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Abstract

Biochar is increasingly recognized for its capacity to remediate acidifying soils, but the mechanisms through which it
achieves long-term effects remain poorly understood. This five-year field study examined how biochar’s effects on soil
chemistry propagate through biological systems to reshape soil function. We conducted a randomized field experi-
ment comparing three biochar application rates (4.5, 11.25,and 22.5 t ha™') with lime and swine manure in an acidic
paddy soil. Integrated soil microbiome, metagenomic, metaviromic, and metabolomic analyses assessed how amend-
ments altered soil properties and their associations with microbial communities and metabolic functions. All
amendments alleviated acidification (pH increased from 5.5 to 6.4) and reduced exchangeable aluminum (from 12.5
to 3.5 mg kg™"). High-dose biochar (22.5 t ha™") initiated a mechanistic cascade absent under traditional amendments:
improved soil chemistry drove restructuring of prokaryotic and viral communities toward nutrient-cycling pheno-
types (enriching Chloroflexi, Planctomycetota, Algavirales, and Crassvirales), which in turn reshaped metagenomic
functions and soil metabolite profiles. Specifically, biochar elevated genes related to nutrient exchange and cell—cell
interactions while enriching lipids and terpenoids that support plant growth and long-term carbon stabilization. This
coordinated restructuring of soil chemistry, microbial communities, and metabolic function did not occur under lime
or manure. The findings demonstrate that biochar’s long-term superiority emerges from orchestrating sequential
changes across the soil-microbe-metabolite system as an integrated whole. This mechanistic understanding provides
novel insights for deploying biochar as an ecosystem restoration tool in acidifying agricultural systems.

Highlights

+  Biochar initiated a chemistry-community-function cascade in acidic soil.

- This coordinated cascade did not occur under lime or manure amendments.

- Biochar elevated soil pH and suppressed metals, favoring nutrient-cycling taxa.

+  Biochar-enriched microbial communities enhanced nutrient exchange and signaling.
- Biochar restructured soil metabolites toward lipids and terpenoids for stability.
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1 Introduction

Soil serves as the cornerstone of terrestrial ecosystem
function, underpinning global food security, biogeo-
chemical cycling, climate mitigation, and biodiversity
(Bunemann et al. 2018). However, unsustainable agricul-
tural practices, such as intensive monocropping and the
excessive application of chemical fertilizers, have acceler-
ated land degradation on a global scale (Liu et al. 2021).
Among these threats, soil acidification has emerged as a
particularly pressing issue, leading to nutrient depletion,
increased heavy metal availability, reduced crop yields,
and suppressed microbial activity (Li et al. 2023). Tra-
ditional amendments such as lime and animal manure
are commonly used to neutralize soil acidification. Lime
directly neutralizes soil exchangeable H* or AI**, while
animal manures detoxify AI** and increase soil organic
matter and nutrient supply (Fu et al. 2022). However, the
application of lime and animal manure is constrained.
The ameliorative effects of lime are often transient and
can induce cation imbalances (Hu et al. 2016a, b), while
animal manures risk introducing heavy metals and path-
ogens, posing potential threats to food safety and human
health (Nicholson et al. 1999). Therefore, selecting sus-
tainable amendments that provide effective, long-term
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soil improvement without adverse effects is crucial for
global agricultural resilience.

Biochar, a carbon-rich material, has gained promi-
nence as a promising soil amendment (Chen et al. 2019).
Its alkaline nature, porous structure, and rich nutrient
concentrations can improve soil pH, structure, and fer-
tility, making it particularly suitable for the remedia-
tion of acid soils (Biederman and Harpole 2013). Unlike
lime or animal manure, biochar exhibits superior struc-
tural stability and environmental persistence, serving as
a persistent carbon sink while continuously enhancing
soil fertility (Lehmann 2007). Its high surface area and
adsorption capacity further aid in nutrient retention and
contaminant immobilization (Yao et al. 2012). Despite
these acknowledged benefits, the current understand-
ing has predominantly focused on short-term agronomic
outcomes, such as immediate shifts in soil pH and crop
yield. There remains a lack of consensus and clear mech-
anistic understanding regarding the long-term effects
of biochar on holistic soil ecological functions, espe-
cially its sustained influence on soil biodiversity and key
microbial-driven recovery processes (Kerner et al. 2023).
Furthermore, while the dose-dependent effect of bio-
char is acknowledged (Zhao et al. 2024), the ecological
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thresholds, trade-offs, and mechanistic drivers across
application gradients remain poorly understood, limiting
the development of optimized remediation strategies.

Soil microorganisms are central agents in ecosystem
functioning, governing organic matter decomposition,
nutrient cycling, and soil health (Trivedi et al. 2020).
Their communities are sensitive indicators of soil condi-
tion and are directly influenced by amendments (Kerner
et al. 2023), particularly during the remediation of acid
soils (Fierer et al. 2021). Biochar can alter microbial habi-
tats and metabolic activities, often reducing acidophilic
taxa while stimulating groups involved in nutrient cycling
(Palansooriya et al. 2019; Chen et al. 2022). However,
these responses are complex and context-dependent:
higher application rates may increase microbial biomass
and enrich nutrient-cycling taxa, yet sometimes reduce
a-diversity due to stronger environmental filtering (Li
et al. 2019). Critically, most evidence comes from short-
term or controlled-environment experiments, leaving a
scarcity of field-based, long-term data on how microbial
communities and their functional capacities evolve under
sustained biochar application in acid soils.

A more notable research gap concerns the soil virome.
Viruses, particularly bacteriophages, are increasingly
recognized as important regulators of microbial com-
munities and biogeochemical processes, influencing host
metabolism, stress resistance, and ecosystem functioning
through mechanisms such as lysis and horizontal gene
transfer (Kuzyakov and Mason-Jones 2018). It has been
shown that viral activity affects microbial turnover and
functional traits, including responses to soil acidity and
heavy metal stress (Santos-Medellin et al. 2022). How-
ever, previous studies examining how soil viral commu-
nities respond to long-term application of biochar under
field conditions remain very limited. This lack of investi-
gation leaves a substantial gap in understanding the full
scope of biochar-induced biological changes in soil eco-
systems. Therefore, a systematic investigation into the
long-term effects of biochar applied at varying rates, par-
ticularly from an integrated microbial and viral perspec-
tive, is needed to better elucidate ecological responses
to soil amendments and to advance mechanistic under-
standing of how biochar enhances soil biochemical
functioning.

To address these research gaps, we conducted a five-
year field experiment in acidic paddy soils of Southeast
China. Specifically, we asked whether long-term biochar
application, particularly at higher rates, outperforms
traditional amendments by fundamentally restructur-
ing the soil microbiome and metabolic functions in
ways that transcend simple chemistry. To systematically
address this question, we compared biochar applied at
three rates (4.5, 11.25, and 22.5 t ha™!) with conventional
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amendments using integrated amplicon sequencing,
metagenomics, metaviromics, and metabolomics. This
multi-omics approach enabled us to examine whether
changes in soil chemistry, microbial communities, and
metabolic functions operate in concert under biochar
amendment. We hypothesized that biochar-induced
improvements in soil chemistry drive restructuring
of prokaryotic and viral communities, which in turn
reshape metabolic pathways supporting nutrient and car-
bon cycling. Specifically, we predicted that (1) high-dose
biochar would exceed lime and swine manure in improv-
ing soil fertility and reducing metal bioavailability; (2)
biochar would induce dose-dependent shifts in prokary-
otic and viral communities correlating with improved
soil chemistry; and (3) these community changes would
manifest as metagenomic and metabolomic shifts toward
nutrient acquisition and carbon stabilization pathways.
By unraveling the mechanistic interplay among soil
chemistry, microbial ecology, and metabolic functions,
this study provides critical multi-omics insights essential
for developing optimized management strategies in acid-
ifying paddy soils.

