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Abstract
Background and aims Incorporation of biochar into the
soil sequesters C for millennia, but the concomitant

effects on plant rhizodepositions and nutrient (e.g., ni-
trogen; N) trade-offs via interactions of heterotrophic
microbiota, might offset this sequestration.
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Methods Ryegrass (Lolium perenne L.) with and with-
out biochar amendment were pulse labelled in a 13CO2

atmosphere and 15N fertilizer added. Ryegrass and soils
were destructively sampled at 16 and 30 days after
seedling emergence. Isotope analysis was coupled with
MiSeq sequencing of bacterial (16s rRNA) and fungal
(ITS) genes to identify the effect of biochar on the
associated microbiota involved in 13C allocation into
soil aggregates and promotion of 15N uptake by
L. perenne.
Results Biochar increased root biomass and 15N uptake
but decreased rhizodeposited-13C recovery from large
and small macroaggregates (by 12–57% and 57–72%,
respectively). These changes in 13C flow and 15N uptake
were accompanied by an increase in microbial biomass,
and enhanced negative correlations between bacteria
and fungi. O2PLS indicated members of seventeen gen-
era that were correlated with soil stabilization of
rhizodeposits in soil and plant N-uptake. For instance,
Xanthomonadales (Proteobacteria) and RB41
(Acidobacteria), previously reported to be plant growth
promoting rhizobacteria, were found to be positively
correlated with 15N uptake by L. perenne.
Conclusions Our research explored the genera associat-
edwith biochar-modified 15N uptake by Lolium perenne
and photosynthate 13C allocation into soil aggregates.
Future research with SIP is required to fully assess
microbial turnover, the ubiquity of similar rhizosphere
microbiota and their fundamental importance for se-
questration in the plant-soil-microbe-biochar systems.

Keywords Rhizodeposits . Carbon sequestration . 13C
pulse labelling . 15N fertilizers . Aggregates
compositions; rhizosphere microbiome . Biochar
functions

Introduction

Rhizodeposition, the processes of releasing organic com-
pounds into the soil by living roots, represents an important
flow of C from plant to soil and is inextricably linked to
plant and soil microbial community development (Drigo
et al. 2013). Indeed, root mediated alteration of microbial
activity and community composition are dependent on
plant phenology and growth stage (Cavaglieri et al. 2007;
Houlden et al. 2008). Since the soil nutrient cycles are
almost entirely regulated by microbes, changes in plant
rhizodeposition can significantly impact rates of soil

nutrient cycling (Rütting et al. 2009; Veresoglou et al.
2012). Plant allocation of C into rhizosphere soil is a vital
factor influencing nitrogen (N) availability. Plants release
rhizodeposits containing C for soil microorganisms in
exchange for nutrients directly or indirectly (Laurent
et al. 2013; Weng et al. 2017). Elevated CO2 increases
rhizodeposition and enhance microbial N immobilization,
thus increasing N limitation for plants (Graaff et al. 2007;
Kuzyakov et al. 2019). Conversely, rhizodeposited C can
stimulate microbial decomposition of SOM (soil organic
matter) and thus release nutrients for plant growth (Jacoby
et al. 2017; Sarker et al. 2017; Verburg et al. 2014). This
interplay (between acquisition, storage, release) of C and
nutrients - driven by specific microbiota - remains largely
unexplored.

Toju et al. (Toju et al. 2018) introduced the concept of
core microbiomes as key sets of microorganisms that
moderate ecosystem functions directly, or through regulat-
ing interactions with other microorganisms. Another study
adopted metagenomic data to link the core microbiome,
e.g. Acidobacteria and Sphingobacteriales, and functions
in CO2 and CH4 emissions and N cycling (Hester et al.
2018). AMF (arbuscular mycorrhizal fungi) stimulate re-
leases C from plants, followed by assisting transfer of N
back to the plant (Chen et al. 2019b). Increasing knowl-
edge has been obtained to link plant-associated
microbiomes with plant growth and health. However,
attempts to identify key rhizosphere microbiomes using
bioinformatic pipelines, especially to predict their role in
modulating soil C flows and nutrient-uptake, are still rare
(Toju et al. 2018).

The application of biochar to soils is a cost-effective
technique to offset C emissions and improve soil fertility
(Lehmann 2007). Biochar application to soil increases soil
C stocks via the intrinsic recalcitrance of the biochar itself
(Lehmann et al. 2006) and also via inhibit mineralization
of SOM (Karhu et al. 2011; Luo et al. 2017b; Singh et al.
2010a). The holistic offset value linked to biochar is af-
fected indirectly by i) stabilization of rhizodeposits from
surface vegetation, and ii) subsequent effects on pre-
existing pools of soil organic C (SOC) (Luo et al. 2011;
Weng et al. 2017). In addition to SOC dynamics, investi-
gating biochar’s impacts on a range of other soil processes,
for example those related to N, will be vital to ultimately
understanding biochars’ benefits (Gul et al. 2015). Since
the soil nutrient cycle is almost completely regulated by
microbes, there remains a need to better understand how
plants and biochar interact via the soil, and specifically via
the soil microbial community.
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The mechanisms of biochar-effects on C and N pro-
cesses vary through time, but are primarily attributed to
direct modifications of the soil environment (e.g., pH and
nutrient status) that in turn drive interactions between soil
and microbial communities thus further affecting C/N
dynamics in soil (Lehmann et al. 2011; Li et al. 2021;
Major et al. 2010; Wang et al. 2019; Zhu et al. 2018). For
example, changes in soil pH, soil cation exchange capacity
and C/N ratio increased the relative abundances of
Sphingomonadaceae and Hyphomicrobiaceae, conse-
quently affecting C and N turnover and reducing N2O
emissions (Xu et al. 2014). However, plants determine
the amount and quality of rhizodeposited C available for
soil microbial activity: affecting C metabolism and soil C
content (Tian et al. 2016; Wang et al. 2016) and thus N
uptake by plants (Lehmann et al. 2003). Themutual effects
of living plant and biochar on the soil microbial commu-
nity composition are determined by complex interactions
and feedbacks.

