (G2) at the family level were greater
than those of Spirosomataceae (0.01% and 0.01%),
Verrucomicrobiaceae (0.05% and 0.03%), Streptomy-
cetaceae (0.88% and 0.67%), Kofleriaceae (0.02% and
0.02%), Polyangiaceae (0.07% and 0.07%), Intrasporan-
giaceae (2.25% and 2.18%), Microbacteriaceae (1.39%
and 0.94%), Comamonadaceae (0.29% and 0.21%),
Xanthomonadaceae (0.21% and 0.13%), Archangiaceae
(0.15% and 0.19%), Geodermatophilaceae (0.93% and
0.96%), Nitrobacteraceae (0.87% and 0.99%), Devosi-
aceae (0.04% and 0.03%), and Chitinophagaceae (0.09%

and 0.08%) in soil samples from chemical fertilizer
plot (G1) and bulk soil plot (G3) respectively. On the
other hand, the relative abundances of Nocardioidaceae
(14.58%), Solirubrobacteraceae (3.18%), and Gaiel-
laceae (2.05%) from bulk soil samples were higher than
Nocardioidaceae (12.97% and 13.81%), Solirubrobacte-
raceae (2.92% and 2.75%) and Gaiellaceae (1.79% and
1.84%) in soil samples from chemical fertilizer plot (G1)
and biofertilizer plot (G2) respectively (Fig. 4 and Sup-
plementary Table S4). At the genus level, Dyadobac-
ter (1.68%), Verrucomicrobium (1.12%), Streptomyces
(1.63%), Pseudoxanthomonas (0.59%) and Variovorax
(0.58%) were more abundant in the soil samples from
biofertilizer plots than Dyadobacter (0.00% and 0.00%),
Verrucomicrobium (0.01% and 0.00%), Streptomyces
(0.67% and 0.57%), Pseudoxanthomonas (0.07% and
0.03%) and Variovorax (0.08% and 0.05%). On the other
hand, Nocardioides (12.72%), Solirubrobacter (2.59%),
Gaiella (1.59%) and Nitrosocosmicus (0.86%) relative
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Fig. 3 PCA graph illustrating the diseases incidence across the soil samples. The distribution of diseases incidence is depicted by the vector
arrow. Axis 1 (83.59%) and Axis 2 (16.41%) illustrate the variation through the Bray—Curtis dissimilarity matrix. G1 (Samples of rhizosphere soil
from a chemical fertilizer plot); G2 (Rhizosphere soil samples from biofertilizer plot); and G3 (Bulk soil samples from uncultivated soils)

abundances in soil samples from bulk plot (G3) were
higher than Nocardioides (11.39% and 11.94%), Soliru-
brobacter (2.41% and 2.28%), Gaiella (1.40% and 1.47%)
and Nitrosocosmicus (0.66% and 0.77%) in the soil sam-
ples from chemical fertilizer plot (G1) and bioferti-
lizer plot (G2) respectively (Fig. 5 and Supplementary
Table S5).

Diversity estimation of microbial populations obtained

from A. ampeloprasum rhizosphere soils and bulk soils

The Chao 1, Shannon, and evenness indices (alpha diver-
sity indicators) at the genus, family, and phylum levels fell
into the same range. For each sample (Table 2), there was
no significant variation (Kruskal-Wallis p>0.05). Addi-
tionally, the beta diversity study utilizing one-way ANO-
SIM did not reveal any significant difference (p=0.19).
The PCoA plot (Fig. 6) showed that the beta diversity
analysis’s R value of 0.21 suggested a moderate connec-
tion between the samples. There was no clear clustering
observed within the environments under investigation,

according to the principal coordinate analysis that was
performed to estimate and analyze the samples.

Influence of environmental factors on microbial
communities

The redundancy assessment was employed to assess
the relationship between the relative abundances
within microbiome genera and the soil physicochemi-
cal characteristics that were considered (Table 1).
For the RDA plot (Fig. 7), all soil parameters listed
in Table 1 were utilized. Results from the RDA dem-
onstrated that, with an RDA pseudoconical correla-
tion of 1.0, the physicochemical characteristics of the
soil most likely affect the makeup of microbial genus
communities. The vector length of magnesium (Mg)
and pH was positively correlated with Arthrobac-
ter, Arthrobacter, Terrabacter, Rubrobacter, Sphingo-
monas and Pseudomonas and the length of the vector
for nitrate (N-NO;), carbon (C), ammonium (N-NH,)
and total nitrogen (total-N) was found to be positively
correlated with Roseimicrobium, Pseudoxanthomonas,
Streptomyces, Variovorax, Devosia, Verrucomicrobium,
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Fig. 4 Heatmap showing the main families of soil microbial communities associated with the bulk soil samples and the rhizosphere of the A.
ampeloprasum plant. G1 (Samples of rhizosphere soil samples from a chemical fertilizer plot); G2 (Rhizosphere soil samples from biofertilizer plot);

and G3 (Bulk soil samples from uncultivated soils)

