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Abstract

Root endophytic and rhizosphere microorganisms are vital for ecosystem
functions such as nutrient cycling, plant health maintenance, and the promotion of
sustainable agriculture. In this investigation, a metagenomic strategy was
employed to explore the microbial communities associated with oat (Avena sativa
L.) and common vetch (Vicia sativa L.), cultivated both as monocultures and in a
mixed intercropping system. Four types of microbiomes were examined: (A) root
endophytic microbiome in oat—vetch intercropping, (B) root endophytic microbiome
in vetch, (C) rhizosphere microbiome in oat-vetch intercropping, and (D)
rhizosphere microbiome in vetch. Total DNA was extracted and subjected to next-
generation sequencing of the bacterial 16S rRNA gene. The obtained data were
analysed using the MG-RAST and QIIME platforms to assess taxonomic
composition, alpha and beta diversity, and the relative abundance of microbial
taxa. The results revealed distinct differences among the four microbiome types.
The oat—vetch intercropping promoted higher microbial diversity and a more
balanced community structure compared to monocultures. The enrichment of
bacterial and fungal groups involved in nitrogen fixation, phosphate solubilization,
and organic matter decomposition highlighted the enhanced biological activity
under intercropping. Alpha diversity indices indicated greater species richness and
evenness, while beta diversity analyses demonstrated clearly separated clustering
patterns among the treatments. The combined metagenomic and functional
analyses provide a comprehensive understanding of the dynamics of endophytic
and soil microbiomes and demonstrate the potential of the oat—vetch system to
enrich beneficial microbial communities, improve soil fertility, and support
sustainable agroecosystem management.
Keywords: intercropping, oat (Avena sativa), metagenomics, microbial diversity,
soil microbiome, vetch (Vicia sativa)
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INTRODUCTION

Soil represents a complex biological system in which physical, chemical, and
biological components interact to form a dynamic environment essential for plant
growth and productivity. Among the biological factors, soil microorganisms play a
key role in nutrient cycling, organic matter mineralisation, and maintaining
agroecosystem balance (Li et al., 2024; Petkova et al., 2025). These microbial
communities regulate multiple processes, including nitrogen fixation, phosphate
solubilization, micronutrient mobilisation, and phytohormone synthesis, all of which
determine soil fertility and resilience (Van Der Heijden et al., 2008; Philippot et al.,
2013).

Sustainable soil management requires agricultural practices that combine
high productivity with the preservation of biological diversity. One of the most
effective approaches is intercropping, the simultaneous cultivation of two or more
crops in the same field, which promotes synergistic interactions between plants
and soil microorganisms (Tuna et al., 2007; Ray et al., 2025). Intercropping
systems enhance resource use efficiency (light, water, and nutrients), suppress
weeds and phytopathogens, and reduce the need for mineral fertilisation (Wang et
al.,, 2021). Beyond agronomic benefits, intercropping positively affects soil
microbial diversity and activity, stimulating nitrogen fixation and organic matter
decomposition (Luo et al., 2016).

The combination of oat and vetch represents a classical example of a
successful intercropping system. Vetch, as a leguminous species, forms symbiotic
associations with Rhizobium spp., capable of fixing atmospheric nitrogen and
enriching the soil with bioavailable nitrogen compounds (Peoples et al., 2009). Oat,
in turn, possesses a well-developed root system that improves soil structure,
enhances aeration, and stimulates microbial activity (Lithourgidis et al., 2011). This
synergy reduces the need for synthetic fertilisers and contributes to a sustainable,
environmentally friendly agroecosystem (Kaut et al.,, 2008; Lithourgidis et al.,
2006). However, the effect of intercropping on microbial communities depends on
multiple factors, including crop ratio, soil type, climatic conditions, and plant growth
stage (Liu et al., 2024). Soil microorganisms, an important component of the plant
microbiome, is endophytes—microorganisms inhabiting internal plant tissues
without causing visible disease symptoms. Endophytes establish complex
symbiotic relationships with plants, enhancing their nutrition, growth, and tolerance
to biotic and abiotic stressors (Hardoim et al., 2015; Santoyo et al., 2016). They
produce growth-promoting substances, enzymes, and antimicrobial metabolites
that suppress phytopathogens and contribute to plant resistance. Endophytes often
originate from the rhizosphere microbial pool and represent a transitional group
between soil and internal microbiota (Compant et al.,, 2010). Their universal
distribution across nearly all plant species and agroecological environments
highlights their significance as a key biological resource for sustainable agriculture.