To study the effects of biochar application on the
microbial community structure and the consequent
changes in plant C allocation to soil and N uptake by
plant, we used the model forage plant: ryegrass (Lolium
perenne L.) at two growth stages (16 and 30 days after
seedling emergence; DAE). 15N fertilizer and 13CO2

pulse labeling enabled photoassimilated 13C allocation
into plant shoots, roots and soil micro- and macro-
aggregates to be traced and 15N transport from soils into
plant roots and shoots to be monitored. To identify the
associated microbiomes involved in C/N processes, bi-
directional orthogonal partial least squares (O2PLS)
analysis was coupled with MiSeq sequencing of bacte-
rial (16 s rRNA) and fungal (ITS) genes. We correlated
microbial community composition and 13C (allocation
in plant and soil aggregates) as well as 15N uptake by
plants the specific microorganisms involved in these
processes. We hypothesised that photoassimilated 13C
incorporation into soil aggregates and 15N uptake by
ryegrass would be modulated through plant growth
and biochar application and accompanied by changes
in the composition of soil microbial communities.

Materials and methods

Experimental setup

A sand loamy soil classified as Alfisol was collected
from the Zhejiang university, China. Soil properties

were as follow: organic C (1.3 ± 0.04%), total N (0.09
± 0.01%), pH (6.8 ± 0.2), and δ13C (−18.98 ± 0.9‰).
The sampled soil was sieved (< 5 mm) and plant resi-
dues and stones were removed. The sieved soil was
stored at 4 °C for one week prior to use.

Biochar was produced by slow pyrolysis of rice straw
(5–10 °C min−1, held at the highest temperature of
350 °C for one hour). Biochar had the following prop-
erties: organic C (59.6 ± 1.9%), total N (1.6 ± 0.1%),
and δ13C (−26.17‰).

Biochar treated soil (1%) (Van Zwieten et al. 2014)
was prepared by mixing biochar (3.235 g) with soil
(323.5 g). Biochar passing through a 2 mm sieve was
mixed evenly with the soil. Control soil was mixed to
ensure parity in terms of mechanical disturbance. Total-
ly 12 polyvinyl chloride pots (height 10 cm, diameter
11 cm) were filled with either control soil (323.5 g) or
the biochar treated soil (323.5 g soil plus 3.235 g bio-
char). All the pots were adjusted to 80% water holding
capacity (WHC) based on the control soil and incubated
in the greenhouse for 2 days prior to sowing with
ryegrass seeds.

Ryegrass (Lolium perenne L.) seeds were surface
sterilized with 30% H2O2 for 30 min, washed thor-
oughly with distilled water and sown in the pots
(100 seeds pot−1). Pots were incubated in an envi-
ronmental control greenhouse with a 10 h dark
(night; 20 °C) and 14 h light (day; 28 °C) at 70%
relative humidity. During plant growth, the soils
were watered every other day using sterilized deion-
ized water. Weeds were removed manually from the
pots if necessary. Seedlings emerged within 7 days
of germination and at this time each pot was thinned
to 20 seedlings. The soil water content of each pot
was controlled gravimetrically, and maintained be-
tween 60%–70% of water holding capacity.

Pulse labeling

Plants were pulse-labeled at two growth stages (seedling
stage and ripening stage) in independent pots. At seed-
ling stage, the first 15N labeling took place at 9 days after
seedling emergence and 13C labeling was performed on
days 11. At ripening stage, the second 15N labeling took
place at 23 days after seedling emergence and 13C
labeling was performed on days 25. For 15N soil label-
ing, each pot received a 20 mL aliquot of (14NH4)2SO4

at a concentration of 57.5 mol L−1 (10.30 atom % 15N
enrichment), injected at 10 locations, near the roots,
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2 cm below the soil surface. For 13C labeling, plants
were exposed to a 13CO2 enriched atmosphere for a
period of 6 h using the following procedure. At each
pulse-labeling event, 8 pots, with ryegrass (four with
and four without biochar) were placed to a perspex
chamber (height 1.0 m, width 0.8 m, and length
1.5 m), which provided a closed system, while 8 unla-
beled pots (with or without biochar amendment) were
exposed to the natural environment. A glass beaker
containing 100 mL H2SO4 (3 M) was placed into the
chamber. 25mL of 13C labeled Na2CO3 (99% atom 13C,
Cambridge Isotope Laboratories Inc., UCA) solution
(1 M) was then periodically injected repeatedly (every
1.5 h) for 4 times into a glass beaker containing H2SO4

solution through a tube. The acid and carbonate reacted
to liberate 13CO2. After each injection, the opening was
sealed with glue. To ensure the 13CO2 was evenly
distributed in the labeling chamber, an electric fan was
fitted to mix the airmass. The CO2 concentration was
monitored using a portable infrared sensor (PGD3-C-
CO2, Shenzhen, China), when the CO2 concentration in
chamber decreased below the original concentration,
further 13Na2CO3 solution was injected. The ultimate
atmospheric 13CO2 concentration at the end of each
cycle (determined stoichiometrically) in the chamber
was 400 ppm.