2 Materials and methods

2.1 Study site and experimental design

The field experiment site was located in Xintong county,
Hangzhou, Zhejiang province, China (119.82°E, 29.91°N).
This region experiences a subtropical monsoon humid
climate with a mean annual precipitation of 1523 mm
and an average annual temperature of 17.2 °C. The soil
had pH 5.43+0.05, organic matter 22.1+0.4 g kg,
exchangeable APt 2.14+0.12 cmol kg™!, exchangeable
H*1.05+0.08 cmol kg™!, cation exchange capacity (CEC)
7.86+0.35 cmol kg!, available P 3.62+0.16 mg kg,
total Cd 0.57 +0.04 mg kg~!, and CaCl,-extractable Cd
0.21+0.05 mg kg’ Its texture was silt clay loam with
26% sand, 52% silt, and 22% clay.

The field experiment commenced in May 2019 to
evaluate the effect of soil amendments on alleviating
soil acidification and Cd contamination. Previous stud-
ies have reported that biochar application rates typically
range from 5 to 10 t ha™, and occasionally extend to
15 t ha'!, depending on soil type and agronomic objec-
tives (Urgessa 2021; Frimpong et al. 2025). To align with
common agricultural practice while enabling systematic
dose-response analysis, we selected three application
rates: a medium dose of 11.25 t ha™' (within the typi-
cal range), supplemented with a low dose of 4.5 t ha™
(representing 40% of the conventional range) and a rela-
tively high dose of 22.5 t ha™! (approximately double the
upper conventional rate). This gradient allows exami-
nation of ecological thresholds and trade-offs across
the application spectrum. The experiment consisted of
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eight treatments and three replicates in a randomized
complete block design (Fig. S1). The eight treatments
were non-amended control (CT), lime at 1.13 t ha™' (L),
swine manure at 2.25 t ha™! (PM), swine manure at 2.25
t ha™! and biochar at 4.5 t ha™! (PMBC), low-dose bio-
char at 4.5 t ha™! (BCL), medium-dose biochar at 11.25
t ha™' (BCM), high-dose biochar at 22.5 t ha™! (BCH),
and biochar at 112.5 t ha™! per five-year (equivalent to
five-year cumulative BCH treatment) (BCF). All treat-
ments (except for BCF) were applied annually before rice
planting.

For the amendments, lime was purchased from a local
farm (pH 9.59, 6.7% total C), and swine manure (pH
7.70, 24.7% C) was obtained from an intensive livestock
production facility (Hangzhou, Zhejiang Province, East-
ern China). The manure-derived biochar, produced by
pyrolysis at 550—-600 °C, was strongly alkaline (pH 10.75),
with 31.1% total C, 53.7% ash, and a CaCO; equivalent of
20.2%, supplied by Jiangsu Benenv Environmental Tech-
nologies Co., Ltd. (Yixing, Jiangsu Province, China). Basic
properties, including trace metal contents, are presented
in Table S1.

Plots of 5 m X 4 m were arranged and concrete barriers
(0.2 m wide, 0.2 m deep) were installed between plots to
prevent cross-contamination (Fig. S1). All amendments
were applied in conjunction with basal fertilizers of urea,
diammonium phosphate, and potassium chloride, at
rates of 180 kg N ha™', 40 kg P ha™!, and 125 kg K ha™?,
respectively, and mixed into the top 15 cm. Ten days after
amendment addition, 30-day-old seedlings of rice (Oryza
sativa L.) were transplanted into the field plots with
18cm X 15 cm inter and intra row spacing.

2.2 Soil sample collection and property characterization
At the rice harvest on October 25, 2023, five cores
(0-20 cm) were collected from each plot using a soil
auger. Soil samples were kept on ice before being trans-
ported to the laboratory. The soil was then sieved through
a 2-mm mesh and divided into two portions. One por-
tion was air-dried for the determination of soil proper-
ties, nutrient and metal levels, while the other was frozen
at —80 °C for subsequent DNA extraction and microbial
analyses.

Soil pH, soil organic matter (SOM), total N (TN),
available N (AN), available P (AP), CEC, chloride (Cl),
sulfate (SO,), available Si, exchangeable K, exchange-
able Ca, and exchangeable Mg as well as bioavailable
metals of Al, Cd, Cu, Fe, Mn, and Ni were determined.
Soil pH was measured in 1:2.5 H,0O by a pH meter
(5470, SevenExcellence™, Mettler-Toledo GmbH,
Gieflen, Germany). Soil CEC was determined using the
ammonium acetate exchange method. Soil SOM was
quantified by the K,Cr,0,-H,SO, oxidation method,
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with TN assessed using the Kjeldahl method (Kjeltec
Analyzer CID-310, Foss, Sweden). Soil AP was meas-
ured using the molybdenum-antimony colorimetric
method following extraction with ammonium chloride
and hydrochloric acid (Murphy and Riley 1962). Soil
AN was determined using the alkali-hydrolysis diffu-
sion method with boric acid absorption (Dodor and
Tabatabai 2019). For other nutrient ions, Cl was quanti-
fied by silver nitrate titration, and SO, by EDTA titrim-
etry. Soil exchangeable Ca, Mg, and K were detected by
atomic absorption spectrophotometry after extraction
in ammonium acetate, while available Si was measured
by the citric acid extraction-molybdenum blue spectro-
photometric method. Soil bioavailable metal ions were
extracted with 0.1 mol L™ CaCl, at a 1:10 (w/v) ratio
and quantified using an Inductively Coupled Plasma-
Optical Emission Spectrometer (ICP-OES) (iCAP 6300,
Thermo Fisher Scientific, USA).

2.3 Soil microbiome analyses

Soil DNA was extracted from each sample (0.5 g) using
the FastDNA Spin Kit (MP Bio, Solon, OH, USA) follow-
ing the manufacturer’s instructions, and then column-
purified using the OneStep PCR Inhibitor Removal Kit
(Zymo Research, Irvine, USA). The purity and concen-
tration of DNA were assessed using the Nanodrop One
(Thermo Fisher Scientific, MA, USA). The primer of
515F (5'-GTG CCA GCM GCC GCG GTA A-3") and
907R (5'-CCG TCA ATT CMT TTR AGT TT-3") was
targeted for 16S V4 and V5 regions of soil prokaryotes
(Biddle et al. 2008). Fungal ITS1 regions were amplified
by applying the primer pair F (5'-CTT GGT CAT TTA
GAG GAA GTA A-3") and R (5'-GCT GCG TTC TTC
ATC GAT GC-3’) (Gardes and Bruns 1993). The PCR
amplification was performed using a BioRad S1000 PCR
instrument (Bio-Rad Laboratory, CA, USA). Amplified
PCR products were sequenced on the Illumina MiSeq
platform (Illumina, San Diego, CA, USA) to generate
300 bp paired-end reads.