Blastococcus, Polyangium, Dyadobacter, Sorangium,
Minicystis, Haliangium and Cystobacter. Moreover,
there was a positive correlation of the clay’s vector
length with Solirubrobacter, Microvirga, Nocardioides,
and Methyloceanibacter abundances (Fig. 7). The

variables of the environment that clearly depict the
variances in the microorganism structure of the soil
samples were identified by applying the Monte Carlo
permutation test with 999 random permutations and
forward selection of environmental parameters. Total
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Fig.5 Heatmap showing the main genera of the community of the soil microbiome related to the bulk soil samples and the rhizosphere of the A.
ampeloprasum plant. G1 (Samples of rhizosphere soil from a chemical fertilizer plot); G2 (Rhizosphere soil samples from biofertilizer plot); and G3

(Bulk soil samples from uncultivated soils)

nitrogen (Total N) significantly contributed 90.2% of
the total variation (p-value=0.17), as shown in Table 3
(Figs. 8 and 9).

Distribution of microbial functional traits supporting plant
resilience and growth across the rhizosphere soil of A.
ampeloprasum and uncultivated bulk soil samples
Metagenomic analyses of A. ampeloprasum rhizos-
phere and bulk soil samples revealed that they are rich
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Table 2 Distribution of the means of the major microbiome
phyla, families, and genera across the sites using the Chao1 and
Shannon indices

Levels Alpha G1 G2 G3 p-value
diversity
Indices

Phylum Chao 1 171.75 174.58 1759 0.53
Evenness 0.720 0.721 0.716
Shannon 257 2.59 257

Family Chao 1 750.55 770.68 759.77 0.16
Evenness 0.908 0.904 0.886
Shannon 5.0 4.8 4.8

Genus Chao 1 2774.22 2835.00 277682 0.9
Evenness 0913 0914 0.893
Shannon 5.80 5.68 561

in microbial functional traits related to stress tolerance,
nutrient acquisition, plant growth promotion, cell struc-
ture and biofilm formation (Fig. 8 and Supplementary
Table 7). These genes were identified from all the soil
samples and highlight the potential of microbial commu-
nity’s functions in promoting plant growth and wellbe-
ing. The chemical fertilizer plot (G1) is characterized by
high abundance of functional genes such as aqpZ, betA,
betB, betT, desA, murC, nhaA, nhaB, nifU, prx while the
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biofertilizer plot (G2) is characterized by a high preva-
lence of microbial gene like gpx, gumD, kup, nifQ, proB,
phzG, phzD, fepA, wza and ppsr. In the same vein, the
bulk soil samples were enriched with genes like desB,
murA, otsB, proA, proC, amoB, and rpoS. The gene abun-
dance of most of the genes under consideration do not
vary significantly between the soil samples. Nevertheless,
there were some genes, namely, gpx and prx, were signifi-
cantly different between the soil samples under treatment
(Fig. 8 and Supplementary Table 7). The results from
the permutational multivariat analysis of variance (PER-
MANOVA) indicated modest variations in microbial
functional traits profiles between the A.ampeloprasum
rhizosphere soil and bulk soil samples (Supplementary
Table S8). The alpha diversity indices (Chaol, evenness
and shannon) (Fig. 10 and Supplementary Table 9) indi-
cate that biofertilizer plot (G2) is inclined to have high
richness and diversity values. Nonetheless, the evenness
is comparable among groups, and this shows similar uni-
formity in the abundance distributions of species.

Discussion

Conventional soil management practices in agricultural
production, particularly those dependent on chemi-
cal fertilizers, have been proven to impair soil health
and sabotage the diversity of soil microbial commu-
nities, thereby undermining long-term agricultural
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of the samples

Table 3 Factors of the environment that best describe the
diversity of microorganisms

Soil factors  Explains (%) Contribution (%) pseudo-F P
Total N 90.20 90.20 9.2 0.17
C 9.80 9.80 <0.1 1.00

sustainability. In light of this, biofertilizer application is
increasingly being embraced as a sustainable alternative
to mitigate the detrimental effects of chemical fertilizers
and promote agricultural sustainability.