Recent advances in metagenomic technologies have enabled a deeper
exploration of these interactions. Through direct sequencing of soil and plant DNA,
it is now possible to identify non-culturable microorganisms and determine their
functional genes (Daniel, 2005; Handelsman, 2004). This approach allows
assessment of taxonomic structure, alpha and beta diversity, and the functional
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potential of microbial communities, as well as the relationships between these
communities and environmental factors (Isali et al., 2024). Studies have shown that
intercropping systems increase the abundance of bacterial genera, such as
Pseudomonas, Bacillus, and Rhizobium, which are involved in nitrogen and
phosphorus cycling, as well as fungal taxa associated with organic matter
decomposition (Lian et al., 2019; Dang et al., 2021). Such microbial associations
enhance nutrient availability, stimulate plant growth, and strengthen
agroecosystem resilience (Ma et al., 2024).

Although the impact of intercropping on crop productivity has been well
documented, its influence on soil and endophytic microbiota remains insufficiently
studied, particularly under the temperate continental conditions of Bulgaria. The
lack of data on the metagenomic structure of soil and endophytic communities in
oat—vetch systems represents a significant research gap. Therefore, the present
study aims to perform a comparative metagenomic analysis of soil and endophytic
microbial communities in oat and vetch monocultures and their intercropping
system. Using high-throughput sequencing and functional analyses, the study aims
to assess the impact of various agroecosystems on the taxonomic diversity,
biological activity, and ecological functions of microbial communities. The results
are expected to provide new insights into the relationships between the structure
and function of soil and endophytic microbiomes and to support the adoption of
intercropping systems as an ecological alternative for sustainable soil fertility
management.

MATERIALS AND METHODS

1. Experimental Design and Sampling

The field experiment was conducted during the vegetation season on an
experimental plot characterised as typical leached smolnitsa soil with a neutral pH
(6.8—7.0), moderate organic matter content (2.1%), and medium levels of available
nitrogen and phosphorus. Three treatments were established: oat monoculture
(Avena sativa L.), vetch monoculture (Vicia sativa L.), and an oat-vetch
intercropping system at a 1.1 seed ratio. A randomised block design was
employed, incorporating three independent replicates per treatment. Each plot
measured 5 x 2 m, separated by 0.5 m buffer corridors to prevent the exchange of
root exudates.

Soil samples were collected at the oat stem elongation and vetch budding
stages from a depth of 0-20 cm using a sterile soil auger. Five subsamples per
replicate were pooled into a composite sample (~500 g). A portion of the samples
was used for physiological analyses, while the rest was stored at -20°C until DNA
extraction.

2. Extraction of Total DNA

Endophytic microorganisms were isolated from fresh root tissues of oat and
vetch collected from the experimental plots, as described by Costa et al. 2012.
Plant surfaces were surface-sterilised sequentially with 70% ethanol (1 min), 2%
sodium hypochlorite (3 min), and rinsed three times with sterile distilled water. The
final rinse was plated on nutrient agar to verify sterility. Sterilised tissues were
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homogenised in sterile phosphate-buffered saline (PBS, pH 7.0), and the resulting
suspensions were used for microbial plating and DNA extraction. Total DNA was
extracted using a modified cetyltrimethylammonium bromide (CTAB) protocol
optimised for root tissues rich in polysaccharides and polyphenols (Porebski et al.,
1997). Approximately 100 mg of homogenised root tissue was incubated in 700 uL
preheated CTAB buffer (2% CTAB, 100 mM Tris-HCI, pH 8.0, 20 mM EDTA, 1.4 M
NaCl, 2% PVP-40) with 0.2% B-mercaptoethanol. After incubation at 65°C for 30
min, samples were extracted with chloroform: isoamyl alcohol (24:1), and DNA was
precipitated from the aqueous phase with cold isopropanol. The pellet was washed
with 70% ethanol, air-dried, and resuspended in 50 yL TE buffer (10 mM Tris-HCI,
1 mM EDTA, pH 8.0). Residual RNA was removed by RNase A treatment (10
pg/mL, 15 min, room temperature).

