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Abstract

Organic amendments, such as compost, are widely used to improve soil organic matter content, nutrient retention, and
microbial activity; however, their effectiveness depends on multiple factors, including compost type, application rate, soil
and crop characteristics, and mode of application. The spatial placement of compost can profoundly influence soil nutri-
ent dynamics and the assembly of plant-beneficial microbial communities, such as microorganisms involved in nutrient
cycling, organic matter decomposition, and plant growth promotion. Here, we investigated how two compost application
strategies—surface broadcasting and deep banding of green-waste compost—affect soil physicochemical properties and
the rhizosphere bacterial community of red bell pepper (Capsicum annuum var. Fritz G740) across two developmental
stages (maturation and ripening). To resolve microbial responses at high taxonomic resolution, we applied Oxford Nano-
pore long-read sequencing of the full-length 16S rRNA gene, enabling improved taxonomic assignments and more reliable
functional predictions compared to short-read approaches. Deep banding resulted in significantly higher organic C, total
N, and nitrate concentrations than surface broadcasting, particularly at the ripening stage. These changes were closely
associated with pronounced shifts in rhizosphere bacterial community composition, with deep banding selectively enrich-
ing N-associated genera, including Azoarcus, Alcaligenes, and Ochrobactrum. Functional predictions further indicated an
enhanced potential for N cycle-related pathways, such as nitrate reduction and nitrogen respiration. Overall, our results
demonstrate that deep compost banding may enhances soil fertility while promoting a functionally enriched rhizosphere
microbiome. By integrating temporal sampling with long-read amplicon sequencing, this study provides a comprehensive
framework to evaluate how compost placement modulates soil-plant—microbe interactions in horticultural production
systems.

Keywords Compost placement - Rhizosphere microbiome - Oxford nanopore long-read sequencing - N cycling -
Capsicum annuum

Introduction

< Davide Francioli

davidefrancioli@hs-gm.de The rhizosphere is a highly dynamic interface shaped by

Department of Soil Science and Plant Nutrition, Hochschule interactions among plant roots, soil physicochemical prop-

Geisenheim University, Geisenheim, Germany erties, and complex microbial communities, which together
2 Department of Plant Breeding, Hochschule Geisenheim regulate nutrient cycling, plant health, and agroecosystem
University, Geisenheim, Germany functioning (Lynch et al. 2001; Trivedi et al. 2020). The
3 Department of Vegetable Crops, Hochschule Geisenheim composition and functional potential of rhizosphere micro-
University, Geisenheim, Germany biota are key determinants of plant nutrient acquisition and
4 Department of Applied Ecology, Hochschule Geisenheim stress responses, making them central targets for sustainable

University, Geisenheim, Germany soil and crop management strategies (Ullah et al. 2025).

@ Springer


https://doi.org/10.1007/s00374-026-01988-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s00374-026-01988-8&domain=pdf&date_stamp=2026-2-14

500

Biology and Fertility of Soils (2026) 62:499-515

Fertilization practices strongly influence these soil—
plant—-microbe interactions by modifying soil pH, nutrient
availability, and moisture regimes, thereby shaping micro-
bial community assembly and activity (Raimi et al. 2023).
While mineral fertilizers have substantially increased agri-
cultural productivity, their intensive use has been associated
with declines in microbial diversity, disruption of beneficial
plant—microbe interactions, and long-term soil degradation
(Tsiafouli et al. 2015; Huang et al. 2019; Porter and Sachs
2020). These limitations have stimulated interest in organic
amendments, particularly compost, as sustainable comple-
ments that can supply nutrients and enhance soil biological
functioning, although their ability to fully meet crop nutri-
ent requirements depends on soil nutrient status, compost
composition, and application rates (Rosa et al. 2017; Wei
et al. 2024).

Compost amendments can improve soil structure,
nutrient retention, and microbial activity and may act as
biological drivers of rhizosphere community assembly
(Martinez-Blanco et al. 2013). However, compost effects
are highly context-dependent and influenced by compost
characteristics, soil properties, crop species, and—criti-
cally—the method of application (Nkebiwe et al. 2016;
Gan et al. 2023; Zhu et al. 2024). The spatial placement of
organic amendments determines their physical proximity to
roots, their exposure to soil moisture and oxygen gradients,
and the extent to which nutrients are retained or lost through
volatilization, runoff, or surface mineralization. Surface
broadcasting is widely used in open-field and perennial
cropping systems, as well as in organic and low-input pro-
duction, due to its operational simplicity and compatibility
with reduced soil disturbance. However, it often results in
diffuse nutrient distribution and greater exposure of organic
matter to environmental losses, potentially limiting sus-
tained root-microbe interactions (Biinemann et al. 2018).
In contrast, subsurface placement through deep-banding has
been proposed and tested primarily in row crops and hor-
ticultural systems, including maize, wheat, and vegetable
crops, as a strategy to concentrate organic inputs within the
root zone and reduce nutrient losses associated with surface
applications (Vido et al. 2024; Wu et al. 2024). By creat-
ing localized nutrient hotspots and more stable microenvi-
ronments, deep-banding may enhance microbial access to
organic substrates, intensify plant-microbe interactions,
and promote the establishment of distinct rhizosphere com-
munities compared with surface-applied compost. Despite
this potential, the mechanistic effects of compost placement
depth on rhizosphere microbial community assembly and
functional potential remain poorly understood, particularly
in horticultural cropping systems.