Paired-end reads were merged based on their overlap
using USEARCH to obtain raw tags (Edgar 2010). Qual-
ity control of the raw tags to clean tags was performed
using fastp (version 0.14.1) with a sliding-window quality
trimming (-W 4 -M 20), with primers removed by Cuta-
dapt (Chen 2023). The QIIME 2 pipeline (2022.11) was
employed to further denoise the clean tags, clustering
them into amplicon sequence variants (ASVs) through
DADAZ2 (Callahan et al. 2016). Taxonomic classification
of each ASV was performed using the Silva 16S refer-
ence database (version 138) for prokaryotic taxa and the
UNITE ITS reference database (version 8.0) for fungal
taxa (Abarenkov et al. 2024).
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2.4 Soil metagenomics

According to the manufacturer’s protocol, 1 pg of DNA
was extracted from each soil sample using the NEB Next®
Ultra™ DNA Library Prep Kit for Illumina (NEB, USA)
to construct shotgun metagenomic sequencing libraries
with indexing codes appended. Sequencing was then per-
formed on the Illumina NovaSeq 6000 platform, generat-
ing 150 bp paired-end reads. The quality of the libraries
was assessed using an Agilent Bioanalyzer equipped with
a DNA7500 chip (Agilent, Santa Clara, USA), while con-
centrations were measured via the broad-range double-
stranded DNA assay on an Invitrogen Qubit fluorometer
(Invitrogen, Waltham, USA).

The raw reads obtained were subjected to quality con-
trol using Trimmomatic (version 0.36) to produce clean
reads. Subsequently, de novo assembly of the clean
reads was performed using MEGAHIT (v1.1.2) with
k-mer sizes ranging from k-min 35 to k-max 95, step-
ping by 20 (Li et al. 2016). Open reading frames (ORFs)
were predicted using Prodigal (Hyatt et al. 2010). Gene
clustering and redundancy reduction were conducted
by Linclust (Steinegger and S6ding 2018). The longest
sequence from each cluster was selected as the repre-
sentative sequence, generating a non-redundant gene
catalog (Unigenes). Clean reads were then mapped to the
gene catalog using bbmap to calculate the abundance of
each Unigene in the samples. Species annotation of the
non-redundant Unigenes was performed via BLASTP
(version 2.2.31+) against the NCBI-NR (Non-Redundant
Protein Sequence) database with an e-value threshold of
<0.0001 (Altschul et al. 1990). Thus, species composi-
tion and abundance information for each taxonomic level
were obtained, combined with the gene abundance table.
Functional annotation was carried out by aligning the
non-redundant Unigenes against the KEGG genes data-
base (https://www.kegg.jp/) using DIAMOND (e-value
< 0.001) (Buchfink et al. 2015). Additionally, the CAZy
database (http://www.cazy.org) was used for carbohy-
drate-active enzyme annotation, with the non-redundant
Unigenes aligned against CAZyDB (version:2016.7.15)
using hmmscan with an e-value threshold of <0.0001.

2.5 Soil metaviromics

A total of 0.60 g soil from each sample was suspended in
3 mL of pre-cooled sterile Stabilization Buffer (SB) and
vortexed for 5 min. The mixture then underwent tripli-
cate cycles of liquid nitrogen freezing and thawing, fol-
lowed by centrifugation at 12,000 X g for 5 min. The
supernatant was sequentially filtered through tangential
flow filters of 0.45 um and 0.22 pm, and then transferred
to ultracentrifuge tubes containing 28% (w/w) sucrose.
The tubes were centrifuged at 160,000 X g at 4 °C for
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2 h using a Himac CP 100WX ultracentrifuge (Hitachi,
Tokyo, Japan). The resulting pellet was resuspended in
200 pL of SB buffer, with Enzyme Mix Buffer and Enzyme
Mix added proportionally. The mixture was then incu-
bated at 37 °C for 60 min. Subsequently, Stop Solution (2
pL) was added to inactivate the enzymes by incubating
at 65—75 °C for 10 min. The samples were centrifuged at
2000 rpm for 5 min to obtain the required supernatant.

Viral DNA was extracted from the samples using the
Qiagen AllPrep PowerViral DNA/RNA Extraction Kit
(Qiagen, Hilden, Germany), followed by the illustra
Ready-To-Go GenomiPhi V3 DNA Amplification Kit
(GE Healthcare, Amersham, UK) to carry out the whole
genome amplification, and then metagenomic libraries
were created using the ALFA-SEQ DNA Library Prep Kit
(Magigene, Guangdong, China), according to the manu-
facturer’s protocol. The prepared DNA libraries were
sequenced on the Illumina platform, generating 150 bp
paired-end reads.

The obtained raw data were processed to clean reads
using Trimmomatic to remove adapters and filter out
low-quality reads. These clean reads were then assem-
bled into contigs using MEGAHIT. Subsequently, the
assembled contigs were annotated for genes using the
“Prodigal” encapsulated within CheckV software. These
annotated gene fragments were then compared against
the Hidden Markov Model (HMM) constructed from
various viral databases, including KEGG, VOGDB,
PfamA, PfamB, IMG/VR, TIGRFAM, RVDB, NCBI
GenBank (viral), GVD, GPD, MGV, CHVD, and Ribo-
viria, to differentiate genes of viruses from those of other
microbes. Then, potential viral sequences were identified
through sequence alignment (amino acid identity, AAI)
and HMM profiling (Nayfach et al. 2021). The identifica-
tion results from CheckV were validated using Virsorter2,
and viral taxonomic annotations were performed using
PhaGCN2 (Guo et al. 2021). Host prediction for the iden-
tified viruses was conducted using CHERRY (score >0.9)
and Prokaryotic virus Host Predictor (PHP, threshold
set to 1,400) (Shang and Sun 2022). All sequencing raw
data have been deposited in the NCBI Sequence Read
Archive (SRA) under BioProject accession number
PRJNA1102840.

2.6 Soil metabolomics

A total of 0.10 g soil from each sample was weighed and
mixed with beads in 1 mL of extraction solvent (metha-
nol: acetonitrile: water=2:2:1, v/v/v) containing an iso-
topically labeled internal standard mixture. The mixed
solution was vortexed for 30 s, homogenized for 4 min
(35 Hz), and sonicated in an ice-water bath for 5 min
three times. The mixture was then incubated at —40 °C
for 1 h, followed by centrifugation at 12,000 rpm for
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15 min at 4 °C with collected supernatants containing the
extracted metabolites.

For determination of soil metabolite composition,
LC-MS analyses were performed using an Ultra High
Performance Liquid Chromatography (UHPLC) system
(Vanquish, Thermo Fisher Scientific) with a Phenomenex
Kinetex C18 (2.1 mm X 50 mm, 2.6 um) for chromato-
graphic separation of target compounds. This system
was coupled to Orbitrap Exploris 120 mass spectrometer
(Orbitrap MS, Thermo Fisher Scientific) to acquire MS/
MS spectra in information-dependent acquisition (IDA)
mode in the control of the acquisition software (Xcali-
bur, Thermo Fisher Scientific) (Alseekh et al. 2021). The
raw data were converted to the mzXML format using
ProteoWizard for subsequent metabolite identification.
Throughout the identification process, stringent process
and data quality controls were maintained using isotopi-
cally labeled internal standards, ensuring the reliabil-
ity and accuracy of the experiments. Further processing
of the original data set was performed following several
meticulous processing steps including single peak filter-
ing, missing data estimation, internal standard-based
normalization, and a log data transformation previously
reported in our studies (Fu et al. 2024; Huang et al. 2023).