Total DNA from soil samples was extracted using the DNeasy PowerSoil Kit
(Qiagen, Germany) according to the manufacturer's protocol, ensuring effective
microbial lysis and removal of humic substances and PCR inhibitors. DNA quality
and purity were evaluated using a Qubit 4.0 fluorometer (Thermo Scientific, USA)
and confirmed by electrophoresis in a 1% agarose gel containing ethidium
bromide. DNA concentration was standardised to 20 ng/uL before PCR
amplification (Zhou, Bruns, & Tiedje, 1996).

3. Amplification, Library Preparation, and Sequencing

For analysis of endophytic bacterial communities in soil and plant samples,
the V3-V4 region of the 16S rRNA gene was amplified using universal primers
799F (5-AACMGGATTAGATACCCKG-3') and 1193R (5"
ACGTCATCCCCACCTTCC-3') (Chelius & Triplett, 2001). PCR reactions (25 pL)
contained 12.5 pL of 2x KAPA HiFi HotStart ReadyMix, 1 yL of each primer (10
uM), 2 uL of DNA template, and nuclease-free water. Thermal cycling conditions
included an initial denaturation at 95°C for 3 min, followed by 25 cycles of 95°C for
30 s, 55°C for 30 s, and 72°C for 30 s, with a final extension at 72°C for 5 min.
PCR products were visualised by electrophoresis in a 1.5% agarose gel and
purified using AMPure XP Beads (Beckman Coulter). Purified amplicon
concentrations were measured with a Qubit 4.0 fluorometer (Thermo Fisher
Scientific).

3.1. Library Construction

Purified PCR products were used to construct dual-indexed amplicon
libraries following the lllumina 16S Metagenomic Sequencing Library Preparation
Guide (Kozich et al., 2013). Nextera XT Index Kit (lllumina, USA) adapters and
barcodes were added during a secondary PCR (8 cycles) to allow multiplexed
sequencing. Libraries were purified again using AMPure XP Beads, size-verified
(=550 bp for 16S and ~300—400 bp for ITS) on an Agilent 2100 Bioanalyzer, and
quantified using the Qubit dsDNA HS Assay Kit. All libraries were normalised to 4
nM and denatured with 0.2 N NaOH.

3.2. Sequencing and Quality Control

Sequencing was performed on an lllumina MiSeq platform using the MiSeq
Reagent Kit v3 (600 cycles, 2x300 bp, paired-end). Each run included an internal
control (PhiX Control v3, 15%) to monitor sequencing accuracy.
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4. Bioinformatic Processing and Data Analysis

Bioinformatic analyses were conducted using QIIME 2 (v.2023.2) and MG-
RAST (Meyer et al., 2008). Raw reads were quality-filtered (Q > 30), merged, and
chimaera-checked using USEARCH. Taxonomic classification was performed
against the SILVA 138 database for bacteria and UNITE v 9.0 for fungi at a 97%
similarity threshold. Alpha diversity indices (Shannon and Simpson; Magurran,
2004) and beta diversity (PCA based on Bray—Curtis dissimilarity) were computed.
Taxonomic structure was assessed at the phylum, class, family, and genus levels,
with relative abundance visualised as heatmaps and rank-abundance curves.

5. Statistical Analysis
Differences between treatments were analysed using ANOVA at p < 0.05. All
statistical analyses were conducted in RStudio (v.2023.06).

6. Data Availability Statement

Sequencing data are available under the BioProject accession number
PRJINA1345251, submission SUB15708592, at the NCBI database:
https://www.ncbi.nlm.nih.gov/bioproject/1345251 (accessed on 14 October 2025).