Harvesting

Plants were destructively harvested 5 days after each
13C labeling event constituting DAE16 (first harvest)
and DAE30 (second harvest) days after seedling emer-
gence (DAE). Plants were cut at the soil surface at each
harvesting time. Visible roots were hand-picked and
remaining roots were collected on a 0.5 mm sieve by
washing with distilled water. The harvested plant mate-
rial was washed with deionized water (0.1–1 μs cm−1)
and dried at 60 °C for 12 h and then ground to a powder.
After separating roots from soil, subsamples of soil were
collected for isotopic analyses (13C and 15N), DNA
extraction, microbial biomass C and N, and aggregate
size fractionation.

Chemical analyses

Soil pH was determined in suspension (1:2.5, soil:
Millipore water) using an ISFET electrode. Soil
exchangeable H+ and Al3+ were extracted with
1 M KCl after adjusting the pH to neutral with

0.25 M NaOH (Pansu and Gautheyrou 2006). Total
C and N in the soil after plant harvesting were
measured by an elemental analyzer (Vario EL Cube,
Elementary). The stable isotope was determined
using an Elementar vario MICRO cube elemental
analyzer coupled to the GV Isoprime 100 isotope
ratio mass spectrometer (IRMS; GV Instruments,
U.K.). For precision, the IRMS instrument was
maintained at a controlled humidity (40%) and tem-
perature (20°) at Zhejiang University. Isotope ratio
calibration applied an international measurement
standard, certified isotopic reference materials. In
this experiment, IAEA-600 (Caffeine) and USGS41
(L-glutamic acid) were used as reference materials
for carbon isotopic measurements (Crawford et al.
2008; Lollar et al. 2007). Microbial biomass C
(Cmic) was determined by chloroform fumigation
extraction (Hart 2015). Briefly, fresh soil (15 g;
unfumigated) was shaken with 0.5 M K2SO4

(30 ml) for 1 h. After shaking, the suspension was
filtered and organic C concentration in the filtrate
was measured using a TOC analyzer (multi N/C
3100, Analytik Jena AG, Jena, Germany). The same
extraction method was applied to the fumigated soil.
For fumigation, fresh soil (15 g) was placed in a
desiccator with chloroform (30 ml) for 24 h at a
laboratory temperature. The Cmic was calculated as
the difference in C between the fumigated and
unfumigated soil samples (multiplied by 2.22 (KEC).

Aggregate size fractionation

Soil aggregates of three size classes were isolated
(Kristiansen et al. 2006). Soil was spread on a thin layer
of aluminum foil and dried to an optimal moisture
content (20–25% WHC). Thereafter, 100 g of air-dried
soil was transferred to a nest of sieves (2 and 0.25 mm)
and shaken for 2 min. Aggregates remaining on 2 and
0.25 mm sieves were categorized as large macroaggre-
gates (2–0.25 mm) and small macroaggregates (0.25–
0.053 mm), whereas the aggregates passing through a
0.053 mm sieve were categorized as microaggregates (<
0.053 mm).

Determining potentially soluble organic matter
in biochar

Dissolved organic matter (DOM) was extracted from
biochar (N = 3) in 70% HPLC grade methanol and 30%
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nanopure water. The solutions were filtered and acidi-
fied, and dissolved organic matter (DOM) was deter-
mined on a 9.4 T custom-built FT-ICR-MS (Li et al.
2 019 ) . S amp l e s (N = 3 ) we r e i n j e c t e d a t
0.7 μL min−1, and 100 broadband scans were accu-
mulated for each mass spectrum. Molecular formulae
were assigned using EnviroOrg®TM software; these
were categorized by compound class based on the
elemental composition of molecular formulae. The
groups of biochar referred are delineated by AImod

(the modified aromaticity index), H/C, O/C, and ele-
mental ratios (Dittmar and Koch 2006; Kellerman
et al. 2014; Kim et al. 2003). Further groups were
defined as lignin/CRAM-like, aromatic structures,
unsaturated hydrocarbons carbohydrate, lipids,
aliphatic/proteins and tannins (Kim et al. 2003).

DNA extraction

DNA of 12 samples (3 replicates per treatment, 2
treatments, 2 time points) was extracted from
0.50 g of moist soil using a FastDNA Spin Kit
(MP Biomedicals, Santa Ana, CA, USA) according
to the manufacturer’s protocol. The extracted DNA
was dissolved in 50 μl of TE buffer, quantified
using a spectrophotometer and stored at −20 °C
until sequencing. Purity of the extracted DNA was
determined by using Nanodrop-1000 absorbance
(ratio 260/230 and 260/280) (SI Table. 5).