Specifically, considerable efforts have been made with
the application of shotgun metagenomics sequencing
techniques to extensively profile the diversity and struc-
ture of the community of micro organisms in the bulk
and A. ampeloprasum rhizosphere soils treated with
biofertilizers (BF) and chemical fertilizers (CF), as soil
microbial community and diversity are essential markers
of soil health [115].

Our metagenome analysis revealed that the phyla Aci-
dobacteriota, Gemmatimonadota, Planctomycetota,
and Nitrospirota were dominant in the chemical ferti-
lizer plot (G1), whereas Pseudomonadota, Myxococ-
cota, Bacteroidota, and Verrucomicrobiota were the
main bacterial phyla that were predominant and dis-
tinct in the biofertilizer plot (G2), and Actinomycetota,
Chloroflexota, Nitrososphaerota, Bacillota, and Ther-
momicrobiota were dominant in the bulk soil samples
(G3) (Fig. 1 and Supplementary Table S3). The majority
of the microbial phyla identified have been previously
documented, and their immense roles in improving soil
health and functioning, as well as promoting the develop-
ment and growth of host crops such as barley [41] and
maize [10, 34] have been recognized. Differences in the
abundance of bacterial phyla across the fertilization plots
particularly those with high prevalence in G2, indicate
that biofertlizers may serve as effective and sustainable
options for enhancing soil microbial diversity and rich-
ness. This approach supports improves crop yield, sup-
presses plant diseases, and promotes overall biological
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Fig. 8 Heatmap showing the abundance of functional genes related to the bulk soil samples and the rhizosphere of A. ampeloprasum plants

health of the soil in an environmentally friendly manner
[77]. At the genus level, Pseudomonas, Sphingomonas,
Arthrobacter, Nitrospira, and Rubrobacter dominated the
G1 plot, while Dyadobacter, Verrucomicrobium, Strepto-
myces, Haliangium, Pseudoxanthomonas, and Variovorax
were dominant in the G2 plot. However, Nocardioides,
Solirubrobacter, Gaiella, and Nitrosocosmicus were domi-
nant in G3 plot (Fig. 5 and Supplementary Table S5).
The majority of the identified bacterial genera have ear-
lier been proven to positively enhance plant growth as
phosphate solubilizers (Arthrobacter and Streptomyces)
[112, 114], atmospheric nitrogen fixers and biocontrol
agents (Pseudomonas, Sphingomonas, and Streptomyces)
[61, 119, 121], indole-3-acetic producers (IAA) (Sphin-
gomonas) [79]. Some have also been reported to exhibit
ACC deaminase activity (Variovorax and Sphingomonas)
[2, 44], are siderophore producers (Pseudomonas, Arthro-
bacter, and Streptomyces) [83], and antibiotic producers
(Streptomyces) [98].

The majority of the microbial phyla found to be abun-
dant in the biofertilizer plot (G2) have previously been
reported to exhibit drought resistance in arid or semi-arid

conditions, including Pseudomonadota, [47], Verrucomi-
crobiota (Guevara-Hernandez et al., 2024), Myxococcota
[59], and Bacteroidota [105]; It is well known that these
bacteria improve the efficiency of water uptake in soils
under drought stress. This is attributed to their biofilms
formation and root colonization, which improve the
rhizosphere’s accessibility to nutrients like phosphorus
and nitrogen [65]. These microbiomes also assist plants
sustain cellular water balance amid drought conditions by
producing osmoprotectants, which stabilize membranes
and proteins and protect plant cells from oxidative stress
and dehydration [96]. However, collaborative interactions
between various microbial species, can help plants cope
with drought. Fungi and bacteria, for example, can form
symbiotic relationships in which fungi improve nutrient
uptake and water absorption while the bacteria fix nitro-
gen [70].