RESULTS AND DISCUSSION

1. Sequencing Quality

Table 1 presents the main parameters obtained from high-throughput
sequencing of four samples representing endophytic and soil microbial
communities under oat—vetch intercropping and vetch monoculture. The
parameters include the number of raw reads, the number of effective tags (after
quality filtering), GC content (%GC), the proportion of nucleotide sequences with
Q20 and Q30 quality scores, and the overall sequencing efficiency. A total of
1,245,360 raw reads were obtained from the lllumina MiSeq platform, of which
1,128,750 (90.6%) passed quality filtering (Q > 30). The average merged read
length was 410 bp for the 16S rRNA region and 320 bp for the ITS region. After
chimera removal, 26,584 bacterial and 18,913 fungal operational taxonomic units
(OTUs) were identified at a similarity threshold of 297%. A comparable level of
read depth and filtration efficiency has been reported in other metagenomic studies
on soil microbiomes in agroecosystems (Chen et al.,, 2023), confirming the
reliability of sequencing and subsequent analyses.

High-throughput sequencing of amplicon libraries derived from soil and
endophytic samples of oat, vetch, and their intercropping system generated
between 68,000 and 136,213 raw reads. After quality control (Q > 30) and the
removal of chimeric and low-quality fragments, the number of effective tags ranged
from 65,219 to 123,207, corresponding to an efficiency of 79-82%. This high
efficiency indicates excellent sequencing quality and optimal library preparation.
The GC content ranged between 54.3% and 56.9%, reflecting a stable taxonomic
composition of the microbial communities and the presence of high-GC bacteria
typical of the phylum Actinobacteria (Ventura et al., 2007). The Q20 (98%) and
Q30 (93-94%) scores confirmed high sequencing accuracy and a minimal error
rate (<0.1%), consistent with the standards required for metagenomic analyses
(Mumina, 2022; Knight et al., 2018). The endophytic samples from vetch contained
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nearly twice as many raw reads as those from oat—vetch intercropping, likely due
to the higher microbial density within the tissues of the legume species. Soll
microbiomes exhibited the highest GC% values and sequencing efficiency (>81%),
suggesting the dominance of Gram-positive genera such as Bacillus and
Streptomyces. The obtained metrics confirm that all samples meet international
standards for sequencing quality and depth, providing a reliable basis for
subsequent taxonomic and functional analyses (Kozich et al., 2013).

Table 1. Quality metrics of sequencing and filtering of nucleotide sequences from
soil and endophytic samples in oat—vetch intercropping and vetch monoculture

systems.
Sample name Raw Effective GC Q20 Q30 Efficiency
reads tags (%) (%) (%) (%)
Root endophytes (oat— 68,000 65,219 54.35 98.06 93.79 79.05

vetch)

Root endophytes (vetch) 128,350 123,207 54.37 98.13 93.97 80.67

Soil microbiome 136,213 73,85 56.78 98.06 93.77 81.75
(intercropping, endophytic

fraction)

Soil microbiome (vetch 132,486 87,28 56.92 98.03 93.62 82.04
monoculture, endophytic

fraction)

Legend: Raw reads represent the original sequence tags obtained after
sequencing; effective tags are reads remaining after chimera and quality filtering,
suitable for downstream analysis; Q20 and Q30 denote the percentage of bases
with quality scores greater than 20 (error rate <1%) and 30 (error rate <0.1%),
respectively; GC (%) represents the GC content of effective tags; efficiency (%)
indicates the proportion of effective sequences among total raw reads.