Sequencing of partial 16S rRNA genes and ITS genes

Bacterial and fungal genes present in the DNA extracts
were identified with 16S and ITS-based probes, respec-
tively. For bacterial identification, V3-V4 hypervariable
regions of the bacterial 16S rRNA gene were amplified
with primers 338F (5’-ACTCCTACGGGAGGCAGCAG
-3′) and 806R (5’-GGACTACHVGGGTWTCTAAT-3′)
(Vilo and Dong 2012) For fungal identification, ITS hy-
pervariable regions of the fungal gene were amplified with
primers ITS1F (5′- TCCGTAGGTGAACCTGCGG- 3′)
and ITS2 (5′- GCT GCG TTC TTC ATC GAT GC- 3′)
(Bazzicalupo et al. 2013). The PCR reactions were con-
ducted using the following program: 3min of denaturation
at 95 °C; followed by 27 cycles of 30 s at 95 °C, 30 s at
55 °C, and 45 s at 72 °C; and a final extension at 72 °C for
10 min with a thermocycler PCR system (GeneAmp9700,
ABI, USA). The PCR products were purified, combined,
and sent to Majorbio, Inc. (Shanghai, China) for

sequencing. Purified amplicons were collected in equimo-
lar and paired-end sequenced (2*300) on an Illumina
Miseq platform (Illumina, San Diego, USA).

Calculations of 13C and 15N in ryegrass shoots, roots
and soil

The δ13C, δ15N, 13C atom%, and 15N atom% values in
the plant and soil samples were used in 13C assimilation
and 15N uptake calculation (Lu et al. 2002):

For calculations of 13C and 15N in labeled soil:

13Cx−treatment¼ 13Catom%
� �

x−treatment;L−
13Catom%
� �

x−treatment;UL

ih
=100

�1000� 3:07� Cx−control

15Nx−treatment¼ 15Natom%
� �

x−treatment;L−
15Natom%
� �

x−treatment;UL

ih
=100

�1000� 3:07� Nx−control

For calculations of 13C and 15N in labeled plant:

13Cx−treatment ¼ 13Catom%
� �

x−treatment;L−
13Catom%
� �

x−treatment;UL

ih
=100

�1000� 3:07� Cx−treatment

15Nx−treatment ¼ 15Natom%
� �

x−treatment;L−
15Natom%
� �

x−treatment;UL

ih
=100

�1000� 3:07� Nx−treatment

where, L and UL indicate labeled and unlabeled samples,
respectively; 13Cx is the total 13C content in the plant
and soil samples (mg 13C kg−1 dry soil), and 15Nx is the
15N content in different pools. Biochar itself also con-
tains amount of carbon and nitrogen. To avoid the
presence of error caused by biochar itself in the calcu-
lation of for 13C and 15N in soil, we used total C and N
content of control pot as ‘Cx-control’ (mg C kg−1 dry soil)
and ‘Nx-control’ (mg N kg−1 dry soil) for all treatment
(soil with and without biochar amendment. For calcula-
tions of 13C and 15N in plant, total C and N content of
treatment pots were designated as ‘Cx-treatment’ and ‘Nx-

treatment’, respectively.
13Catom and 15Natom are the at-

om% of C and N samples, respectively. In order to make
the process of calculation clearer, we provided some
original data S1 Table 1. To unify the recovery of 13C
in plants and soils with papers of the same type, we
choose C/kg soil as units by calculating the 13C
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incorporation of different pools in each pot and multi-
plying the values by 3.07 (i.e., 1000/323.5).

Statistical analysis

Taxonomy The data of ITS and 16 s gene sequencing
were processed using the Quantitative Insights Into
Microbial Ecology (QIIME) 1.9.0-dev pipeline
(Caporaso et al. 2010b). In brief, reads with less than
200 base pairs and ambiguous bases were discarded.
The sequences were then combined into operational
taxonomic units (OTUs) by UCLUST (Edgar 2010)
based on 97% pairwise identity. Chimeric OTUs iden-
tified by USEARCH (Edgar et al. 2011) in QIIME were
removed and the most abundant sequence in each OTU
selected to represent that OTU. Identity was assigned to
each OTUs against a subset of Silva 16S rRNA database
(Cole et al. 2013) and the Unite database (Nilsson et al.
2015) by employing RDP Classifier. The representative
OTU sequences were aligned using PyNAST (Caporaso
et al. 2010a). Between 4682 and 51,150 valid sequences
were obtained per sample for all experimental samples.

To avoid potential bias caused by sequencing depth,
all sample datasets were rarefied to 60,271 and 53,702
sequences for the bacterial and fungal diversity analy-
ses. Faith’s phylogenetic diversity (PD) was calculated
to provide an integrated index of the phylogenetic
breadth across taxonomic levels. A stochastic abun-
dance model was also used to estimate the number of
species (Anne and John 2015) .

Independent t-tests were performed to assess the
effect of biochar amendment on various soil and plant
parameters (plant biomass, 13C/15N allocations in each
pool and percentage of aggregates) separately for each
sampling time (DAE16 and DAE30) (Fig. 1a–d; SI
Fig. 2; SI Fig. 4; SI Fig. 5). Abiotic and biotic variables
correlating with plant 15N uptake and soil 13C allocation
in LM and SM were calculated using the R package
‘random forest’. Distance-based linear model multivar-
iate analysis (DISTLM) was applied to determine the
relative effects of factors influencing the soil microbial
communities (McArdle and Anderson 2001). The rela-
tive abundance of each protistan group in a given sam-
ple was calculated as a percentage value by dividing the
raw number of sequences associated with the specific
taxa by the total number of sequences in the sample.
Circos, a visualization tool which was drawn by using
“http://circos.ca/”, was used to generate circular link
diagrams to illustrate the differences of bacterial and

fungal community composition between treatments
(Krzywinski et al. 2009). Linear discriminant analysis
(LDA) effect size (LEfSe) was used to reveal the differ-
entially abundant taxon in different treatments. The
cladogramwas drawn by using the Huttenhower Galaxy
web application via the LEfSe (Segata et al. 2011). A
permutational analysis of variance (PERMANOVA)
was performed on Bray-Curtis distance of bacterial
and fungal communities to explain the differences be-
tween samples by different grouping factors in R pack-
age ‘vegan’ (Gioria and Osborne 2009). The non-
amended (Control DAE16 and Control DAE30) and
biochar-amended (Biochar DAE16 and Biochar
DAE30) samples were separated to examine the effects
of biochar on soil microbial communities by soil micro-
bial networks and LEfSe analysis.