Moreover, rhizosphere microbial communities are not
static but change dynamically across plant developmental
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stages in response to shifts in root exudation patterns and
nutrient demand (Nannipieri et al. 2023; Yang et al. 2025).
Nevertheless, the majority of studies assessing compost-
induced effects on soil and rhizosphere microbiomes rely on
sampling at a single time point, thereby overlooking tempo-
ral dynamics that may critically influence nutrient cycling
and plant performance (Azeem et al. 2020; Liu et al. 2021,
Su et al. 2022; Xu et al. 2023). In contrast, only a limited
number of studies have incorporated temporal sampling
to evaluate how compost amendments influence microbial
community succession during crop development (Kraut-
Cohen et al. 2023; Gil-Martinez et al. 2025). Consequently,
how compost placement interacts with plant developmental
stage to shape rhizosphere bacterial communities remains
largely unresolved.

Addressing these knowledge gaps requires high-reso-
lution characterization of rhizosphere microbiomes. Short-
read amplicon sequencing has been widely used for this
purpose, but its limited taxonomic resolution constrains the
detection of fine-scale community shifts and hampers reli-
able functional inference in complex soil systems (Francioli
et al. 2021b). Recent advances in Oxford Nanopore long-
read sequencing now enable accurate full-length 16S rRNA
gene sequencing, providing improved taxonomic resolution
down to the species level and enhancing the robustness of
taxonomy-based functional predictions (Aja-Macaya et al.
2025; Veselovsky et al. 2025). Despite these advantages,
long-read sequencing remains underutilized in studies inves-
tigating compost management effects on soil-plant-microbe
interactions, particularly across plant developmental stages.

In this study, we investigated how compost application
method—no compost (Control), surface-applied compost
(Broadcast), and subsurface compost placement (Deep-
banding)—influences soil physicochemical properties and
rhizosphere bacterial communities of Capsicum annuum
var. Fritz G740, a widely cultivated horticultural crop, at
two key developmental stages (maturation and ripening)
that differ markedly in plant nutrient uptake and root exu-
dation patterns. To achieve high-resolution characterization
of rhizosphere microbiomes, we employed Oxford Nano-
pore sequencing of the full-length 16S rRNA gene, enabling
species-level taxonomic resolution and improved functional
inference compared to conventional short-read approaches.
By integrating depth-controlled amendments with tempo-
ral sampling and high-resolution sequencing, we provide a
comprehensive analysis of the spatial and temporal mecha-
nisms through which compost management shapes the rhi-
zosphere microbiome. This approach offers new insights
into the microbial mechanisms underlying compost-driven
soil-plant interactions and informs the optimization of com-
post management practices in sustainable horticultural pro-
duction systems.
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Materials and methods
Plant material and field experimental design

Seeds of Capsicum annuum var. Fritz G740 (red bell pep-
per) were obtained from Bingenheimer Saatgut AG (Ger-
many). They were initially sown in a nutrient substrate
under greenhouse conditions, and seedlings were trans-
planted to the experimental field at the eight-leaf stage. The
field trial was conducted at Hochschule Geisenheim Univer-
sity, Geisenheim, Germany (49.9834° N, 7.9605° E). The
site is characterized by a sandy loam soil, a mean annual
precipitation of 527 mm, and a mean annual temperature of
11.0 °C (long-term average from 1991 to 2020) (Wohlfahrt
et al. 2022). The experiment was arranged in a randomized
block design with three replicate plots per treatment. Treat-
ments included: (i) surface compost application (30 t/ha;
Broadcast), (ii) deep-banded compost application (30 t/ha;
Deep-banding), and (iii) no compost application (Control).
Each plot measured 12 m? (10 m x 1.2 m) and contained 44
red bell pepper plants, with 45 cm spacing between rows
and plants. The compost, which consisted entirely (100%)
of plant-based materials derived from gardening and land-
scaping activities (Table S1), was applied a few days before
transplanting at a rate of 36 kg per plot (equivalent to 30
t/ha or 3 kg/m?). In the broadcast treatment, compost was
evenly distributed over the soil surface and manually incor-
porated using a rake. In the deep-banding treatment, holes
(15-20 cm depth) were dug with a spade, filled with the
respective compost volume, and seedlings were transplanted
directly on top of the compost-filled holes. Transplant-
ing took place in the first week of May 2023. An organic
slow-release fertilizer (Beckmann Phytoperls®N, 12% N,
1.2% P,05 2.7% K,0, 5.5% MgO, 14% S, and 2.3% Na)
was applied as a top dressing after transplanting. All plots
received the same total fertilizer input, corresponding to
50 kg N/ha (504 g per plot) at transplanting, to cover the
initial nutrient demand. A second top dressing with the same
fertilizer was applied on 12 June 2023 at a rate of 80 kg N/
ha. Irrigation was managed based on a tensiometer thresh-
old of —200 hPa, following irrigation planning according to
the Geisenheim irrigation model (Olberz et al. 2018). Rhi-
zosphere soil was sampled at two key plant growth stages
(PGS) of C. annuum: maturation (25 May 2023) and ripen-
ing (6 July 2023). From each plot, six randomly distributed
soil cores were collected near the C. annuum stems (from
10 to 30 cm soil depth and 1.5 cm in diameter) using a sam-
pling probe. The cores were then pooled to create one rhi-
zosphere soil replicate. Soil samples were sieved through a
2 mm mesh and stored at 4 °C for chemical analyses and at
—80 °C for molecular analyses.