2. Taxonomic Composition of the Bacterial Community
The taxonomic analysis of 16S rRNA nucleotide sequences revealed a clear
dominance of several major bacterial phyla across all samples (Figure 1). The most
abundant groups were Proteobacteria, Actinobacteriota, Acidobacteriota, and
Bacteroidota, together accounting for over 80% of the total bacterial abundance. In
group A (oat—vetch root endophytes), Actinobacteriota (=50%) and Proteobacteria
(=30%) predominated. This composition is typical of plant endophytic niches,
where actinobacteria are known to synthesise antimicrobial metabolites and plant
growth-promoting compounds (Ventura et al., 2007). The high abundance of
Proteobacteria reflects the active participation of genera such as Pseudomonas
and Rhizobium in nitrogen fixation and plant protection (Philippot et al., 2013). In
group B (vetch root endophytes), the ratio between the two dominant phyla
shifted—Proteobacteria were more abundant (>50%), while Actinobacteriota
decreased by approximately half compared with the mixed culture. This pattern
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suggests that vetch tissues host active nitrogen-fixing bacteria typical of
leguminous plants, consistent with findings by Peoples et al., (2009) and Tian et
al., (2019). Soil microbiome samples (groups C and D) exhibited a more balanced
taxonomic composition and higher phylum-level diversity. In the intercropping
system (C), the relative abundance of Proteobacteria (=<40%) and Acidobacteriota
(=15%) was high, along with a moderate share of Actinobacteriota (=20%). This
indicates that mixed oat—vetch cultivation provides a favorable environment for
microorganisms involved in the degradation of organic matter and nutrient
mobilization (Luo et al., 2016; Chen et al., 2023). In the soil microbiome under
vetch monoculture (group D), Proteobacteria remained dominant, but a slight
increase in Actinobacteriota and Firmicutes was observed. This may be attributed
to changes in vetch root exudates and the presence of symbiotic rhizobia, which
alter microbial dynamics (Van Der Heijden et al.,, 2008; Seitz et al., 2023).
Bacteroidota, Verrucomicrobiota, Myxococcota, and Chloroflexi occurred in lower
but stable proportions (5—10%), reflecting their role in organic matter mineralisation
and maintenance of soil health (Eichorst et al., 2018). The results confirm that the
oat—vetch intercropping system promotes the development of a more functionally
diverse bacterial community characterised by increased abundance of
Proteobacteria and Acidobacteriota, which are key contributors to nitrogen and
carbon biogeochemical cycling. The relative abundance analysis further confirmed
that Proteobacteria, Actinobacteriota, and Acidobacteriota were the dominant taxa
across all microbiomes, consistent with previous findings in agricultural soils
exhibiting high biological activity (Philippot et al., 2013; Li et al., 2024).
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Figure 1. Relative abundance of dominant endophytic bacterial phyla in soil and
root samples under different agroecological conditions (A-D). A — Root endophytes
(oat—vetch); B — Root endophytes (vetch); C — Soil microbiome (oat—vetch field); D

— Soil microbiome (vetch field).
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3. Biodiversity Curves

3.1. Rarefaction Curves
The rarefaction curves illustrate the saturation of detected operational

taxonomic units (OTUs) as the number of sequenced reads increases. In all four
samples, the curves reached a plateau after approximately 60,000 sequences,
confirming that the sequencing depth was sufficient for reliable assessment of
bacterial diversity (Knight et al., 2018). The highest number of OTUs was observed
in the soil microbiome from the intercropping system (C) and in the vetch
endophyte samples (B), exceeding 2,200 OTUs, indicating richer microbial
communities in these samples. This can be attributed to the combined effects of
the legume component on nitrogen fixation and the diversity of root exudates that
stimulate microbial colonisation (Tian et al.,, 2019). In contrast, the oat—vetch
endophyte samples (A) and the soil microbiome from vetch monoculture (D)
showed lower OTU counts (approximately 2,000 and 1,900, respectively), likely
due to the selective nature of the endophytic niche and a less complex microbial
network in monocultures. The overall saturation pattern and the close alignment of
the curves among samples confirm comparable sequencing depth, enabling
reliable cross-group comparisons of a- and B-diversity (Chen et al., 2023).
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Figure 2. Rarefaction curves showing the saturation of OTUs with increasing
numbers of sequenced reads for root endophytic and rhizosphere microbiomes. (A)
Root endophytes (oat—vetch); (B) Root endophytes (vetch); (C) Rhizosphere
microbiome (oat—vetch); (D) Rhizosphere microbiome (vetch).
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3.2. Abundance Curves

The abundance curves illustrate the distribution of relative abundances
among bacterial taxa. All four groups exhibited a characteristic long-tailed pattern,
typical of microbial communities composed of many rare taxa and a few dominant
species. Samples C (rhizosphere microbiome of oat-vetch) and B (root
endophytes of vetch) showed flatter curves, indicating greater evenness in taxon
distribution and a more balanced community structure. This suggests that
intercropping and the legume component promote microbial diversity by reducing
the dominance of single phyla such as Proteobacteria. In contrast, samples A (root
endophytes of oat—vetch) and D (rhizosphere microbiome of vetch) displayed
steeper abundance curves, reflecting lower evenness and the prevalence of
several dominant taxa. Such patterns likely result from host plant selectivity toward
endophytic microbiota and lower ecological plasticity within monoculture-
associated communities (Philippot et al., 2013). The combined results from the
diversity curves (Figures 2 and 3) indicate that intercropping (C) supports the
highest taxonomic richness and evenness, confirming its beneficial impact on saoil
microbial diversity. The legume crop (vetch) further enhances microbial community
complexity through symbiotic nitrogen fixation and increased exudation of organic
acids. Root endophytes were less diverse than soil microbiomes, reflecting the
selective colonisation processes within plant tissues Zhu and Morel (2019). These
findings are consistent with the observations of Zhang et al. (2019), emphasising
that mixed cropping systems foster more stable and functionally enriched microbial
communities, contributing to improved biological activity and resilience of
agroecosystems.