Co-occurrence network (CoNet) While constructing
networks for microbial assemblages, OTUs with relative
abundances greater than 0.01% were kept. Networks were
created based on a network meta-matrix combing both the
standardized bacterial and fungal OTU tables. We then set
the dissimilarity threshold to the maximum value of the
KLD matrix and the Spearman’s correlation threshold to
0.8. For each edge andmeasure, permutation and bootstrap
distributions were generated with 100 iterations. Measure-
specificP values were computed as the area of themean of
the permutation distribution under aGauss curve generated
from the mean and standard deviation of the bootstrap
distribution. The P values were adjusted using the
Benjamini-Hochberg procedure (Benjamini and
Hochberg 1995). Finally, only edges supported by two
measures and with adjusted P-values below 0.05 were
retained. The nodes in the constructed networks represent
OTUs and edges represent strong and significant correla-
tions between the OTUs. Network visualization was con-
ducted using Gephi (Bastian 2009) and Cytoscape 3.5.1
(Shannon et al. 2003).

Bidirectional orthogonal partial least squares The
O2PLS analysis (Daniel et al. 2010) is a new supervised
classification analysis tool. By creating Y variables, the
contribution of each species (X variables) to the class
separation were quantitatively analyzed. This was per-
formed using the SIMCAP 14 (Version 14.1.0.2047).
The y-matrix was defined as the 13C allocation and 15N
assimilation datasets and the x-matrix was defined as a
meta-matrix combing both the standardized bacterial
and fungal OTU tables at genus level. Here, variable
importance in projection (VIP) coefficients represented
the importance of each X variable in fitting both the X
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and Y variates because the Y-variates were predicted
from the X-variates. The top significant features of
genera were identified based on the VIP projection.

Results

Biochar characteristics

The relative abundances of chemical groups (weighed
by signal magnitude normalized to the sum of all signals
in each spectrum) (SI Fig. 1) indicated biochar
contained a large proportion of lignin/CRAM-like, aro-
matic structures and unsaturated hydrocarbons. In con-
trast, the proportions of carbohydrate, lipids, aliphatic/
proteins and tannins in biochar were minor.

Plant biomass

Root and shoot biomass increased more than two-fold
between DAE16 and DAE30 in both the control and
biochar treated soil. Biochar amendment had no effect
on shoot biomass but significantly (p < 0.05) increased
root biomass at both sampling times. Root biomass was
increased through biochar amendment by a factor of 1.6
and 1.3 at DAE 16 and DAE 30, respectively (Fig. 1a).

Ryegrass uptake of 15N and rhizosphere allocation of
photoassimilated 13C.

The 15N incorporation was higher in shoots than that
in soil and roots at both sampling times (Fig. 1b). The
15N allocation in soil was independent of biochar
amendment but increased significantly (p < 0.05) in
roots with biochar amendment at DAE16 only. The

Fig. 1 Biomass (g per pot), 13C incorporation (mg C per kg soil),
15N incorporation (mg N per kg soil) in soil, root and shoot and
13C incorporation (mg C per kg soil) within soil large- (0.25–
2 mm; LM) and small- (0.053–0.25mm; SM) macroaggregates, in

biochar amended and biochar free treatments, at DAE16 and
DAE30. Dissimilar letters indicate significant difference between
biochar amended and biochar free treatments (independent t-test)
at each harvesting time (DAE16 and DAE30)
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15N incorporation in shoots at DAE30 had increased by
70% compared to DAE16 (Fig. 1b). Random Forest
analysis revealed that pH, DON and MBC had the
greatest influence on 15N uptake by root (SI Fig. 6).
The 13C allocation from plants to the soil was decreased
by 76% in the presence of biochar compared to the
control soil at DAE16 (Fig. 1c). With time, the suppres-
sive effect of biochar on plant 13C allocation to soil
lessened; being only 34% lower than the control at
DAE30.

Incorporation of photoassimilated 13C into soil
aggregates

Biochar amendment had no significant effect on pro-
portion of large (LM) and small macroaggregates
(SM) in soil except increasing the LM fraction at
DAE30 (Fig.1d). Most of the total photosynthate-13C
was allocated to SM and LM fractions while only a
small part of photosynthate-13C was found in
microaggregates (<0.053 mm) (Fig. 1d and SI Fig.
5). At DAE16 and DAE30, the mean 13C accumula-
tion in small macroaggregates in biochar amended
soil were 0.06 ± 0.019 mg C per kg soil (DAE16)
and 0.08 ± 0.025 mg C per kg soil (DAE30); these
being, respectively, 72% and 57% lower than in
control treatment (Fig. 1d). 13C incorporation into
large macroaggregates in biochar amended soil
(1.54 ± 0.87 mg C per kg soil) was 57% lower at
DAE 16 than in control soil (3.63 ± 1.08 mg C per
kg soil) (Fig. 1d). Random Forest analysis revealed
that pH, MBC and Root biomass had the greatest
influence on photoassimilated 13C allocation into soil
aggregates (SI Fig. 6).