The application of the shotgun metagenomics sequenc-
ing approach provided a comprehensive insight into the
dominant archaeal and fungal taxa present in the rhizo-
sphere of Allium ampeloprasum under different fertiliza-
tion systems and in bulk soil. Three major archaeal phyla
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Fig. 9 Redundancy analysis exploring the relationships between soil microbial genera and functional gene profiles across the soil samples

Thermoproteota, Nitrososphaerota, and Euryarchaeota
were identified in our metagenome results (Fig. 1 and
Supplementary Table S3). These archaeal phyla have pre-
viously been recognized as a components of the microbi-
ome present in maize (Zea mays) rhizosphere of [34, 42]
and endophytes of Allium spp. [56]. Additionally, Asco-
mycota is the only fungal phylum found in this study, and
it was identified to be dominant in biofertilizer-treated
plot (G2) (Fig. 1 and Supplementary Table S3). Our find-
ings concur with those of previous investigations, which
also reported this phylum in the maize rhizosphere [34]
and also Atractylodes lancea [22, 25]. Numerous studies
have reported that the majority of the well-represented
group of fungi related with the microenvironments
of plants is Ascomycota [45, 46, 60]. The diversity of
this fungal phylum (Ascomycota) varied significantly
across the fertilization systems, and was relatively low
in chemical fertilizer-treated soil (G1). This may be a
result of chemical fertilizers which might have caused

an imbalance in soil nutrients [95], salinity problems
[50], or soil acidification [85]. The cumulative results of
these effects may eventually decrease the need for sym-
biotic processes and suppress mycorrhizal development
[97], which can lower fungal diversity, and thus directly
or indirectly limit fungal growth and colonization [126].
Moreover, the rhizosphere soils from CF plot (G1)
and the bulk soils (G3) all have low content of nitrates,
potassium, phosphorus, organic carbon and potas-
sium (Table 1) which could explain why there were few
or no phyla eukaryote. This was affirmed by Chen, Xu,
et al. [25], who demonstrated that fungal diversity and
community structure are severely impaired in soil with
reduced organic carbon thereby acting as a significant
constraint to the functioning of the fungal component
of soil ecosystems and Yang, Sun, et al. [120] who indi-
cated that decrease in the abundance and functional
role of fungal species are significantly tied to nutrients-
deficient soils. Specifically, the lack of essential nutrients
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Fig. 10 Alpha diversity indices of the functional genes across sample plots

like nitrogen and potassium causes the shifts in the
abundance of fungal diversity (including Ascomycota)
and their functional potentials. Similarly, Fu and He
[51] also revealed that the addition of mineral fertilizers
over a lengthy period led to decreased fungal diversity as
well as an increase in phytopathogens in comparison to
organic fertilizers. Moreover, a decrease in organic car-
bon deprives the fungi, especially Ascomycota, of the
energy and carbon resources they require, making them
less abundant and diverse in the soil. The Scarcity of
organic carbon limits fungal metabolism and fungal com-
munity complexity resulting in low fungal communities
[22, 25, 123].

Similarly, the high abundance of microbial communi-
ties in the biofertilizer-treated plot (G2) can be attrib-
uted to their diverse functional capabilities, including
fixing atmospheric nitrogen, solubilizing and mobiliz-
ing nutrients, producing plant growth promoting com-
pounds (such as phytohormones and siderophores),
improving soil physicochemical properties, produc-
ing root exudates, enhancing nutrient cycling, coloniz-
ing and persisting in the soil, and modulating microbial
communities towards beneficial taxa [44, 113]. Our find-
ings align with those of Wang et al. [113] and Enebe and
Babalola [42], who demonstrated that the application of
biofertilizer enhanced the microbial community struc-
ture in the maize rhizosphere, contributing to improved
plant growth and development. In other similar studies
where biofertilizers were combined with animal manure,
they were found to increase the bacterial diversity and
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community structure in the rhizosphere of Phoebe bour-
nei [117], lettuce [35] and maize [113].

Additionally, the higher diversity of microorganisms
in A. ampeloprasum rhizosphere soils from bioferti-
lizer plots (G2) could be related to the plants’ release of
various root exudates from plants due to application of
biofertilizer to the soil [36]. It has been well established
that the exudates of roots released by parent plants reg-
ulate and establish relationships that exist between soil
microorganisms and plant roots [6, 129]. These exu-
dates aid in the decomposition of the organic substrate
and provide rhizosphere microbes with a carbon source
needed to engage in a favorable symbiotic or mutualistic
associations with other beneficial microbes or partake
in a more advantageous root inhabitation [81, 104]. This
kind of underlying interaction frequently modifies the
soil’s characteristics and establishes the community of
rhizosphere microbial diversity and structure [102].