Soil properties analysis

Total C (TC) and total N (TN) contents were determined
in triplicate by dry combustion using an elemental analyzer
(Vario MAX Cube, Elementar Analysensysteme, Germany).
Given the negligible carbonate concentration (<2%), TC
was considered equivalent to organic C (Corg). NH4™-N and
NOs™-N were extracted from 10 g of fresh soil with 1 M
KCl (1:4 w/v) by horizontal shaking for 1.5 h. After filtra-
tion of the suspension (Whatman Schleicher & Schuell 595
1/5, @ 270 mm), the concentrations of NH4*-N and NOs™-N
in the clear extracts were determined using a flow injection
analyzer (FIAstar 5000, Foss GmbH, Rellingen, Germany).
The mineral N pool was dominated by NOs-N, while the
proportion of NH4+*-N was negligible and therefore not con-
sidered in the study. Soil pH was measured in 0.01 M CaCls,
and electrical conductivity (EC) was measured using a con-
ductivity meter (WTW, Cond 315i, Germany). Determina-
tion of total P (P), potassium (K), magnesium (Mg), calcium
(Ca), manganese (Mn), iron (Fe), copper (Cu) and Zinc (Zn)
in the rhizosphere soil was performed via microwave diges-
tion followed by analysis by Inductively Coupled Plasma
Optical Emission Spectrometry (ICP OES) iCAP 6300 Duo
(Thermo Fisher Scientific).

DNA extraction, amplicon library preparation and
sequencing

Total rhizosphere DNA was extracted from 0.25 g of soil
using the DNeasy PowerLyzer PowerSoil Kit (Qiagen,
Hilden, Germany) following the manufacturer’s instruc-
tions. The rhizosphere DNA was quantified using a Qubit
fluorimeter and Qubit dsDNA High Sensitivity kit (Invitro-
gen, 15860210). DNA purity was measured using the Nano-
Photometer® NP80 (Implen, Westlake Village, CA, USA),
with an acceptable 260/280 ratio>1.7. DNA extracts were
normalized before amplification to a concentration of 10 ng
in 15p L of nuclease-free water.

Library preparation was performed using the Oxford
Nanopore Technologies (ONT) 16S Barcoding All-in-One
Kit (16S Barcoding Kit 24 V14; SQK-16S114.24). This kit
employs the 27F and 1492R primers (Weisburg et al. 1991),
targeting the full-length V1-V9 region of the 16S rRNA
gene. Amplicon library preparation was carried out accord-
ing to the ONT protocol (Rapid Sequencing DNA 16S Bar-
coding Kit V14, SQK-16S114.24; protocol available at: htt
ps://nanoporetech.com/document/rapid-sequencing-DNA-1
6s-barcoding-kit-v14-sqk-16114-24). In brief, PCR amplif
ications were performed in a total volume of 50 pL reaction
mix containing 15 pL of soil DNA template solution con-
taining 10 ng input DNA, 25 puL of LongAmp Hot Start Taq
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2X Master Mix (New England Biolab, MA, USA), and 10
pL of each 16S-Barcode. The thermal profile used for prep-
aration of bacterial IDNA amplicon libraries was as follows:
initial denaturation at 95 °C for 1 min, 30 cycles of dena-
turation at 95 °C for 20 s, annealing at 55 °C for 30 s, and
extension at 65 °C for 120 s, followed by a final extension
period at 72 °C for 5 min. The amplicons produced were
purified using AMPure XP Beads (Beckman Coulter, Brea,
CA, United States) and processed according to the Rapid
Sequencing DNA 16S Barcoding Kit V14 protocol to final-
ize the amplicon library production for each sample. Then,
equimolar amounts of individual libraries were pooled, and
the final library was loaded onto an R10.4.1 flow cell (FLO-
MIN114). Sequencing was performed on a MinION device
(Oxford Nanopore Technologies, Oxford, UK) available
at the Department of Plant Breeding, Hochschule Geisen-
heim University. The sequencing run was conducted for
26 h 27 min, generating a total of 5.14 million reads and
7.94 gigabases. All sequences have been submitted to the
Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra)
under the BioProject accession PRINA1333386.

Bioinformatic analysis

Oxford Nanopore Technologies (ONT) long reads were
live-basecalled within MinKNOW  version 24.11.10
using super-high accuracy basecalling for the ONT 16S
sequencing kit (SQK-16S114-24). Using MinKNOW’s
default settings, reads with an error rate higher than 10%
(Q-score<10) were discarded and not considered for fur-
ther analysis. After this filtering and sample assignment, we
obtained 4.74 million reads totaling 7.23 gigabases. Reads
were processed using the Nameco pipeline (Yergaliyev et
al. 2025), which performs quality filtering, clusters highly
similar reads, and generates a consensus sequence for each
cluster to reduce sequencing errors inherent to Nanopore
technology. These consensus sequences, hereafter referred
to as Consensus Cluster Sequences (CSCs), represent full-
length 16S rRNA gene sequences (covering V1-V9 regions)
and serve as reliable taxonomic units for downstream
analyses, including taxonomic classification and diversity
analysis (Rodriguez-Pérez et al. 2021; Stock et al. 2024).
Taxonomic assignment was conducted in QIIME2 (version
2024.5). Within QIIME2, the scikit-learn classifier and the
pre-trained SILVA 138 (99% OTUs full-length sequences)
database were used. All downstream data analyses were
conducted using the microeco R package (version 1.10.0).
First, low-abundance CSCs (frequency<2) and CSCs not
assigned to the kingdom %k Bacteria were removed. To
ensure sequence uniformity for alpha diversity, rarefaction
was performed at a standardized depth of 65,312 sequences
per sample, corresponding to the lowest sequencing depth
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among all samples (Table S2). The bacterial accumulation
curves approached a plateau for all the samples, indicating
sufficient sequencing depth to capture most of the bacterial
diversity within the samples investigated (Figure S1).