Effects of biochar and plant growth stage on microbial
community composition

At both growth stages, the observed richness (Sobs) and
the Simpson diversity index of bacterial communities in
biochar amended soil were lower than in control soil,
whereas the changes observed in fungal diversity did not
follow a discernable pattern across the experimental
period (SI Fig. 7). The first two principal coordinates
of principal co-ordinates analysis (PCoA) represented
37.9% (PC1) and 29.7% (PC2) of the variation in the
bacterial communities, which showed distinct groupings
according to biochar amendment and plant growth.

There was no significant change in the fungal commu-
nity between treatments (Fig. 2a and b). PERMANOVA
indicated that bacterial composition was significantly
affected by biochar addition (p < 0.01) whereas there
was no effect on fungal composition between treatments
(SI Table 3). The best multivariate model (DISTLM;
Table 1) indicated that the bacterial composition was
most influenced by soil and plant variables: root bio-
mass (20%, p < 0.01), pH (10%, p < 0.01) and DOC
(10%, p < 0.05).17% of the variation in the fungal com-
munity composition was accounted for by DON (p <
0.001) (Table 1).

In all soil samples, the predominant bacteria phyla
were Proteobacteria (24–31%), Actinobacteria (15–
20%), Acidobacteria (16–23%), Chloroflexi (6–9%)
and Firmicutes (6–15%) (Fig. 2c and SI Fig. 8). The
fungal communities were mainly dominated by the phy-
lum Ascomycota (95–96%) (Fig. 2d and SI Fig. 8). The
independent-samples t-test showed that the relative
abundance of Proteobacteria, Actinobacteria and
Firmicutes decreased signif icantly, whereas
Acidobacteria and Cyanobacteria increased significant-
ly from DAE16 to DAE30. The relative abundance of
and Cyanobacteria in the biochar amended soil in-
creased compared to the control soil, at both DAE16
and DAE30 (SI Fig. 8).

Microbial communities in biochar amended
and non-amended soil

Multiple network topological metrics consistently
showed that the microbial co-occurrence pattern in the
biochar amended soil differed from the un-amended soil
(Fig. 3). Biochar increased the strength of negative
connections, which created more intricate network pat-
terns (higher clustering coefficient) in biochar amended
soil (SI Table 7). Genera with the highest betweenness
centrality scores were considered keystone species
(González et al. 2010; Vickmajors et al. 2014). Myco-
bacterium, unclassified Hypocreales; unclassified
Micrococcaceae; Bacillus and Arenimonas were identi-
fied as keystone species in control soil network. Where-
as Cupriavidus, unclassified Gemmatimonadetes,
Ciboria, Trichosporon; Fusarium and unclassified
Acidimicrobiales were identified as keystone species in
the biochar amended soils (Fig. 3).

The primary taxa underpinning the differences in
bacterial community composition between biochar
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amended and non-amended soil were assessed
using linear discriminant analysis effect size
(LEfSe) analysis. The cladogram revealed that 55
characteristics had significantly different abun-
dances in soil (with and without biochar) at an
LDA threshold of 2.0, including 5 classes, 9 or-
ders, 18 families, and 28 genera (Fig. 4). At the

genus level, biochar amended soil was enriched
with the genera Cupriavidus, Sphingomonas; and,
the LDA score of Cupriavidus was higher than
that of the other genera (SI Fig. 9). In the fungal
commun i t i e s , t h e r e l a t i v e abundance o f
Trichosporon increased at DAE16 after biochar
amendment.

Fig. 2 Principal co-ordinates analysis (PCoA) of the bacterial and
fungal community structures (a, b) and circus (c, d) of bacterial
communities and fungal communities in biochar amended and
biochar free treatments, at DAE16 and DAE30. The left semicircle
indicates the microbial composition at phylum level of each

treatment while the right semicircle represents the distribution of
each phylum in the different treatments. The relative abundance
(percentage of total) of sequences affiliated to each taxonomic
group within a treatment is indicated by the thickness of the
colored area at the perimeter of the circus

367Plant Soil (2021) 463:359–377



Correlations between C allocation and N uptake
by plants and rhizosphere microbial communities

Bidirectional orthogonal partial least squares (O2PLS)
analysis was used to assess associations between micro-
bial communities, C allocation and N uptake by plants.
To identify the core functional microorganisms associ-
ated with C allocation and N uptake by plants, two
conditions were considered: 1) VIP value ≥1; 2) corre-
lation coefficient ≥ 0.7, p<0.05. Based on these criteria,
members of 17 genera including Cupriavidus,
Microvirga, unclassified Xanthomonadales, unclassi-
fied Latescibacteria , Bacillus , norank family
Rhodobiaceae, Paenibacillus, unclassified SC-I-84,
Var i i bac t e r , G l i oc l ad iop s i s , unc l a s s i f i e d
Anaero l ineaceae , Ga ie l la , K i ta sa tospora ,
Pedomicrobium, Trichosporon, RB41 and 11–24 were
identified as core functional bacteria. Most genera were
related to 15N uptake within plants, especially in the

Table 1 The best multivariate model (DISTLM) analysis of soil
and plant properties and their influence on soil microbial
communities.TC: total carbon; TN: total nitrogen; DOC: dissolved
organic carbon; MBC: microbial biomass carbon; ***:p < 0.005;
**:p < 0.01; *:p < 0.05