However, the analysis of our metagenome uncov-
ered functional genes composition which largely com-
prises stress tolerance genes such as aqpZ and otsB
(osmotic stress); betA, betB, and betT (osmotic and salt
stress); desA desB (temperature and oxidative stress);
gpx and prx (oxidative stress); nhaA and nhaB (salt and
alkaline stress); proA, proB, and proC (osmoprotect-
ant); and rpoS, treS, hsbA and spoVFB (general stress
response) (Fig. 8 and Supplementary Table 7). Genes
related to nutrients acquisition and metabolism functions
which include nifQ and nifU (nitrogen fixation accessory
proteins in nitrogen fixation); amoB (nitrification); fepA,
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kup, and feoA (siderophore, iron uptake and acquisition);
appA (phosphorus solubilization); and phzD and phzG
(micronutrient acquisition and microbial antagonism)
are also well represented. However, the genes murA,
murC, wza, etk, gumD, ppsR, rpoP, and trpB which are
crucial for the promotion of plant growth, microbial cell
wall synthesis, and biofilm formation, were also repre-
sented. Most of these genes have earlier been identified in
rhizosphere microbial communities of tomato [3], maize
[92], cereal crops [53], sunflower [4] as well as termite
mound soil [40]. These genes generally support bacterial
survival, stress resistance and metabolic functions which
are all critical for establishing and maintaining beneficial
relationships with plants to improve soil heal, quality and
growth.

The observed relationship between microbial func-
tional capacity and microbial diversity means that shifts
in microbial community composition and structure can
modulate the soil stability, ecosystem functions, fertility,
and health under different fertilization systems.

Different communities of rhizosphere microorganisms
(fungi, bacteria, and archaea) dominated each site, as
indicated by the PCA graph, accounting for 93.81% of the
variance observed in the soils from bulk and rhizosphere
samples (Fig. 2). The arrows from the vector illustrate
which phyla are most affected in the distribution, and the
positions of each microbial group reveal the composition
of sequences linked to their corresponding phyla. From
this perspective, it is feasible to determine which group
of microorganisms is more prevalent in each sample col-
lection location relative to the other soil samples (Fig. 1).

Similarly, the PCA plot (Fig. 3) which accounted for
83.59% of the total variation observed in the disease inci-
dence across the soil samples, shows which soil samples
exhibited the most diseases incidence. As shown by the
vector arrows in the PCA graph, the analysis revealed
that the chemical fertilizer-treated soil (G1) exhibited the
highest incidence of diseases, followed by the bulk soil
sample (G3), while the biofertilizer-treated soil (G2) sam-
ples show the lowest rate of disease incidence (Fig. 3 and
Supplementary Table 5).

The lowest of disease incidence exhibited by the biofer-
tilizer-treated soil (G2) could be linked to the combined
effects of beneficial species of microbes belonging to
phyla Actinomycetota, Pseudomonadota, Baccillota, and
Myxococcota. These bacteria do not only directly sup-
press soil-borne pathogens by the production of antibi-
otics, disease resistant genes, and competitive exclusion
but also stimulate plant defenses and improve soil micro-
bial structure, which fosters a disease-suppressive envi-
ronment when compared with chemical fertilizer-treated
soil (G1) and bulk soil samples (G3), where highest abun-
dance of disease incidence was shown.
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This finding agrees with Adedayo et al. [3], Das et al.
[29], Lopes et al. [80], Yang, Liu, et al. (2025) where many
of the dominant phyla have been reported to mitigate the
effects of diseases pathogens by the production of dis-
ease resistant genes, siderophore production, antibiotic
resistance and limiting pathogen growth. The abundance
and activity of these phyla are often enhanced by biofer-
tilizer application, which leads to a balanced and resilient
microbial community capable of suppressing soil-borne
diseases more efficiently than chemical fertilizers.