Data analysis and statistics

All statistical analyses were performed in R (version 4.3.3).
To test differences in soil conditions among compost treat-
ments, ANOVA assumptions were first verified, followed
by ANOVA and Tukey’s post hoc test (p<0.05) for each
plant growth stage (PGS). Normality was assessed using the
Shapiro—Wilk and Jarque—Bera tests, while homogeneity of
variance was examined with Levene’s test. Variables that did
not meet parametric assumptions were log10-transformed.

Bacterial alpha diversity was evaluated based on CSC
richness and the Shannon—Wiener index. Differences in
bacterial CSC richness and diversity were tested using
ANOVA followed by Tukey’s HSD post hoc test. Bacte-
rial community composition was assessed across PGSs and
compost treatments using Bray—Curtis dissimilarities, cal-
culated after applying a Hellinger transformation (square-
root transformation of relative abundances; (Legendre
and Gallagher 2001)). Permutational multivariate analysis
of variance (PERMANOVA) based on Bray—Curtis dis-
similarity was conducted with 999 permutations to test the
effects of the experimental factors on bacterial community
composition. A model of multivariate analysis of variance
was constructed using distance-based redundancy analysis
(db-RDA) based on the Bray—Curtis distance to determine
the environmental variables that were most influential on
the bacterial community composition. Linear Discriminant
Analysis Effect Size (LEfSe; (Segata et al. 2011) was applied
to identify genera with differential abundance between com-
post treatments at each PGS. Functional potential related to
each CSC was inferred using FAPROTAX (Louca et al.
2016). Finally, Pearson correlation analyses were performed
between FAPROTAX-predicted functions and differentially
abundant genera at both PGSs (maturation and ripening).
These correlations were adjusted using FDR correction to
account for multiple testing.

Results

Deep-banding compost application significantly
altered edaphic properties

Compost addition, as well as the method of application
(broadcast vs. deep-banding), significantly influenced spe-
cific soil physicochemical parameters. At the maturation
stage, compost addition affected only nitrate concentration,
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which was significantly higher under deep-banding treat-
ment compared to the control, increasing from 21.2 to 41.4
mg/kg (Table 1). By the ripening stage, however, the effects
of compost application on soil properties became more
pronounced. The control treatment exhibited significantly
lower values of electrical conductivity (EC), total N (TN),
organic C (Corg) than the deep-banding treatment, which
consistently showed the highest values for these parameters,
increasing on average from 121.7 to 181.97 uS cm™ (EC),
0.09 to 0.23% (TN), and 1.25 to 2.79% (Corg), respectively
(Table 1). The broadcast treatment differed significantly
from the control only in P concentration, presenting the
highest values for this macronutrient, increasing from 0.08
to 0.12%, although not significantly different from the deep-
banding treatment. Several soil nutrients, including nitrate,
Ca, Mn, Fe, and Zn, displayed increasing trends at ripen-
ing with both compost application methods. In contrast, soil
pH, the C/N ratio, and Cu did not exhibit consistent patterns
associated with compost application at either plant growth
stage (PGS) (Table 1).

Values represent means, with standard errors in parenthe-
ses (n=3). Different letters indicate statistically significant
differences among treatments based on Tukey’s HSD test
(»<0.05). EC: electrical conductivity; TN: total N; Corg:
organic C.

Bacterial diversity patterns and taxonomic
composition

A total of 3,117,034 high-quality bacterial 16S rRNA gene
reads were obtained from the 18 samples, averaging 173,169
reads per sample (Table S2). These clustered into 6,225
Consensus Cluster Sequences (CSCs) with a mean sequence
length of 1,445 bp. Alpha diversity analysis, based on the
Shannon index, revealed significant differences between

treatments only at maturation, with the control treatment
exhibiting significantly higher diversity than the deep-
banding compost application (Fig. 1a). Observed bacterial
richness followed a similar trend; however, no statistically
significant differences were detected between treatments at
either PGS (Fig. 1b).

Overall, bacterial sequences were assigned to 39 bacte-
rial phyla (99.71% of total reads; 6218 CSCs), 102 classes
(99.4% reads; 6154 CSCs), 236 orders (98.7% reads; 6070
CSCs), 376 families (94.78% reads; 5676 CSCs), 737 gen-
era (81.60% reads; 4698 CSCs), and 426 species (21.41%
reads; 837 CSCs). Pseudomonadota was the most prevalent
phylum across all treatments, accounting for 51.7% of the
total bacterial reads, followed by Bacillota with 17.79%
(Fig. 2a). At the class level, the most abundant groups
were Gammaproteobacteria (32.09%), Alphaproteobac-
teria (19.49%), and Bacilli (16.29%). At the genus level,
Bacillus, Pseudomonas, and Rhodanobacter accounted for
9.57%, 3.33%, and 2.60% of the total reads, respectively
(Fig. 2b).