Bacteria Fungi

TC 0.07 0.13

TN 0.08 0.10

DOC 0.10* 0.07

DON 0.07 0.17***

pH 0.10** 0.07

Root biomass 0.20** 0.10

Shoot biomass 0.08 0.08

Fig. 3 Co-occurrence networks of microbial communities in bio-
char amended and biochar free treatments. A connection indicates
a strong (Spearman’s ρ > 0.8) and significant (p value <0.01)
correlation. The size of each node is proportional to the number
of connections (that is, degree). The size of each edge is propor-
tional to the weight of connections. Green colored circles are the
fungi, orange colored circles are bacteria and purple colored circles

are environment factors. (Step: Streptomyces; Myc: Mycobacteri-
um; Hyp: unclassified Hypocreales; Mic: unclassified
Micrococcaceae; Bac: Bacillus; Are: Arenimonas; Cup:
Cupriavidus; Gem: unclassified Gemmatimonadetes; Cib:
Ciboria; Tri: Trichosporon; Fus: Fusarium; Aci: unclassified
Acidimicrobiales)
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r y e g r a s s s h o o t s ( T a b l e 2 ) . Membe r s o f
Xanthomonadales, Latescibacteria, unclassified
Anaerolineaceae, Trichosporon, 11–24 and RB41 were
positively correlated with 15N incorporation into shoots.

Compared to N uptake, fewer bacterial genera were
correlated with photosynthetic 13C allocation to soil.
Members of Bacillus were positively correlated to pho-
tosynthetic 13C allocation to soil, especially in the large
macroaggregate while members of Cupriavidus were
negatively correlated with 13C, especially in the small
macroaggregates (Table 2).

Discussion

Aboveground ryegrass 15N uptake and belowground
rhizodeposit-13C allocation

Consistent with our hypothesis, there were positive ef-
fects of biochar on 15N uptake by plants, which could be
mainly attributed to biochar changes in soil abiotic and
biotic properties. Specifically, our Random Forest

analysis revealed that pH, DON and MBC had the great
influence on 15N uptake by root (SI Fig. 6). Biochar
benefits soil condition through neutralizing soil acidity
in the rhizosphere (Rajkovich et al. 2012), thus increas-
ing microbial biomass and affecting other N processes
such as ammonification. Root biomass was strongly
correlated with plant 15N uptake (SI Fig. 6). The ob-
served enhanced root biomass might be due to biochar
induced plant growth-promotion by enhanced nutrient
availability (Atkinson et al. 2010) or regulatory com-
pounds such as auxin (Lehmann et al. 2003) which in
turn subsequently increase uptake of water and nutrients
(Liu et al. 2013).

Biochar amendment reduced the recovery of root-
derived 13C in the soil even though root biomass was
increased (Fig. 1a and Fig. 1c). Increased root biomass
typically releases more rhizodeposit-C (Pausch and
Kuzyakov 2017), leading to increased C storage in soil
(Johnson et al. 2006). The contradiction of high root
biomass and less recovery of photoassimilated C (13C)
in aggregates (Fig. 1a and d) might be, i) a consequence
of the short experimental period, i.e. the 30 days of

Fig. 4 Bacterial taxa differentially represented between biochar amended and biochar free treatments, identified by linear discriminant
analysis (LDA) effect size. Specific bacterial taxa (LDA>2.5) are labeled alphabetically

369Plant Soil (2021) 463:359–377



duration during plant growth may have been insufficient
to allow the resulting microbial metabolites to be trans-
ferred into aggregates (Gunina and Kuzyakov 2014;
Riederer et al. 2013), or ii) attributed to more rapid
mineralization of root-derived C by the microbial bio-
mass. Random Forest revealed that MBC, root biomass
and pH were significantly affect the allocation of rhizo-
C in soil, especially in large-macroaggregates (SI
Fig. 6). Biochar accelerates microbial utilization of
rhizodeposits by neutralization of soil acidity which
can result in larger microbial biomass, faster C turnover
and consequently, smaller 13C recovery in soil aggre-
gates (0.25–2 mm and 0.053–0.25 mm), compared to
the soil without biochar amendment (Fig. 1a, c and d).
The larger microbial biomass and root C utilization by
microorganisms after biochar amendment may acceler-
ate the turnover of both new substrate C and native soil
organic C (Luo et al. 2017a; Yu et al. 2018; Zhang et al.
2020). However, mineralization of rhizodeposit-C was
not quantified in the present research and further inves-
tigations using isotope analysis to elucidate the efflux of
13CO2 (originating from rhizodeposits) and 12CO2 (orig-
inating from soil organic C) are required. Biochar addi-
tion decreased 13C content in soil aggregates (0.25–

2 mm and 0.053–0.25 mm) but had very limited effects
on soil aggregation. Current literature presents contrast-
ing results concerning biochar’s effects on soil aggrega-
tion. The discrepancy depend on biochar surface prop-
erties and interactions with soil minerals. For instance,
negative effects on aggregate formation were attributed
to biochar’s low binding efficiency to soil particles
relative to other soil constituents (Zhou et al. 2018).
Though declined 13C allocation into aggregates was
not because of any collapse of aggregation, further
research to better understand biochar-aggregate-
rhizodeposit interactions, is required.