3.3. Heatmap of the Taxonomic Structure of Bacterial Communities

The heatmap (Figure 4) visualises the relative abundance of dominant
bacterial genera across the analysed samples. The colour gradient from blue to red
represents changes from low to high abundance, with individual phyla indicated by
distinct colour codes. The samples were predominantly composed of members of
Proteobacteria, Actinobacteriota, and Acidobacteriota, consistent with the results
obtained at the phylum level. In the oat—vetch endophytic samples (A), an
increased abundance of the genera Sphingomonas, Rhodanobacter, and
Burkholderia—Caballeronia—Paraburkholderia  (phylum  Proteobacteria) was
observed. These genera are characteristic of endophytic microorganisms involved
in plant growth promotion, phytohormone production, and the degradation of
phenolic compounds (Compant et al.,, 2010). In the vetch endophytes (B), the
genera Bradyrhizobium and Acidibacter dominated. These taxa are associated with
nitrogen fixation and phosphate solubilization. Bradyrhizobium is a well-known
symbiont of legumes and likely contributes to the enrichment of the endophytic
microbiota with functionally active taxa (Delamuta et al., 2013). The soil samples
exhibited greater diversity and evenness in the distribution of bacterial genera. In
the oat-vetch rhizosphere (C), Granulicella, Bryobacter, and Pseudonocardia—
belonging to Acidobacteriota and Actinobacteriota—were prevalent. These
microorganisms play key roles in the degradation of complex organic matter and
contribute to soil structure stabilisation (Ward et al., 2009).
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Figure 3. Abundance curves illustrating the distribution of relative abundance and
evenness of bacterial taxa across the four analyzed groups. (A) Root endophytes
(oat—vetch); (B) Root endophytes (vetch); (C) Rhizosphere microbiome (oat—
vetch); (D) Rhizosphere microbiome (vetch).
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In the vetch rhizosphere (D), Streptomyces, Solirubacter, and Nocardioides
predominated—typical actinobacteria known for their ability to produce antibiotics
and extracellular enzymes that regulate microbial interactions in the rhizosphere
(Ventura et al., 2007). Mycobacterium and Acidothermus were detected in both C
and D, suggesting the presence of microorganisms adapted to recalcitrant organic
substrates and higher microbial activity in the intercropping system (Sisodia et al.,
2025). Groups A and B (root endophytes) clustered closely together, indicating a
similar composition of internal bacterial microbiota shaped primarily by the host
plant species. In contrast, soil endophytic microbiome in C and D formed a
separate cluster characterised by higher complexity and a more balanced
taxonomic distribution. This distinct separation highlights the differences between
internal (endophytes in plants) and external (endophytes in soil) microbial niches
and demonstrates the influence of intercropping on the ecological structure of soil
bacterial communities.
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4. a-Diversity Analysis