2.7 Data analysis

For a-diversity, richness and Shannon index were cal-
culated using the minimum sequence number obtained
from all samples before rarefaction to 37,507 and 57,166
for prokaryotic and fungal communities, respectively.
The B-diversity for the microbial community, function,
and metabolites was assessed using Bray—Curtis distance,
performed via the “vegan” R package (Dixon 2003). Dif-
ferences in microbial taxa abundance were assessed using
the Kruskal-Wallis test. Microbial community co-occur-
rence networks, as well as their topological coefficients,
were constructed and calculated using the “ggCluster-
Net” package in R (Wen et al. 2022). Viral abundance was
represented using RPKM (Reads Per Kilobase of genome
per Million mapped reads). The “picante” R package
was used to calculate NRI (Net Relatedness Index) and
betaNRI (Kembel et al. 2010). One-way ANOVA was
used to compare soil characteristics, NRI, and betaNRI
differences among treatments. The structural distribu-
tion of soil microbial community composition, functional
profile, and metabolite variation was evaluated using
PERMANOVA (permutational multivariate analysis of
variance), dbRDA (distance-based redundancy analysis),
and DistLM (distance-based linear model analysis) analy-
ses in PRIMER 7 (v7.0.13). The PCA (principal compo-
nent analysis) and PERMANOVA were used to compare
soil characteristics under different treatments for dimen-
sionality reduction. The linear relationships between
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different soil properties under soil amendments were
analyzed via Pearson’s correlation analysis. The SEM
(structural equation modeling) was facilitated by the use
of the R package “piecewiseSEM” (https://github.com/
cran/piecewiseSEM).

3 Results
3.1 Soil chemistry: biochar drives pH and nutrient
improvements

Generally, five-year soil amendments improved soil basic
properties and increased nutrient concentrations, while
reducing bioavailable metal concentrations compared to
the control (Fig. 1a). For example, all soil amendments
except PM significantly increased soil pH from 5.5 to
6.4 on average (p <0.05). While BCH and BCF increased
SOM by 62% and 72%, respectively, all treatments except
PM and BCEF significantly reduced total N by an aver-
age of 31% (p<0.05). While most soil amendments
improved soil nutrient availability, BCH and/or BCF fur-
ther increased available P, CEC, K, and Mg in compari-
son with others. Only available Si was reduced by PM,
and K decreased in the L and PM treatments (p <0.05).
In addition, soil amendments lowered Al and Fe by 72%
and 57%, respectively, on average (p<0.05). Moreover,
bioavailable Cd and Ni decreased in all treatments except
PM (p<0.05). In comparison, bioavailable Cu and Mn
were less responsive to soil amendments. Specifically,
all amendments except BCH decreased Cu bioavailabil-
ity by an average of 22% (p <0.05). Soil Mn bioavailabil-
ity increased by an average of 47% in the PM, BCL, and
BCF treatments but decreased by 24% in the L and BCM
treatments (p<0.05). Furthermore, BCF significantly
increased crop yields by 12.4% compared to the control,
outperforming both lime and swine manure treatments
(p<0.05; Table S2).

Principal component analysis (PCA) revealed clear
separation in soil characteristics among the treatments
(Fig. 1b, p<0.0001). In particular, BCL, BCM, BCH, and
BCF were distinct from the control and other treatments.
The distribution of control and PM were positively related
to bioavailable Al, Cd, Cu, Fe, and Ni, while BCM, BCH,
and BCF was positively associated with soil pH, SOM,
and CEC. Pearson’s correlations also confirmed that soil
basic properties and nutrient concentrations were posi-
tively associated with each other but negatively related to
bioavailable metals except Mn (Fig. 1¢c, p <0.05).

3.2 Prokaryotic and viral communities: community
restructuring under biochar

Overall, most a-diversity parameters, e.g., richness and

Shannon index, for both prokaryotes and fungi showed

no significant differences among treatments (Fig. S2).

However, five-year soil amendments caused notable
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Fig. 1 a Soil characteristics; and b Principal component analysis (PCA) of soil characteristics under control (CT), lime (L), manure (PM), biochar
with manure (PMBQ), biochar at low (BCL), medium (BCM) and high dose (BCH), and biochar at 5-fold dose only in the first year (BCF); ¢ Pearson

correlation coefficients (r) showing relationships between soil characteristics across amendment treatments. The size and color of the squares

represent the magnitude and direction of the correlations, respectively. The prediction ellipse in PCA indicates 95% confidence region. Vectors
represent the explanatory variables of soil characteristics. The asterisk indicates significant differences of soil amendment treatments compared

to CT (p < 0.05); Statistical significances of Pearson's correlations are represented as follows: "p<0.05; "p<0.01;

changes in the community structure of prokaryotes
(p=0.0002) but not fungi (»p=0.3682) (Fig. 2a). In the
prokaryotic community, biochar treatments led to dis-
tinct separation from others, with positive correlations
to exchangeable Mg, Ca and Si, and P availability but a

*xx

<0001

negative correlation to soil bioavailable Al In particular,
pair-wise tests indicated significant differences of BCH
and BCF from the control (p <0.05), which were associ-
ated with most measured soil properties shown by Dis-
tLM tests (Table S3).
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Fig. 2 a Distance-based redundancy analysis (dbRDA) of soil prokaryotic and fungal communities associated with soil characteristics, b the relative
abundance of prokaryotic major phyla, and ¢ Pearson’s correlation between prokaryotic major phyla and soil characteristics under control (CT), lime
(L), manure (PM), biochar with manure (PMBC), biochar at low (BCL), medium (BCM) and high dose (BCH), and biochar at 5-fold dose only in the first
year (BCF). The prediction ellipse indicates 95% confidence region. Vectors represent the explanatory variables of soil characteristics. The asterisk
indicates statistically significant differences among soil amendment treatments (p < 0.05); Statistical significances of Pearson’s correlations are

represented as follows: 'p<0.05, “p<0.01, "p<0.001

Major prokaryotic phyla included Acidobacteriota
(20%), Proteobacteria (16%), Chloroflexi (13%), and
Nitrospirota (10%) (Fig. 2b). Compared to the control,
PM and BCL amendments significantly enriched Aci-
dobacteriota and increased the relative abundance of
its class Vicinamibacteria by 25% (p<0.05) (Fig. S3a).
The BCF amendment enriched Chloroflexi, and the
abundance of its class Anaerolineae was 35% greater
than other treatments except BCH (p <0.05) (Fig. S3a).
In addition, the addition of biochar (BCL, BCM, BCH,
and BCF) increased the abundance of Planctomycetota
by 49% as well as its genera Pirellula and Gemmata
(p<0.05) (Fig. S3c). In contrast, the L, PMBC, BCM,
BCH, and BCF amendments significantly suppressed
Crenarchaeota by an average of 68% (p<0.05), as well

as its genera Candidatus Nitrosotalea and BSV13 (Fig.
S3c). All the amendments lowered the relative abun-
dance of Verrucomicrobiota by an average of 59%
(p<0.05), especially its genera Candidatus Omnitro-
phus, and ADurb. Bin063-1 (Fig. S3c). The abundances
of Crenarchaeota and Verrucomicrobiota as well as the
class Vicinamibacteria showed positive relationships
to the concentrations of most metal ions but negative
associations with soil basic properties and nutrient
availability, while those of Chloroflexi (its class Anaero-
lineae) and Planctomycetota displayed the opposite
trends (Fig. 2c, S3b). In comparison, the fungal com-
position exhibited no discernible differentiation and
limited association with soil properties across the treat-
ments (Fig. S4a, S4b).