Equally, in order to validate the connection between the
microbial community structure, as defined at the genus
level, and the functional gene composition in the soil
samples, redundancy Analysis (RDA) was utilized. In this
analysis, it was possible to investigate the key microbial
genera associated with specific functional genes in the
soil samples. The RDA plot (Fig. 9) demonstrated strong
associations between functional genes and microbial gen-
era which amount to a total variation of 86.02%. Using
this as a guide, the gene ppsR is known for its involve-
ment in photosynthesis or stress response and correlates
with Cystobacter. The gene phzC plays a crucial role in
micronutrient solubilization and microbial antagonism,
while nifQ is involved in the assembly and functioning of
the nitrogenase; both correlate with Sorangium, Devosia,
and Roseimicrobium. Similarly, gene appA is associated
with nutrient acquisition, and gpx is important for oxida-
tive stress tolerance; these genes correlate with Microbac-
terium and Streptantibioticus respectively. Meanwhile,
the osmotic stress tolerance gene aqpz, the osmotic and
stress tolerance gene betA, and the stress tolerance gene
treS, as well as the antioxidant enzyme prx, which pro-
tects the plant against oxidative damage, are associated
with Streptantibioticus, Aeromicrobium, Marmoricola,
and Arthrobacter respectively.

To compare the variations in the microbial functional
traits among the soil samples, a principal coordinate
analysis (PCoA) (Supplementary fig. S1) was performed.
The resulting PCoA plot showed that there was a rela-
tively fair separation in functional traits between the soil
samples which accounted for 75.8% of the total variance
in the functional traits.

The microbial functional gene profiles were subjected
to Principal Component Analysis (PCA) to determine the
principal axes of variation among the rhizosphere and
bulk soil samples. The two principal components axes
captured (79.14%) and (20.86%) of the total variance
respectively. The PCA scores plot (Supplementary Fig.
S2) provided partial separation of the functional genes
between rhizosphere soil A.ampeloprasum and uncul-
tivated bulk soil samples which are driven along PCAL,
indicating the difference in functional gene composi-
tion with regard to the effect of fertilization on the soil
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samples. Many of the microorganisms at the genus level
reported in this work have earlier been proven to influ-
ence the functional genes in the soil. Among them are
Bradyrhizobium [68], Pseudomonas [31], Streptomyces
[108], Devosia [107], Arthrobacter [43], Microbacterium
(3], Sorangium [24], and Cystobacter [3].

As this investigation has shown, more microbial genera
and families of microorganisms occupied the rhizosphere
soils from the biofertilizer plot (G2) than the rhizosphere
soil from the chemical fertilizer plot (G1) and bulk soils
(G3) (Figs. 4 & 5). However, the microbial community’s
low abundance in soils from G1 and G3 complies with
the outcome of earlier findings from [41] who observed
that bacterial diversity in soils treated with chemical
fertilizers and bulk soil is lower than in that receiving
organic fertilizers in barley-planted soil.

Nonetheless, there were no significant variations in the
microbial alpha diversity estimation as depicted by the
Shannon, Chaol, with evenness indices at the genus level
(P>0.05) (Table 2). The rhizosphere microbial commu-
nity in Allium ampeloprasum cultivated with biofertilizer
(G2) exhibited higher diversity and more even distribu-
tion compared to both the chemical fertilizer-treated
(G1) and bulk soil samples (G3) (Fig. 5, Table 2, and sup-
plementary Table 5).

As demonstrated by the PCoA graph (58.34% and
29.38%), the community of bacteria in the biofertilizer
plot (G2) show a fair separation or little clustering com-
pared to those of the chemical fertilizer plot (G1) and
bulk soil samples (G3). This may imply that it is made up
of microbial composition that is fairly different from the
other two plots (Fig. 6). There is no significant difference
(p-value>0.05) in the microbial community taxonomic
composition across the sampling plots as illustrated by
the Euclidean dissimilarity matrix. The close proximities
and clustering between group (G1 and G2) and (G1 and
G3) supports the idea that rhizosphere’s microbiomes
from chemical fertilizer and biofertilizer plots may share
similarities with each other and with those in the bulk
soils [55, 112, 114].

Total nitrogen and carbon significantly contributed
90.36% and 9.64% of the variability found in the micro-
bial diversity, respectively, according to the redundancy
analysis (RDA) results (Fig. 7, Table 3). All of the soil
factors taken into consideration were essential in shap-
ing the microorganism communities. If the magnitude
of the vector of other environmental factors in our RDA
plot is taken into consideration, it demonstrates that not
only total nitrogen and carbon could influence the micro-
bial communities.

Several soil factors were in correlation with compo-
sitional alterations in the structure of microorganisms’
community. The vector length of magnesium (Mg) as well
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as pH revealed a positive correlation with Arthrobacter,
Arthrobacter, Terrabacter, Rubrobacter, Sphingomonas
and Pseudomonas and the vector lengths of nitrate
(N-NOs;), carbon (C), ammonium (N-NH,) and total
nitrate (Total-N) were positively correlated with Roseimi-
crobium, Pseudoxanthomonas, Streptomyces, Variovorax,
Devosia, Verrucomicrobium, Blastococcus, Polyangium,
Dyadobacter, Sorangium, Minicystis, Haliangium and
Cystobacter while Solirubrobacter, Microvirga, Nocardi-
oides, and Methyloceanibacter were positively correlated
with the length of the clay vector (Fig. 7).