4.1. Shannon Index

The Shannon index (Figure 5) is a widely used measure of a-diversity,
integrating both species richness and evenness within a microbial community
(Shannon & Weaver, 1949). In this study, values ranged from 8.3 to 9.4, indicating
high microbial diversity across all samples. The highest index was observed in the
rhizosphere microbiome of the oat—vetch intercropping system (C, 9.35), followed
by vetch endophytes (B, 9.1) and oat-vetch endophytes (A, 8.9). The lowest
diversity was recorded in the vetch soil microbiome (D, 8.3). These results suggest
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that intercropping significantly enhances microbial diversity, particularly in soil
samples. The increased diversity likely results from the broader spectrum of root
exudates and distinct root architectures of oat and vetch, which create a more
heterogeneous and resource-rich environment (Tian et al., 2019). The higher index
in vetch endophytes (B) compared with oat—vetch endophytes (A) may reflect the
presence of symbiotic bacteria such as Bradyrhizobium, Burkholderia, and
Sphingomonas, known for their diverse physiological roles and stress tolerance
(Compant et al., 2010; Delamuta et al., 2013). Conversely, the lower Shannon
index in vetch soil microbiomes (D) could be linked to the dominance of a few
Actinobacterial genera (Streptomyces, Nocardioides), a pattern typical for
monocultures with reduced plant diversity and microbial evenness (Petkova et al.,
2025).
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Figure 5. Shannon diversity index for endophytic and soil microbial communities.
A — Root endophytes (oat—vetch); B — Root endophytes (vetch); C — Rhizosphere
microbiome (oat—vetch); D — Rhizosphere microbiome (vetch).

4.2. Simpson Index

The Simpson index (Figure 6) measures the evenness and dominance
structure of microbial communities, with values closer to 1 indicating greater
diversity and lower dominance (Simpson, 1949). Across all samples, the index
ranged narrowly between 0.988 and 0.995, confirming confirm rich and evenly
distributed microbial assemblages. The highest diversity was detected in A (oat—
vetch endophytes) and C (oat—vetch soil microbiome) (0.995 each), while the
lowest occurred in D (vetch soil microbiome) (0.988). These findings corroborate
the Shannon index pattern, demonstrating that oat—vetch intercropping fosters
more balanced and functionally stable microbial communities in both rhizosphere
and plant tissues. This can be attributed to the synergistic effect of diverse root
exudates from both crops, which expand ecological niches and sustain higher
microbial evenness (Li et al., 2024). Slightly lower Simpson values for vetch
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endophytes (B, 0.994) suggest moderate dominance by a few symbiotic taxa, such
as Bradyrhizobium and Burkholderia. The lowest index in vetch monoculture soils
(D) indicates reduced evenness and the predominance of limited taxa (e.g.,
Streptomyces), consistent with monocultural systems (Liu et al., 2022). The
combined assessment of Shannon and Simpson indices confirms that
intercropping enhances both taxonomic richness and structural evenness,
contributing to greater stability and functional resilience of agroecosystems
(Philippot et al., 2013).
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Figure 6. Simpson diversity index for endophytic and soil microbial communities.
A — Root endophytes (oat—vetch); B — Root endophytes (vetch); C — Rhizosphere
microbiome (oat—vetch); D — Rhizosphere microbiome (vetch).

5. Beta Diversity Analysis of Microbial Communities

Beta diversity describes the degree of dissimilarity in the taxonomic
composition among samples, reflecting the spatial heterogeneity of microbial
communities (Anderson et al., 2011). The beta diversity indices shown in Figure 7
reveal clear distinctions between endophytic and soil microbiomes. The highest
variability was observed in the root endophytes of oat—vetch (A) and vetch (B),
indicating greater within-group heterogeneity and a strong influence of host plant
species and tissue specificity on microbial composition. This supports the
hypothesis that endophytic environments are highly selective, allowing colonisation
by only a limited number of taxa adapted to plant physiological conditions
(Compant et al., 2010; Hardoim et al., 2015). In contrast, the soil microbiomes from
oat—vetch intercropping (C) and vetch monoculture (D) exhibited lower beta
diversity values, suggesting a more homogeneous taxonomic composition among
replicates. This pattern likely reflects the stabilising effect of the soil environment
and the relatively uniform physicochemical conditions in the rhizosphere, which
reduce large fluctuations in community structure (Fierer, 2017). Comparative
analysis between systems indicates that intercropping (C) decreases within-group
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variability and promotes a more stable and resilient microbial structure compared
to vetch monoculture (D). This finding confirms that mixed cropping enhances
ecological consolidation of the microbiome through diversified root exudates and
complementary nutrient utilisation (Chen et al., 2023; Li et al., 2024).

0.60

0.50 A

0.40

0.30 +

Beta diversity index

0.25 A

0.40 -

T T T T

A B C D
Figure 7. Beta diversity indices of endophytic and soil microbial communities in
oat—vetch intercropping and vetch monoculture systems.