Meng et al. Biochar (2026) 8:83

All soil amendments except PM significantly increased
the prokaryotic NRI compared to the control (Fig. S5).
Moreover, the biochar treatments (BCL, BCM, BCH,
and BCF) had significantly greater prokaryotic betaNRI
than the other treatments. However, the co-occurrence
networks did not show significant difference between
the two above-mentioned groups of treatments in either
prokaryotic or fungal communities (Fig. S6).

3.3 Metagenomic functions: biochar reshapes metabolic
potential

The p-diversity of both metagenomic taxonomy

(p=0.0066) and function (p=0.0032) significantly dif-

fered among the treatments (Fig. 3a). In particular, pair-

wise comparisons revealed marked differences in both
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metagenomic taxonomy and function between BCH and
BCF relative to the control (p<0.05) with biochar treat-
ments associated positively with exchangeable Mg and
Ca but negatively with bioavailable Al (Table S4). Simi-
lar to prokaryotic community, within metagenomic tax-
onomy, Chloroflexi exhibited a 7% increase in the BCH
and BCF treatments, but an 8% decrease in the PM and
PMBC treatments compared to the control (p <0.05, Fig.
S7a). Moreover, Verrucomicrobiota, especially its gen-
era Candidatus Udaeobacter (Fig. S8), showed a broad
decrease across all soil amendments and had negative
relationships with soil basic properties and nutrient avail-
ability but positive associations with the bioavailability of
most metals, while Bacteroidota and its genera Flavobac-
terium displayed an opposite trend (p <0.05, Fig. S7b).

BCH —— CT/LUPM/PMBC —— BCL/BCM/BCH/BCF

I sBCF

KEGG Function p =0.0032
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Fig. 3 a Distance-based redundancy analysis (dbRDA) of soil metagenomic taxa and functional categories annotated in National Center
for Biotechnology Information (NCBI) Non-Redundant (NR) taxonomy database and Kyoto Encyclopedia of Genes and Genomes (KEGG) function
database, respectively; b Heatmaps showing the relative abundance of soil metagenomic major functional categories annotated in KEGG at class 2
that significantly differ under control (CT), lime (L), manure (PM), biochar with manure (PMBC), biochar at low (BCL), medium (BCM) and high dose
(BCH), and biochar at 5-fold dose only in the first year (BCF). The prediction ellipse in dbRDA indicates 95% confidence region. Vectors represent
the explanatory variables of soil characteristics
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For metagenomic functions, genes related to Genetic
information processing, such as Translation, Transcrip-
tion, Folding, sorting, and degradation, and Energy
metabolism displayed an overall reduction following five-
year soil amendments, which were positively associated
with bioavailable metals (p<0.05, Fig. 3b, S9). However,
the BCH and BCF treatments significantly increased the
relative abundance of Membrane Transport and Cellu-
lar Community (Prokaryotes) by 4—5% compared to the
control, which were positively related to soil basic prop-
erties and nutrients but negatively associated with soil
metal ions (Fig. S9). These treatments also enhanced that
of Transport and catabolism, and Nucleotide metabolism
by 2—-3% in comparison with PM and L (p<0.05, Fig. 3b).
Moreover, liming decreased functional categories within
metabolism, such as Amino acid, Carbohydrate, Ter-
penoids and polyketides, Cofactors and vitamins, and
Biosynthesis of other secondary metabolites by 2-3%
(p<0.05).

At KEGG Class 3, high levels of biochar addition (BCH
and BCF) significantly increased metabolic functions of
Phenylalanine, Histidine, beta-Alanine, and D-Amino
acid as well as ABC transporters and Quorum sensing
compared to the control, and enhanced biosynthesis of
Monobactam and Peptidoglycan as well as metabolisms
of Purine, Pyrimidine, Fructose and mannose, Nicoti-
nate and nicotinamide, Glycine, serine and threonine
in comparison with the L treatment (p<0.05, Fig. 4). In
addition, BCH and BCF amendments lowered Photosyn-
thesis, Pentose phosphate pathway, Starch and sucrose
metabolism, while L, BCM, and BCF decreased Carbon
and Methane metabolisms, Oxidative phosphorylation,
and Citrate cycle (p<0.05). The lime addition further
decreased the relative abundance of genes related to bio-
synthesis of amino acids, arginine, cofactors, secondary
metabolites as well as Metabolic pathways and Microbial
metabolism in diverse environments (p <0.05).

Metagenomic genes related to carbohydrate-active
enzymes (CAZy genes) showed more significant segrega-
tion (Fig. 5a, p <0.0001) between the control and amend-
ment treatments than KEGG functions (p=0.0032). In
particular, biochar treatments (BCL, BCM, BCH, and
BCF) were separated from control, and showed positive
relationships with exchangeable Ca, Mg, and P avail-
ability but negative association with bioavailable Al and
Fe (Table S5, p<0.05). Consistent with the significant
decrease of Carbohydrate metabolism found in KEGG
functions, all amendments considerably decreased the
relative abundance of CAZy genes compared to the
control (p<0.05, Fig. 5a). Specifically, the amendments
significantly decreased the abundance of Glycoside
Hydrolases (GHs), which positively correlated with the
bioavailability of metal ions (Fig. S10a), with the largest
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decrease (average 6%) in the BCL, BCM, BCH, and BCF
treatments (Fig. 5b, Fig. S11, p<0.05). Conversely, BCH
and BCF treatments increased the abundance of genes
related to Auxiliary Activities (AAs) and Polysaccharide
Lyases (PLs) by 8-9% compared to CT and PM (Fig. 5b,
Fig. S11, p<0.05), which showed positive correlations
with basic soil properties and nutrient availability (Fig.
S10a).

3.4 Soil virome: viral community responses and host
interactions

Due to the significant influence of PM and BCH on soil
microbiomes, metagenomics, and metabolomics, soil
metaviromics were sequenced to further clarify and vali-
date their effects on soil viral community and its poten-
tial bacterial hosts. Soil amendments had significant
effects on soil metaviromic RPKM (Fig. 6a, p=0.0070),
with the BCH treatment positively associated with soil
exchangeable Mg (Table S6). Specifically, in comparison
with CT and/or PM, the BCH treatment enriched Alga-
virales, Crassvirales, and Imitervirales at the order level
as well as Suoliviridae, Peduoviridae, and Phycodnaviri-
dae at the family level (Fig. 6b, p <0.05). Moreover, Cre-
mevirales at the order level, Inoviridae and Zobellviridae
at the family level exhibited greater decreases in both PM
and BCH than CT (p<0.05). Although the community
structure of predicted bacterial hosts generally showed
no significant difference between CT and amendments
(Fig. 6a, p=0.0570), certain taxa at the genus level, such
as Corynebacterium, Candidatus Hamiltonella, and
Mannheimia, significantly differed among treatments
(Fig. 6¢).