Compost application and delivery method are the
primary determinants of bacterial community
assembly

Factors influencing bacterial community composition in
rhizosphere samples were assessed using permutational
multivariate analysis of variance (PERMANOVA) based
on Bray—Curtis dissimilarities. Across the full dataset,
compost addition had a significant effect on bacterial com-
munity composition, explaining approximately 30% of the
total variation (PERMANOVA, p<0.001; Table 2), whereas
plant growth stage (PGS) explained 14% of the variation
(»<0.01). No significant interaction between compost treat-
ment and PGS was detected. These statistically significant

Table 1 Properties of soil samples across compost treatments (Control, Broadcasted, Deep-banding) at red bell pepper maturation and ripening

Maturation Ripening

Control Broadcast Deep-banding Control Broadcast Deep-banding
pH 7.20 (0.18) 7.33 (0.14) 7.33(0.15) 7.49 (0.09) 7.41 (0.08) 7.47 (0.12)
EC (nS/cm) 209.4 (39.03) 209.45 (15.13) 298.5 (59.12) 121.7 (10.23)° 156.98 (14.52)® 181.97 (12.85)*
Corg (%) 2.37 (0.65) 2.02(0.43) 3.51(0.85) 1.25 (0.19)° 1.56 (0.16)™ 2.79 (0.64)*
TN (%) 0.13 (0.03) 0.13 (0.02) 0.23 (0.05) 0.09 (0.01)° 0.12 (0.01)° 0.23 (0.03)*
NO,™-N (mg/kg) 21.2 (1.35)° 24.1 (5.99)® 41.4 (4.35)* 9.07 (1.09) 13.1 (0.473) 16.5 (4.9)
C/N ratio 17 (1.62) 14.92 (1.64) 14.61 (0.89) 13.35(1.20) 13.48 (0.75) 11.83 (1.06)
P (%) 0.08 (0.01) 0.08 (0.01) 0.10 (0.01) 0.08 (0.01)° 0.12 (0.01) 0.11 (0.01)®
K (%) 0.26 (0.00) 0.26 (0.01) 0.28 (0.01) 0.26 (0.01) 0.27 (0.01) 0.24 (0.02)
Ca (%) 0.8 (0.08) 0.84 (0.1) 1.13 (0.14) 0.82 (0.15) 1.11 (0.17) 1.06 (0.12)
Mg (%) 0.30 (0.02) 0.27 (0.01) 0.31(0.01) 0.30 (0.01) 0.30 (0.02) 0.31 (0.02)
Mn (ppm) 499.23 (46.05) 565.8 (6.27) 533.1 (4.27) 512.40 (42.04) 524.17 (15.16) 567.87 (51.96)
Fe (ppm) 14506.67 (878.15) 14400.00 (432.47) 14850.00 (397.37) 14306.67 (384.89) 14896.67 (1111.61) 15023.33 (192.38)
Cu (ppm) 21.67 (0.45) 22.60 (0.39) 25.03 (2.76) 24.32 (1.11) 22.60 (0.39) 24.38 (1.80)
Zn (ppm) 58.04 (3.30) 59.03 (1.92) 63.54 (3.17) 62.10 (4.27) 64.29 (3.83) 66.39 (5.55)
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Fig. 1 Boxplots displaying bacterial (a) Shannon index and (b) rich-
ness of each sample across the treatments (Control, Broadcasted,
Deep-banding) at each PGS stage (maturation, ripening). Different

treatment effects were supported by principal coordinate
analysis (PCoA), in which the first two axes together cap-
tured 48.9% of the total variation in community composition
(Fig. 3a). The primary separation among samples occurred
along the first axis (34.8% of the variation) and was largely
attributable to compost application.

To further resolve treatment effects within individual
plant growth stages, PERMANOVA was conducted sepa-
rately for each PGS. Compost application exerted a strong
and significant influence on bacterial community composi-
tion at both the early stage (R? = 46.2%, p<0.01) and the
late stage (R? = 46.9%, p<0.01; Table 2). Consistent with
these results, ordination analyses showed clear cluster-
ing by treatment at both PGSs (Fig. 3b, c¢). Across growth
stages, compost-amended samples formed distinct bacterial
community assemblages compared with the non-amended
control. This separation was most pronounced under deep-
banding compost application, which consistently showed
the greatest divergence from control samples at both PGSs.

Next, we evaluated whether the evident shifts in micro-
biota composition between the different compost treatments
were correlated with the alterations in the soil properties
promoted by compost addition to the soil. A significant
effect (P<0.05) of various soil properties on the microbiota
was revealed by partial db-RDA (Fig. 4). Soil organic C,
total N, nitrate concentration, C/N ratio, and EC were found
to be significantly (P<0.05) correlated with the bacterial
community assembly in the treatments investigated (Fig. 4).
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letters indicate statistically significant differences among treatments
based on Tukey’s HSD test (p<0.05)

Changes in bacterial taxa abundance induced by
compost application

To identify bacterial genera with significantly different rela-
tive abundances among treatments, Linear Discriminant
Analysis Effect Size (LEfSe) was performed separately at
each PGS. At the early sampling stage, a total of 29 gen-
era exhibited differential abundance among treatments
(Fig. 5a), with two genera enriched in the control, four in the
broadcast compost treatment, and 23 in the deep-banding
treatment. At the late sampling stage, 28 genera differed sig-
nificantly across treatments, including seven enriched in the
control, three in the broadcast, and 18 in the deep-banding
treatment (Fig. 5b).