Biofertilizers have received increasing global atten-
tion over the past two decades, primarily due to their
substantial benefits for plant development, environ-
mental sustainability, and soil health, as they rely mini-
mally or not at all on chemical inputs [49, 69]. Notably,
the use of biofertilizer in this study has demonstrated
distinct advantages over chemical fertilizers, including
enhanced soil microbial diversity and improved nutrient
cycling, which have collectively contributed to sustain-
able soil fertility [41, 44]. Similarly, biofertilizer reduce
environmental pollution and input cost while promoting
healthier plant growth, highlighting their roles as an eco-
friendly alternative to chemical fertilizer [12, 13].

However, the mechanisms underlying the response
of biofertilizers in the rhizosphere is keenly tied to the
activities of incorporated beneficial microbes such as
bacteria, fungi, and algae in interacting symbiotically
with plant roots or the rhizosphere to enhance nutrient
availability, mineralization, and uptake. These microor-
ganisms are involved in different indispensable functions
ranging from the conversion of atmospheric nitrogen
into usable forms (nitrogen fixation), solubilization of
insoluble phosphorus into soluble forms (phosphorus
solubilization), and liberation of potassium from soil
minerals, to the formation of mycorrhizal associations
that expand surface area of roots for improved nutri-
ent and water absorption [127]. Additionally, they pro-
duce growth-promoting substances like phytohormones
(e.g., indole acetic acid), siderophores, and enzymes that
facilitate nutrient cycling, improve soil structure, protect
plants from pathogens, and boost overall plant growth
and resilience.

Moreover, these rhizobacteria were able to suppress the
competing soil microbes and successfully colonize the
rhizosphere by producing antimicrobial compounds such
as antibiotics, volatile organic compounds, lytic enzymes,
as well as forming biofilms, outcompeting others for
nutrients and space, and modulating the plant immune
system [119, 121, 124].

It was discovered that the rhizosphere soils from
chemical fertilizer-treated plot (G1) have a record of
inorganic nitrogen fertilizer application as revealed
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by the soil history which could have led to the lowest
microbial diversity in it. Our result complies with Das-
gupta and Brahmaprakash [30] who concluded that the
community of microorganisms in soil is influenced and
affected by abiotic factors and chemical fertilizer which
in turn alter the qualities of the soil. Nitrogen fertilizer
inputs from the chemical fertilizers cause changes in
the way microbial communities are assembled [20, 103].
Chemical fertilizers have been shown to lower soil pH,
suppress microbial nutrients cycling, enzymatic activity,
and organic matter as well as causing nutrients imbal-
ance and toxicity which in turn restrict specific groups of
microorganisms [32]. Furthermore, as stated by Pan et al.
[94], the impacts of chemical fertilizers on soil microbial
diversity lies in their capacity to supply readily available
nutrients that can initially stimulate the growth of micro-
organisms, but their long-term or excessive use alters soil
chemical properties, especially by lowering the soil pH
through acidification, which adversely impacts micro-
bial diversity and the balance of microbial communities,
hence for an alternative such as biofertilizer is needed.

Biofertilizers influence the distribution of micro-
bial functional genes in the soil by inducing beneficial
microbes that carry genes which mediate essential nutri-
ent cycling processes such as nitrogen fixation, phos-
phorus solubilization and potassium mobilization, thus
increasing the abundance and activity of such functional
genes in the rhizosphere. They stimulate the activities of
microorganisms, enhance the levels of nutrient (N, P, K),
generate plant growth-enhancing compounds (e.g., phy-
tohormones, and siderophores), as well as enhancing the
fertility of the soil. In contrast, chemical fertilizers offer
easily accessed nutrients but these may diminish the
activity of soil microbes and the abundance of functional
genes in the soil, with time, as a result of the adverse
effects on soil microbiota and biodiversity. Biofertiliz-
ers have been shown to positively impact the functional
genes in the native microbial community by colonizing
the rhizosphere and promoting microbial growth and by
expression of vital genes which are involved in nutrient
cycling, stress tolerance, nutrient acquisition and plant
health promotion. Moreover, such gene-level improve-
ment is accomplished by biofilm formation, competition
and survival strategies, root colonization, and activa-
tion of microbial networks. These are vital in sustaining
and enhancing the functional abundance, as well as the
variety, to stabilize soil ecosystems and promote plant
growth.