3.5 Metabolomic profiles: biochar-induced shifts
in secondary metabolites

Microbial community characteristics and metabolomic
profiles showed significant variations following the addi-
tion of soil amendments, especially BCH and BCE, that
were positively related to soil exchangeable Ca, Mg, and
N availability (Fig. 5a, Table S5, p<0.0001). Generally,
manure addition (PM and PMBC) increased metabolites
belonging to Polyketides by 23% (p <0.05, Fig. 5c), which
were positively related to available N but negatively asso-
ciated with Si (Fig. S10b).

Specifically, the BCF addition increased metabolites
of lipids and lipid-like molecules, such as 3,6-dioxo-
5alpha-cholan-24-oic acid, 7-ketolithocholic acid, apo-
cholic acid, beta-amyrenonol, dehydrolithocholic acid,
retinoic acid, and pomolic acid, as well as terpenoids,
such as alisol B 23-acetate, elemadienonic acid, galdo-
sol, and phytanic acid, but lowered benzoic acid, capric
acid, eplerenone, lazabemide, piperonylic acid, smyrin-
dioloside, tetradecylamine, trifolirhizin, and wogonoside
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Fig. 4 Heatmaps showing the relative abundance of soil metagenomic functional categories annotated in KEGG function database at class 3
that significantly differ under control (CT), lime (L), manure (PM), biochar with manure (PMBC), biochar at low (BCL), medium (BCM) and high dose
(BCH), and biochar at 5-fold dose only in the first year (BCF)

(Fig. 7, p<0.05). Meanwhile, the BCH addition signifi-
cantly increased sarcosine ethyl ester and hexameth-
ylquercetagetin as well as organoheterocyclic compounds

of 2-mercaptomethylbenzimidazole, 5-(chloromethyl)-
1H-tetraazole, and 10-methylacridone (p<0.05). In
addition, the PM and PMBC treatments significantly
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Fig. 5 a Distance-based redundancy analysis (dbRDA) of soil metagenomic functional categories annotated in carbohydrate-active enzymes (CAZy
genes) function database at family levels and soil metabolites; b The relative abundance of soil metagenomic functional categories annotated

in CAZy function database at level 1; ¢ The quantity of soil metabolites grouped by major super classes under control (CT), lime (L), manure (PM),
biochar with manure (PMBC), biochar at low (BCL), medium (BCM) and high dose (BCH), and biochar at 5-fold dose only in the first year (BCF).

The prediction ellipse indicates 95% confidence region. Vectors represent the explanatory variables of soil characteristics. The asterisk indicates
statistically significant differences among soil amendment treatments (p < 0.05)

increased 4-thiophene-3-carbonitrile, beta-p-glucopyra-
noside, eriodictyol-7-(6-galloylglucoside), hexadecane-
6-carboxylic acid, nonanamide compared to the biochar
treatments (BCL, BCM, and BCH) (p <0.05).

3.6 Structural equation model: linking chemistry,
communities, and metabolism

The SEM observed a direct influence of both nutri-
ent availability (standardized path coefficient=0.61,
p<0.001) and metal ions (0.46, p<0.01) on soil metabo-
lomic profiles (Fig. 8). Moreover, soil bioavailable metals
could indirectly affect soil metabolomics through prokar-
yotic (0.58, p<0.05) or fungal diversity (-0.78, p<0.05)
followed by metagenomic taxonomy (0.43, p<0.001).
Meanwhile, both prokaryotic (-0.61, p <0.001) and fungal
diversity (0.32, p<0.01) had direct relation to metagen-
omic function. On the other hand, carbohydrate-active

function was also directly affected by nutrient availabil-
ity (-0.32, p<0.05), and metagenomic taxonomy (0.31,
p<0.001) and function (0.43, p <0.001).

4 Discussion

Our central research question asked whether long-term
biochar application outperforms traditional amendments
by orchestrating restructuring of soil microbiomes and
metabolic functions. Our results support this hypothesis
through evidence of a coordinated mechanistic cascade:
biochar-induced improvements in soil chemistry (raised
pH, increased nutrient availability, reduced metal bio-
availability) drive restructuring of prokaryotic and viral
communities, which in turn reshape metagenomic func-
tions and metabolite profiles toward pathways support-
ing nutrient acquisition and carbon stabilization (Fig. 8).
The following sections examine each stage of this cascade
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and its mechanisms, demonstrating how biochar’s supe-
riority over lime and swine manure emerges not from a
single physicochemical property, but from its capacity to
orchestrate sequential ecological changes that synergisti-
cally enhance soil health and crop productivity.

4.1 Biochar’s chemical effects: foundation for ecological
restructuring

Soil characteristics serve as key indicators of ecosystem
functionality and health, directly reflecting the effective-
ness of soil amendments in achieving sustainable agricul-
tural intensification (Lehmann et al. 2020). Our results
demonstrate that long-term field application of bio-
char not only mitigates soil acidification but also main-
tains nutrient availability and metal immobilization over
multi-year timescales, properties that clearly distinguish
biochar from traditional amendments (Fig. 1, Table S2).

In contrast, traditional amendments showed distinct
limitations. Lime application did not significantly raise
nutrient availability and led to a marked decrease in
exchangeable K, likely due to competitive displacement
by excess Ca’* from calcium carbonate (Han et al. 2023).
This limitation reflects its transient pH buffering capac-
ity. Similarly, manure exhibited a limited capacity to reg-
ulate soil pH (Lauricella et al. 2020), because its organic
matter-driven acidity neutralization cannot sustain the
chemical environment required for consistent nutrient
availability and metal immobilization. Moreover, swine
manure not only failed to effectively reduce available Cd
but may increase Cu accumulation through chelation
processes (Ding et al. 2016), highlighting its constrained
efficacy in mitigating metal bioavailability (Fig. 1a).

Biochar, especially at higher doses, demonstrated clear
advantages over these conventional amendments. Its
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superior ability to improve basic soil properties, elevate
nutrient concentrations, and lower bioavailability of met-
als can be attributed to a suite of unique physicochemical
traits of high porosity, substantial surface area, inherent
alkalinity, and elevated cation exchange capacity (Wang
and Wang 2019). These properties collectively enhance
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soil structure, buffer pH, and improve nutrient reten-
tion. Furthermore, the diverse functional groups on bio-
char particle surfaces facilitate effective adsorption and
immobilization of metal ions (Uchimiya et al. 2011). This
metal immobilization persists over multi-year timescales,
a capacity that coordinates with biochar’s chemical
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improvement. This coordination of quality enhancement
and contaminant control demonstrates that biochar
addresses a core limitation of traditional amendments:
the inability to simultaneously improve fertility and miti-
gate toxicity. For degraded agricultural systems, this dual
capacity makes biochar strategically valuable for long-
term soil restoration.