Notably, deep-banding consistently yielded a greater
number of significantly enriched taxa than the other treat-
ments at both time points, indicating a strong influence of
this application method on bacterial community assembly.
Furthermore, the identity of differentially abundant taxa dif-
fered markedly between the early and late stages. In the con-
trol and broadcast treatments, no genera were consistently
enriched across both sampling points. In contrast, the deep-
banding treatment retained a core set of ten shared genera
(e.g. Aquamicrobium, Pusillibacter, Advenella, Cytophaga,
Oceanobacillus) across both stages, suggesting a more sta-
ble and sustained microbial response to subsurface compost
placement.
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Fig. 2 Bacterial taxonomic composition of each sample across the treatments (Control, Broadcasted, Deep-banding) at each PGS stage (matura-
tion, ripening). Only the 10 most abundant (a) phyla and (b) genera are shown; all other taxa are grouped under “Others”

Compost application, particularly through deep-
banding, altered the functional potential of
bacterial communities

Functional predictions based on taxonomic assignments
were conducted using FAPROTAX, resulting in the iden-
tification of 37 soil-related functional groups. At the
early PGS, 34 functions were detected; iron respiration,
anoxygenic photoautotrophy S-oxidizing, and anoxygenic
photoautotrophy were not observed (Fig. 6a). By the rip-
ening stage, 36 functions were present, with aromatic
hydrocarbon degradation being the only function absent
(Fig. 6b). LEfSe analysis revealed that during maturation
of red bell pepper, two functions—nitrate reduction and
aromatic hydrocarbon degradation—were significantly

different among treatments, both being more abundant in
the deep-banding compost application and least abundant
in the control. At ripening, three functions—nitrogen res-
piration, nitrate respiration, and nitrate reduction—were
significantly enriched, again showing the highest relative
abundance under the deep-banding treatment. These find-
ings indicate that deep-banding compost application not
only alters microbial community composition but may also
enhances key microbial functions related to N cycling.

To assess the potential functional implications of compo-
sitional shifts in the bacterial community, Pearson correla-
tion analysis was conducted between FAPROTA X-predicted
functions and genera identified as differentially abundant
across treatments during the early and late PGS. In the early
PGS, 26 genera exhibited significant correlations (p<0.05),
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Table 2 Contribution of plant growth stage (PGS; maturation and ripening) and compost treatments to the bacterial community composition associated with rhizosphere samples, as revealed by

PERMANOVA. Results are shown for the full dataset as well as separately for each PGS

Ripening PGS

df
2

Maturation PGS

df
2

Full model

df
2
1

2

Parameter

P-value
0.009

Pseudo-F R?

2.6525

P-value
0.009

RZ

Pseudo-F
2.5849

P-value
0.001

2
0.29523

Pseudo-F

0.46926

0.46283

3.8828
3.8073
1.3653

Treatment
PGS

0.002

0.14474
0.10381

0.157

Treatment*PGS

including 23 that were enriched under the deep-banding
compost treatment and 3 associated with the broadcast com-
post application (Fig. 7a). Notably, 18 genera enriched in
the deep-banding treatment were positively correlated with
the nitrate reduction pathway, which also exhibited high
functional abundance in this treatment. Likewise, six gen-
era associated with the broadcast treatment were positively
correlated with the aromatic compound degradation path-
way, which was predominantly expressed under broadcast
compost conditions. In the late PGS, only eight differen-
tially abundant genera were significantly correlated with
predicted functional pathways (Fig. 7b). Among these, three
highly expressed N cycling pathways—nitrate reduction,
nitrate respiration, and nitrite respiration—under the deep-
banding treatment were positively associated with 3, 6, and
2 bacterial genera, respectively. These results highlight a
treatment-specific enrichment of microbial taxa linked to
key soil functions, particularly N transformation processes
under deep-banding compost application.

Discussion

Organic amendments, particularly compost, are widely pro-
moted as sustainable tools to enhance soil physicochemical
properties and stimulate microbial activity, thereby support-
ing soil health and agroecosystem functioning. Beyond sup-
plying organic matter and nutrients, compost can influence
soil microbial community composition and activity, with
potential consequences for nutrient cycling and plant per-
formance (Heisey et al. 2022; Edlinger et al. 2022). Despite
these recognized advantages, the outcomes of compost
application in field systems remain highly variable. This
variability reflects differences in compost composition and
environmental conditions, but also the spatial placement of
organic inputs within the soil profile, which can determine
nutrient accessibility and the extent to which microbial
communities respond (Nkebiwe et al. 2016; Li et al. 2024).
In this context, application strategies such as surface broad-
casting and subsurface placement are likely to create con-
trasting soil microenvironments with distinct implications
for nutrient dynamics and rhizosphere microbial assembly.
Understanding how compost placement modulates soil—
plant-microbe interactions is therefore essential for improv-
ing the reliability and sustainability of organic fertilization
practices.