Overall, the highest abundance of microbial communi-
ties was observed in soil samples from the biofertilizer-
treated plots (G2), compared to those from the chemical
fertiliser and bulk soil samples (G2 and G3) respec-
tively. Variations in the microbial abundance across the
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taxonomic levels (phylum, family and genus) between the
samples, particularly within the biofertilizer-treated plot
(G2), suggest that the rhizosphere could be a promising
alternative way of isolating microorganisms for improv-
ing the productivity of plants, disease prevention, and
soil biological environment enhancement [5, 33, 91] and
biofertilizers could be a promising way of replenishing
soil nutrients [9].

However, this result has also established that organic
(biofertilizer) or inorganic fertilizers (chemical ferti-
lizer) application could affect the accumulation of ben-
eficial microbiomes and their functional traits around
the rhizosphere of crops. Biofertilizers therefore reform
and enrich the microbial functional gene pool more sus-
tainably than chemical fertilizers, enhance the biologi-
cal activities of soil, enhance the productivity of crops
and reduces the negative impacts of biofertilizers on the
environment.

Our results, confirmed our hypothesis that the rhizos-
phere of A. ampeloprasum under biofertilizer application
boosted the recruitments of plant growth-promoting
microbiome of agricultural importance.

Therefore, through the use of biofertilizers as an alter-
native soil fertilization system to chemical fertilizers, the
restoration and maintenance of microbial diversity as
well as their balance can support plant health, resilience
to stress, and sustainable agricultural production.

However, this investigation showed many unclassi-
fied and unidentified bacterial groups (candidate divi-
sion NC10), which may indicate the existence of possibly
novel species because they cannot be categorized into the
existing species [109]. It may be possible to identify new
microorganisms (fungi and bacteria) that are of agricul-
tural and biotechnological importance by mapping out
methods to cultivate these microbes.

Conclusion

This appears to be the first study, based on our knowl-
edge, to adopt metagenomic analysis to examine how
the introduction of chemical fertilizer and biofertilizer
affects the organization of the soil community of micro-
organisms and the variety of microbial life from the
rhizosphere of leek (A. ampeloprasum). Bacteria, fungi,
viruses, and archaea make up the soil microbiome, with
bacteria making up more than 85% of the entire micro-
bial community.

Using the shotgun sequencing method, this investiga-
tion characterized beneficial rhizosphere microbiomes
and their functional traits. This study has established that
under biofertilizer application, the rhizosphere soils of
crops host and serve as a homes for more agriculturally
important microorganisms than under chemical fertilizer
application.
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In addition, biofertilizer boosted the recruitment of
an important group of fungi ‘Ascomycota’ The diversity,
richness and composition of the bacterial community
accounted for the highest percentage of the microbial
population among all samples of the soil, as reported in
this research.

This study highlights the practical benefits of bioferti-
lizer application over conventional chemical fertilizers
in agricultural production. Even though chemical ferti-
lizers supply readily available nutrients and short-term
yield, they can suppress the growth as well as activities
of indigenous microbial communities and, may degrade
long-term soil fertility and environmental health.

In addition, the presence of diverse functional genes
across the soil samples highlights the integral function
of microbial communities in enhancing stress toler-
ance, plant defense nutrients cycling and overall growth
of plants.

Therefore, the use of biofertilizer was shown to signifi-
cantly enrich the soil with live and beneficial microbes
that facilitate the nutrients cycling, decomposition of
organic matter, improvement of soil structure, enhance-
ment of beneficial plant—-microbe interactions, nutri-
ents solubilization and mineralization. Collectively,
these activities will not only contribute to improved soil
health but also create a more favorable environments for
a diverse range of native beneficial rhizosphere or soil
microbes to survive, reduced production input costs, and
promote sustainable crop productivity.

The use of biofertilizer as a sustainable alternative to
chemical fertilizer, offers a viable pathway toward envi-
ronmentally responsible agricultures and long-term
food security. The integration of microbial community
composition with functional gene profiling underscores
the valuable insights of rhizosphere microbiomes in
soil health management and sustainable agricultural
practices.
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