4.2 Community restructuring: how niochar reshapes
prokaryotic and viral assemblages

Microorganisms are highly sensitive to soil changes
(Fierer et al. 2021), among which bacteria often show
greater sensitivity and diversity due to their direct meta-
bolic reliance on external resources, whereas fungi main-
tain relative stability across varying environments by
utilizing external organic matter. Our results also showed
that prokaryotic diversity varied significantly across
treatments, while fungal communities remained stable
(Fig. 2a). Soils amended with high biochar doses (BCH,
BCF) showed distinct separation in prokaryotic com-
munity structure from the control and other treatments
(Figs. 2b, 3a), indicating a stronger ecological impact than
traditional amendments.

Biochar addition significantly increased the relative
abundance of Chloroflexi and Planctomycetota (Fig. 2b,
S7a), extending observations by Zhang et al. (2021) with
dose-dependent enrichment patterns under field condi-
tions over five years. This long-term persistence reveals
that biochar’s capacity to enrich these groups represents
a sustained ecological trajectory, not a transient response.
The enrichment in Planctomycetota resulted from bio-
char-induced increases in soil porosity and moisture
(El-Naggar et al. 2019). Over this five-year experiment,
these improved microhabitats consistently supported
copiotrophic taxa. Enrichment of its genera Pirellula
and Gemmata (Fig. S3c), involved in organic C and N
cycling (Dondjou et al. 2023), suggests that biochar facili-
tates processes like complex carbohydrate breakdown.
Meanwhile, the close correlation between Chloroflexi
enrichment and higher soil organic C (Fig. 2c) indicates
enhanced organic matter turnover (Zheng et al. 2022)
and hence soil fertility (Fierer et al. 2007). The class
Anaerolineae within Chloroflexi also increased (Fig. S3a),
likely due to anaerobic microsites created by water reten-
tion of biochar (Keiluweit et al. 2017).

In contrast, biochar suppressed acid-tolerant taxa, such
as Crenarchaeota and its genera Candidatus Nitrosotalea



Meng et al. Biochar (2026) 8:83

and BSV13, Verrucomicrobiota and its genera Candida-
tus Ommnitrophus, Candidatus Udaeobacter, and ADurb.
Bin063-1 (Fig. S3c), consistent with soil pH elevation
(Neira et al. 2022). Conversely, PM promoted acido-
philic groups like Acidobacteriota and Vicinamibacteria
(Fig. S3a), likely by supplying labile C (Fierer et al. 2007).
Regarding community assembly, PM did not significantly
affect the prokaryotic phylogenetic structure of NRI (Fig.
S5), whereas biochar enhanced deterministic assembly,
increasing phylogenetic consistency of |betaNRI| (Stegen
etal. 2013).

Metaviromic analysis revealed that viral communi-
ties responded markedly to biochar, but not to manure,
with BCH forming a distinct cluster that separated from
CT and PM (Fig. 6a). This indicates that high-dose bio-
char uniquely restructures soil viral assemblages. The
BCH enriched specific viral taxa, including Crassvi-
rales (order), Suoliviridae and Peduoviridae (family).
Increased phage abundance likely intensifies infection-
lysis cycles, releasing intracellular nutrients such as
N and P, and accelerating nutrient turnover (Wu et al.
2022). Conversely, BCH suppressed taxa such as Cre-
mevirales, Zobellviridae, and Inoviridae, reflecting shifts
in virus-virus and virus-host interactions that may sup-
press certain bacterial lineages (Santos-Medellin et al.
2021). Viruses also mediate C and nutrient dynamics
(Wei et al. 2021). The observed compositional shifts sug-
gest that biochar may alter substrate availability, reduce
microbial reliance on labile C, and slow the decomposi-
tion of soil organic matter, thereby enhancing C stabil-
ity (Zhou et al. 2023). Together, viral and prokaryotic
community restructuring under biochar reveals a key
mechanism that traditional amendments cannot repli-
cate. By enriching both prokaryotic and viral communi-
ties toward nutrient-cycling phenotypes, biochar creates
a more functionally integrated microbial network. This
viral-prokaryotic restructuring represents a previously
underappreciated pathway through which biochar sus-
tains long-term soil fertility and ecosystem function.
Traditional amendments such as lime and manure do
not generate this coordinated viral-prokaryotic response,
highlighting a distinct mechanistic advantage in how bio-
char operates.

4.3 Functional reorganization: biochar drives coordinated
changes in microbial metabolism

Due to the widespread functional redundancy among

soil microbial taxa, shifts in microbial functional

potential and metabolite profiles serve as a precise indi-

cator of soil health status (Louca et al. 2018). While

prior research has documented that amendments alter
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microbial functioning (Hu et al. 2022), our multi-year
field study reveals a specific mechanism in biochar.
Biochar orchestrates a coordinated functional restruc-
turing: reductions in genetic information process-
ing coupled with elevations in membrane transport
and nutrient-exchange pathways create a function-
ally streamlined microbiome optimized for nutrient
acquisition and carbon retention. Following five years
of biochar application, we observed a reduction in the
relative abundance of genes linked to Genetic informa-
tion processing and Energy metabolism (Fig. 3b). This
pattern may reflect genomic streamlining, wherein
microorganisms in improved, nutrient-rich soils allo-
cate fewer resources to maintaining complex genetic
and high-energy metabolic pathways, favoring instead
growth and reproduction (Wang et al. 2024).

Notably, high biochar application rates significantly
increased the abundance of genes associated with Mem-
brane transport and cellular community (Fig. 3b), sug-
gesting enhanced microbial interaction and nutrient
exchange (Zhu et al. 2017). Biochar also elevated meta-
bolic activities related to Transport and catabolism, and
Nucleotide metabolism. These shifts likely result from
the ability of biochar to improve soil properties and
provide stable nutrient supply (Gao et al. 2021), thereby
stimulating genes involved in cellular activity and meta-
bolic function (Hossain et al. 2020). Furthermore, high
biochar rates increased the abundance of genes involved
in Amino acid metabolism, ABC transporters, Quorum
sensing, and the synthesis of structural and genetic com-
ponents (Fig. 4), processes critical for microbial commu-
nication, survival, and community complexity (Abisado
et al. 2018). Therefore, these functional changes eluci-
date how biochar restructures microbial metabolism by
optimizing resource use and enhancing key processes
such as nutrient uptake and cellular communication. This
reorganization drives the assembly of a soil microbiome
with greater functional coordination and environmental
resilience.

In stark contrast, lime (L) significantly lowered the
abundance of genes involved in metabolizing amino
acids, carbohydrates, terpenoids, polyketides, cofac-
tors, and vitamins (Figs. 3b, 4). This functional suppres-
sion reveals lime’s mechanistic limitation. Lime-induced
inhibition of acid-adapted microbial enzymes and meta-
bolic functions (Wong and Fang 2000), coupled with
alterations to soil structure that restrict oxygen, water,
and nutrient availability (Ferreira et al. 2019), directly
disrupted key biochemical pathways essential for nutri-
ent cycling and metabolite production. These functional
losses limited soil health in the long term (Hartmann
and Six 2023). This suppression contrasts sharply with
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biochar’s coordinated functional enhancement, demon-
strating that the two amendments operate through differ-
ent ecological mechanisms.