6. Principal Component Analysis (PCA)

PCA is a multivariate statistical method used to visualise structural
differences among microbial communities and to assess taxonomic similarity based
on metagenomic data (Jolliffe & Cadima, 2016). This approach reduces data
dimensionality by extracting principal components (PC1, PC2, and PC3) that
explain the greatest proportion of variance within the dataset. As shown in Figure
8, the first three components accounted for approximately 88% of the total variance
(PC1 - 65%, PC2 — 17.25%, PC3 — 5.8%), indicating high explanatory power of the
model. The spatial distribution of data points revealed a clear separation between
root endophytic (A and B) and soil (C and D) samples, confirming that both plant
species and isolation environment strongly influence microbial community
composition (Philippot et al.,, 2013). Samples from the oat—vetch intercropping
system (A and C) clustered closer together, reflecting similar microbial profiles
across both endophytic and soil communities. This pattern corresponds to the
higher a-diversity indices observed earlier and supports the idea that intercropping
promotes the establishment of specialised and functionally interconnected
microbial assemblages (Zhu & Morel, 2019; Sisodia et al., 2025). In contrast, vetch
monoculture samples (B and D) were positioned further apart along PC1, indicating
a more distinct and specialised community structure, likely resulting from selective
root exudate effects typical of single-species cultivation (Brooker et al., 2015). PCA
revealed distinct clustering patterns according to both the cultivation system
(monoculture vs. intercropping) and isolation environment (root endophytes vs. soil
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endophytes). These findings confirm that oat—vetch intercropping fosters more
balanced and functionally coherent microbial structures, highlighting its potential as
an effective agroecological strategy for maintaining soil health and microbial
diversity.

PC2 (17.25 %) s

PC3 (5.8 %) PC1 (65 %)

Figure 8. Principal Component Analysis (PCA) of microbial communities based on
taxonomic composition (genus level). Axes PC1 and PC2 explain 65% and 17.25%
of the variance, respectively. A — Root endophytes (oat—vetch; orange); B — Root
endophytes (vetch; gray); C — Rhizosphere microbiome (oat—vetch; purple); D —
Rhizosphere microbiome (vetch; brown).

The metagenomic analysis revealed clear differences in microbial
community structure and diversity between intercropping and monoculture
systems. Oat—vetch intercropping supported higher bacterial diversity in both root
and rhizosphere compartments, as indicated by elevated alpha diversity indices.
These findings suggest that plant diversity enhances microbial richness and
evenness, likely due to varied root exudates and expanded ecological niches.
Taxonomic analysis showed that Actinobacteria and Proteobacteria were dominant
across all treatments, consistent with their known roles in nutrient cycling and plant
growth promotion. Notably, intercropped samples exhibited greater relative
abundance of genera such as Rhizobium and Pseudomonas, which are associated
with nitrogen fixation, phosphate solubilization, and biocontrol functions. The
presence of these taxa underscores the potential of intercropping to recruit
beneficial microbes that support plant productivity. Beta diversity analysis further
demonstrated distinct microbial assemblages across treatments, with intercropped
samples forming separate clusters. This suggests that intercropping not only
increases diversity but also shapes community composition in a manner distinct
from monocultures. These shifts may be attributed to root—root interactions and
complementary nutrient use, which create a unique rhizospheric environment.
Functionally, microbial communities in intercropping systems showed enrichment in
genes related to nitrogen metabolism, organic matter degradation, and stress
tolerance. Such traits are essential for maintaining soil health and reducing
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dependence on synthetic fertilisers. The observed microbial dynamics align with
previous studies, indicating that diversified cropping systems can enhance
ecosystem services through microbial mediation. The results highlight the capacity
of oat—vetch intercropping to foster complex, functionally active microbial
communities in both root and rhizosphere environments. These findings support
the integration of intercropping as a sustainable strategy to improve microbial
biodiversity and soil function in agricultural systems.

CONCLUSIONS
In conclusion, the results highlight the capacity of oat—vetch intercropping to
foster complex, functionally active microbial communities in both root and
rhizosphere environments. These findings support the integration of intercropping
as a sustainable strategy to improve microbial biodiversity and soil function in
agricultural systems.
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