Influence of compost placement on edaphic
parameters

The distinct effects of compost on soil physicochemi-
cal properties observed in this study appear to be driven
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Fig. 3 Principal coordinates analysis (PCoA) of bacterial community composition in the rhizosphere based on (a) the full dataset, (b) samples at

maturation, and (¢) samples at ripening

primarily by the method of application. Although surface
broadcasting is a widely used practice in many cropping
systems—particularly in open-field and perennial cropping
systems, where soil disturbance is minimized or mechanical
incorporation is limited—it exerted only negligible effects
on most soil properties throughout the red pepper growth
cycle. This limited response may suggest a slow incorpora-
tion of surface-applied organic matter into the soil matrix
and a delayed release of nutrients, a pattern consistent
with observations in other cropping systems (Biinemann et
al. 2018). In contrast, deep banding resulted in more pro-
nounced and consistent changes, particularly at the ripen-
ing stage, when soil organic carbon, total nitrogen, nitrate,
and electrical conductivity were significantly higher than
in control soils. These responses align with previous stud-
ies reporting enhanced nutrient retention and improved soil
quality following subsurface placement of organic amend-
ments compared with surface application (Nkebiwe et al.
2016; Liu et al. 2019). The stronger effects associated with
deep banding are likely attributable to the physical integra-
tion of compost within the soil matrix, which is expected to
reduce nutrient losses and promote a more gradual release
of mineral nitrogen. While we did not directly measure gas
fluxes or leaching, the increased N availability in the band-
ing zone is consistent with literature suggesting that subsur-
face placement limits ammonia volatilization by reducing
surface exposure (Biinemann et al. 2018; Li et al. 2022).

Similarly, the significant increases in soil organic carbon
under deep banding indicate improved carbon retention,
potentially driven by enhanced soil aggregation and micro-
bial stabilization processes (Assirelli et al. 2023; Burg et
al. 2023). Importantly, deep banding may not be feasible or
appropriate for all cropping systems, as it requires special-
ized equipment, higher energy inputs, and soil conditions
that allow subsurface incorporation without excessive dis-
turbance; therefore, its potential benefits should be evalu-
ated within the context of crop type, soil characteristics, and
management constraints.

Notably, the persistence of these effects at the ripening
stage suggests that deep banding may extend nutrient avail-
ability beyond early crop development, thereby influenc-
ing soil conditions during later phenological phases when
nutrient demand and root activity remain substantial. Such
temporal persistence is particularly relevant in horticultural
systems, where synchronization between nutrient supply
and crop phenology is critical for efficient resource use and
environmental sustainability. However, from a horticul-
tural perspective, the increases in nitrogen availability and
electrical conductivity observed at ripening warrant careful
consideration. Although sustained nutrient availability late
in the growing cycle could support continued metabolic
activity and fruit development, excessive nitrogen sup-
ply or elevated salinity can negatively affect fruit quality
and shelf life in pepper production systems. While specific
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Fig. 4 Distance-based redundancy analysis (db-RDA) illustrating the relationships between soil variables and bacterial community composition
across compost treatments (Control, Broadcasted, Deep-banding) in red bell pepper rhizosphere samples

physiological and process-level variables—such as yield,
fruit quality, nitrification rates, and root architecture—were
not directly quantified, the observed shifts in soil physico-
chemical properties provide a robust proxy for altered soil
environmental conditions. Nonetheless, the consistency of
these findings with previous studies supports the conclusion
that subsurface compost placement fosters a soil environ-
ment conducive to organic matter stabilization and efficient
nutrient cycling, though future targeted measurements are
warranted to validate these proposed dynamics.

Compost application, especially via deep-banding,
drives bacterial assembly and functional potential

Compost application significantly influenced rhizosphere
bacterial community composition, with effects determined
not only by compost presence but also by its mode of
application. Among treatments, deep banding consistently
produced the strongest and most pronounced shifts in
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community composition, beta-diversity patterns, and pre-
dicted functional traits across both developmental stages of
red bell pepper, confirming that subsurface placement can
have a stronger effect on microbial communities compared
with surface application (Gan et al. 2023; Hsiao et al. 2025).
Importantly, our study extends these findings by specifically
examining rhizosphere communities in a horticultural crop,
capturing temporal dynamics across two key developmental
stages (maturation and ripening), and linking community
shifts to predicted functional traits, providing a more mech-
anistic understanding of how compost placement influences
plant-microbe interactions over time.

Ordination analyses revealed clear clustering by treat-
ment, with deep-banded samples distinctly separated from
the control, underscoring the central role of compost place-
ment depth in shaping rhizosphere bacterial assemblages.
Redundancy analysis further demonstrated that soil proper-
ties significantly modified by compost application—partic-
ularly total nitrogen, nitrate concentration, organic carbon,
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Fig.5 Linear discriminant analysis (LDA) scores of soil bacterial gen- nant taxa. The right panels display the relative abundances of these
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C/N ratio, and electrical conductivity—were strongly asso-
ciated with bacterial community composition. The large
proportion of variation explained by the first two RDA axes
supports the view that compost-induced changes in soil
physicochemical conditions act as primary drivers of micro-
bial community assembly. This finding aligns with growing
evidence that soil properties often outweigh plant effects in
structuring microbial diversity, whereas plant-driven influ-
ences, such as those mediated by root exudation, tend to be
more transient and context-dependent (Hannula et al. 2021;
Nannipieri et al. 2023). Together, these results reinforce the
link between compost placement depth, altered soil condi-
tions, and the recruitment of functionally relevant microbial
taxa (Cucu et al. 2019; LeBlanc and Harrigian 2024).