The CAZy genes are crucial for carbohydrate break-
down, modification, and synthesis, playing a key role
in organic matter decomposition and nutrient cycling
(Ren et al. 2021). Soil amendments often supply readily
available nutrients, reducing microbial dependence on
complex carbohydrate degradation, which may lead to
significant CAZy gene variations (Zhong et al. 2018). Our
study further showed that all the amendments declined
the abundance of glycoside hydrolase (GH) genes (Fig. 5),
indicating reduced breakdown of complex sugars. Nota-
bly, biochar treatments increased auxiliary activity (AA)
and polysaccharide lyase (PL) genes. AAs include oxi-
doreductases that support lignocellulose conversion
(Levasseur et al. 2013), while PLs cleave uronic acid-rich
polysaccharides (Lombard et al. 2010), indicating biochar
redirects carbohydrate processing toward distinct enzy-
matic pathways.

Soil metabolite profiling offers further insight into
microbial functioning and ecosystem services (With-
ers et al. 2020). We found that BCH and BCF treat-
ments induced pronounced shifts in metabolite profiles
(Figs. 5, 6), consistent with the observations by Cui et al.
(2024) and Liu et al. (2023) in other cropping systems.
Specifically, lipids, lipid-like molecules, and terpenoids
increased under BCH (Fig. 7), including alisol B 23-ace-
tate and galdosol, which may support plant growth,
pathogen defense, or microbial signaling (Tyc et al. 2017).
Conversely, the decrease in benzoic acid suggests altered
soil chemistry, possibly due to biochar adsorption, micro-
bial restructuring, or anaerobic microsite formation
(Singh et al. 2022). Increased organoheterocyclic com-
pounds further imply enhanced pollutant detoxification
and nutrient availability, reflecting improved habitat suit-
ability and microbial activity (Palansooriya et al. 2019).

Treatments PM and PMBC elevated polyketides
through abundant humic and phenolic compounds that
stimulate transient microbial metabolism (Sun et al.
2024), including 4-thiophene-3-carbonitrile and B-p-
glucopyranoside. In contrast, lime induced minimal
metabolite changes, reflecting its functional suppression
and inability to sustain chemical conditions support-
ing secondary metabolism (Hartmann and Six 2023).
The metabolite data reveal a mechanistic distinction
among amendments. Biochar orchestrates a sustained
restructuring of the soil metabolome toward lipids and
terpenoids that provide substrate for nutrient-cycling
microbes and plant-protective compounds. This metab-
olomic restructuring is absent under lime and transient
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under manure. The restructuring represents the final
stage of biochar’s mechanistic cascade: soil chemis-
try drives community shifts, which enable functional
changes, and subsequently reshape the metabolome. This
integrated metabolomic response explains how biochar
achieves superior long-term soil health outcomes com-
pared to conventional amendments.

4.4 Integrating the cascade: mechanistic understanding
of biochar’s long-term superiority

Our investigation of mechanisms underlying biochar’s
superiority examines how soil chemistry changes propa-
gate through biological systems. Biochar amendment
improves soil porosity, water retention, and aggregate
stability, creating diverse microhabitats that support
microbial colonization and metabolic activity (Annabi
et al. 2011). Simultaneously, biochar elevates soil pH and
supplies essential nutrients, which buffer acidity and reg-
ulate microbial biochemistry (Dai et al. 2021). Our data
demonstrate that these chemical improvements correlate
tightly with shifts in microbial diversity, composition, and
metabolic function (Figs. 2c, S7b, S9, S10). The correla-
tion was consistent with established understanding that
soil structure and chemistry directly influence micro-
bial properties (Bai et al. 2020). Specifically, improved
soil properties and nutrient levels correlated positively
with beneficial microbial shifts, while bioavailable met-
als correlated negatively with these shifts, confirming the
pivotal role of the soil chemical environment in driving
microbial community assembly and function (Yuan et al.
2011).

Under biochar treatments, improved nutrient availabil-
ity and suppression of bioavailable metals, particularly
Al, mediated changes in microbial community compo-
sition and metabolic function (Figs. 2a, 3a, 5a, and 6a).
The ionic mechanisms are revealing. Calcium stabilizes
membranes, facilitates cellular signaling, and supports
cell—cell interactions that enable community-level coop-
eration (Clapham 2007). Magnesium acts as a cofactor
in nucleic acid and energy metabolism, fueling increased
biosynthetic activity under biochar amendment (Paster-
nak et al. 2010). In contrast, high levels of bioavailable
Al and Cd directly disrupt enzyme activity and cellular
structures, suppressing microbial metabolism and viabil-
ity (Karaca et al. 2010). These ionic shifts, demonstrated
through SEM (Fig. 8), reveal how soil chemical changes
translate into shifts in the soil metabolome. Microbial
functionality serves as the key intermediary linking soil
chemistry to metabolite profiles, enabling the integrated
soil-microbe-metabolite response observed under bio-
char amendment.
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This mechanistic understanding reveals how biochar’s
mechanism diverges from traditional amendments.
The cascade operates through three sequential stages.
First, biochar improves soil physicochemical proper-
ties: elevating pH, increasing nutrient availability, and
suppressing bioavailable metals. Second, these chemical
changes drive restructuring of both prokaryotic and viral
communities toward assemblages enriched in nutrient-
cycling taxa and phages that accelerate nutrient turnover.
Third, the restructured microbial and viral communities
reshape metagenomic function and soil metabolite pro-
files, enriching lipids and terpenoids that support plant
growth and long-term carbon stabilization. Unlike lime,
which transiently raises pH without sustaining biologi-
cal restructuring, and unlike manure, which supplies
transient carbon without orchestrating coordinated
ecological change, biochar’s superiority emerges from
this integrated cascade. The cascade operates across soil
chemistry, microbial ecology, and metabolic function as
an interconnected whole. This integrated mechanism
explains how biochar, unlike traditional amendments,
sustains long-term enhancements in soil health and crop
productivity. For degraded acidic agricultural systems
globally, understanding this mechanistic cascade pro-
vides the scientific foundation for deploying biochar as
an ecosystem restoration tool rather than a simple soil
amendment. This perspective has profound implications
for sustainable intensification of marginal lands and for
global food security in the face of soil degradation and
climate change.

5 Conclusions

This five-year field experiment demonstrates that high-
dose biochar outperforms lime and swine manure in
alleviating soil acidity and improving soil fertility in an
acidic paddy soil. Biochar’s superiority emerges from a
mechanistic cascade that traditional amendments can-
not replicate: improved soil chemistry drives restructur-
ing of prokaryotic and viral communities, which reshape
metagenomic functions and soil metabolite profiles.
Unlike lime, which transiently raises pH without coordi-
nating ecological change, and unlike manure, which sup-
plies transient carbon without orchestrating sustained
community shifts, biochar creates a tightly coordinated
response across soil chemistry, microbiology, and metab-
olism. This integrated mechanism explains how biochar
sustains long-term improvements in nutrient availability,
metal immobilization, microbial function, and crop pro-
ductivity. The findings provide mechanistic evidence that
biochar operates as an ecosystem restoration tool rather
than a simple soil amendment. For degraded acidic agri-
cultural systems globally, this understanding establishes a
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scientific foundation for optimized biochar deployment
to support sustainable soil restoration and agricultural
resilience.
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