Deep banding exerted the strongest influence on bacterial
community assembly, as reflected by the greater number of
genera showing significant changes in relative abundance
compared with surface broadcasting and control treatments
at both growth stages. These taxonomic shifts were particu-
larly pronounced among genera associated with nitrogen
cycling. During maturation, Azoarcus, Alcaligenes, and
Advenella were enriched, whereas Thermomonas, Ochro-
bactrum, and Marinobacter increased in relative abundance
at ripening. Members of these taxa are known to partici-
pate in key nitrogen transformations, including biological
nitrogen fixation, nitrate reduction, and denitrification (Doi
et al. 2009; Matsuoka et al. 2012; Meng et al. 2019; Sakoda
et al. 2019; Liu et al. 2022; Qin et al. 2024). A higher
diversity of nitrogen transformation pathways is widely

@ Springer

a— =

Treatment
o {[}Broadcast

's {]} Deep-banding

& {]} Control

40 60 0 20 40 60

Relative abundance (%)

(Control, Broadcasted, Deep-banding) at maturation and ripening.
Asterisks indicate statistically significant differences between treat-
ments at each time point as determined by LEfSe analysis

regarded as important for stabilizing nitrogen cycling and
increasing ecosystem resilience to environmental fluctua-
tions (Philippot et al. 2013). Functional profile prediction
via FAPROTAX indicated that deep banding enhanced
the potential for key nitrogen cycling pathways, including
dissimilatory nitrate reduction and associated anaerobic
respiration processes (e.g., using nitrate or other N-oxides
as electron acceptors). In this context, the enrichment of
predicted nitrate-reducing functions suggests an increased
microbial capacity to mediate nitrogen transformations
that influence nitrate retention and loss pathways (Liao et
al. 2024). Correlation analyses further supported this inter-
pretation, revealing positive associations between enriched
taxa (e.g., Azoarcus, Alcaligenes, Advenella, Arenibacter)
and predicted nitrate reduction pathways, indicating that the
observed community shifts are likely functionally meaning-
ful rather than purely compositional.

Beyond treatment effects, our results highlight the impor-
tance of temporal dynamics in plant—soil-microbiome inter-
actions. By assessing microbial communities at two key
developmental stages, we captured stage-specific responses
that are often overlooked in single-time-point studies (Nan-
nipieri et al. 2019). The identity of differentially abundant
taxa varied markedly between maturation and ripening,
indicating that compost effects on microbial assembly are
not static but evolve over the course of plant development.
In the deep-banding treatment, a core set of genera per-
sisted across both stages, suggesting a degree of structural
stability under sustained subsurface nutrient inputs. During
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maturation, stronger correlations between taxa and predicted
functions were observed, consistent with an early phase in
which microbial recruitment is largely driven by soil physi-
cochemical conditions before plant-mediated selection
becomes more dominant (Francioli et al. 2018; Xiong et al.
2021). At ripening, these correlations weakened, suggest-
ing the establishment of a more stabilized, plant-shaped
microbial community. This pattern aligns with evidence that
early-stage rhizosphere communities are more dynamic and
responsive to soil conditions, whereas later-stage communi-
ties exhibit greater resilience, likely due to tighter microbial
interactions and shifts in root exudation profiles (Chaparro
et al. 2014; Francioli et al. 2021a; Lewin et al. 2024).

An important strength of this study lies in the integra-
tion of temporally resolved sampling with full-length 16S
rRNA gene sequencing using Oxford Nanopore technology.
Sequencing the entire~1,500 bp 16S rRNA gene enabled
improved taxonomic resolution compared with short-read
approaches, allowing a larger fraction of sequences to be
classified at the genus and species levels. This enhanced
resolution facilitated more confident associations between
specific taxa and predicted functional traits across treat-
ments and developmental stages. At the same time, several
limitations should be acknowledged. Functional predic-
tions were inferred from taxonomic profiles rather than
measured directly, and thus represent potential rather than
realized microbial activity. In addition, the experiment was
conducted in a single soil type and growing season, which
may limit the generalizability of the findings across differ-
ent pedoclimatic conditions. Despite these constraints, the
observed consistency between soil property shifts, micro-
bial community responses, and predicted functional pat-
terns provides a coherent framework for understanding
how compost placement influences rhizosphere processes.
From an applied perspective, our results suggest that sub-
surface compost placement may offer a practical strategy to
steer rhizosphere microbial communities toward nitrogen-
cycling functions, thereby informing management decisions
aimed at improving nutrient use efficiency and soil health in
horticultural systems.

Conclusion

This study demonstrates that the spatial placement of com-
post is a critical determinant of its effectiveness in agro-
ecosystems. While surface broadcasting of green-waste
compost induced only minor changes in soil conditions,
deep banding consistently improved key edaphic param-
eters, including soil carbon and nitrogen pools. These
changes were accompanied by the establishment of a distinct
rhizosphere bacterial community in red bell pepper across
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developmental stages, characterized by the selective enrich-
ment of nitrogen-associated taxa and an increased predicted
potential for key nitrogen transformation pathways.

Overall, deep compost banding emerges as a strategic
soil management practice capable of modulating nutrient
availability and shaping rhizosphere microbial community
assembly. The combination of temporally resolved sam-
pling with full-length 16S rRNA gene sequencing provides
a robust framework for linking compost placement strate-
gies to microbial composition and functional potential with
enhanced taxonomic resolution.

To build on these findings, future research should evalu-
ate the long-term persistence and stability of these compost-
induced shifts across diverse soil types, cropping seasons,
and plant species. Specifically, coupling microbial profiling
with direct measurements of nitrogen fluxes, nitrification
kinetics, and soil aggregation dynamics is necessary to con-
firm the mechanistic pathways proposed here. Additionally,
integrating root exudate collection and metabolomic profil-
ing would clarify the feedback between compost placement,
plant physiology, and rhizosphere assembly. Such integra-
tive approaches are essential to optimize organic amend-
ments for soil health, nutrient-use efficiency, and sustainable
horticultural production.
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