Rhizosphere microbiome in biochar amended soil

Biochar amendment and plant growth stage both influ-
enced the rhizosphere microbial community, especially
biochar amendment (Fig. 5); this result supported our
hypothesis. Plants interact with soils to shape rhizo-
sphere microbiomes, with plant genotype, root architec-
ture, rhizodeposition, soil structure and nutritional status
influencing the outcome (Chaparro et al. 2014a; Qiao
et al. 2017). DISTLM showed that soil pH, C and
nutrients shaped the microbial community structure

Table 2 The VIP value and Pearson’s correlation between the
relative abundances of important core functional genera (relative
abundance>1%) and C and N allocation. 13C-LM: 13C content in

large macro-aggregate; 13C-SM: 13C content in small macro-
aggregate; ***:p < 0.005; **:p < 0.01; *:p < 0.05

Genus VIP
value

15N-shoot 15N-root 13C-soil 13C-LM 13C-SM

Cupriavidus 1.41881 −0.70* −0.85***

Microvirga 1.25298 −0.80**

norank_o__Xanthomonadales 1.24145 0.85***

norank_p__Latescibacteria 1.20123 0.71*

Bacillus 1.20075 −0.72** 0.70* 0.71*

norank_f__Rhodobiaceae 1.18974 −0.93*** −0.73**

Paenibacillus 1.17904 −0.82**

norank_o__SC-I-84 1.14896 −0.88***

Variibacter 1.13418 −0.80**

Gliocladiopsis 1.12113 0.78**

norank_f__Anaerolineaceae 1.10839 0.72**

Gaiella 1.09613 −0.75**

Kitasatospora 1.0933 −0.84**

Pedomicrobium 1.0626 −0.81** −0.73**

Trichosporon 1.03951 0.73**

RB41 1.00868 0.75**

_11_24 1.03869 0.78**
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(Table 1). Plant roots and biochar had opposite effects
on soil pH: biochar addition increase soil pH due to base
cation content (Luo et al. 2011), while ryegrass reduced
pH (by release of acidic rhizodeposits (Zhalnina et al.
2018) and unbalance NH4

+ uptake (Badri and Vivanco
2009; Zamanian et al. 2018). Bacteria are typically
abundant in neutral and alkaline soils (Feng et al.
2010; Sheng and Zhu 2018) and are more sensitive to
low pH (Singh et al. 2010b). Bacterial composition was
more negatively impacted than fungal composition by
rhizosphere acidification during plant growth (Fig. 2a);
this being buffered through biochar amendment. In ad-
dition to this environmental stress, resource availability
is another key driving force in shaping the microbiome
community (Malik et al. 2018). The interactions be-
tween plant and biochar may influence soil C/nutrient
status and thus modulate the rhizosphere microbiome.

The content of C and nutrients in soil and their
composition depend on i) quantity and quality of
rhizodeposits, and ii) substances contained and
adsorbed within biochar. A shift in microbial commu-
nity composition in the ryegrass rhizosphere at both
DAE16 and DAE30 was found: the relative abundance
of Proteobacteria, Actinobacteria and Firmicutes de-
creased, whereas Acidobacteria and Cyanobacteria in-
creased from DAE16 to DAE30 (Fig. 2c and SI Fig. 8).
This observation highlights how plant growth stage is
influential for soil microbiomes (Kuzyakov 2002) and
specifically in relation to rhizodeposits. During the early
growth stage (week 3), roots release easily metabolized
substrates for a variety of microorganisms. For example,
sucrose concentrations were higher in early growth of
Avena barbata than at other stages of development and
were allocated primarily to the area behind the root tips
and decreasing as the root matured (Zhalnina et al.
2018). Also, for Arabidopsis, the release of sugar and
alcohol decreased with growth stage (Chaparro et al.
2014b). Proteobacteria, Actinobacteria and Firmicutes,
as r-strategists, prefer to utilize easily decomposable
resources such as sucrose, this resulting in a relative
reduction of these r-strategists as the plant matures (Ho
et al. 2017). Moreover, plant demand for N increases
with the development of advancing growth stages
(Gastal and Lemaire 2002), which leads to the decreases
of soil DON concentration, consequently decreasing
these r-strategists.

Biochar indirectly affects rhizodeposited-C/nutrient
availability for microorganisms via: i) biochar surface
adsorption (Keith et al. 2015), and ii) interactions in the

charosphere (Luo et al. 2013). Here, biochar might offer
a hotspot for enhanced microbial mineralization of
rhizodeposits. Most likely, the increased root-growth
from biochar increased C availability to microorganisms
(Johnson et al. 2006) and subsequently supported a
larger microbial biomass, higher activity and more com-
plex microbial interactions in biochar amended soil
(Luo et al. 2013). This is indicated by the co-
occurrence networks that highlighted more negative
correlations in the biochar amended soil when compared
with the control soil (Fig. 3). Also, as indicated by FT
ICR-MS, biochar was characterized by both recalcitrant
C (i.e., aromatics) and easily utilizable C (i.e., carbohy-
drates, aliphatics, proteins) (SI Fig. 1). Differences be-
tween bacterial communities in biochar amended soil
and non-biochar amended soil might be the result of
adaptation of microbiota to these substances. For in-
stance, biochar increased the relative abundance of spe-
cific taxa, such as:Cupriavidus and Trichosporon, iden-
tified as keystone species in microbial network (Fig. 3).
This observation may be linked to the possibility that
these species could be more able to utilize or tolerate
aromatics introduced into the soil with the biochar. It is
reported that Cupriavidus pinatubonensis (ex c.
necator) JMP134 (pJP4) was capable of degrading a
variety of aromatic compounds (Ledger et al. 2011).

Core microbial groups regulate bi-directional transport
of N and C

This study reveals the inhibitory effect of a largely stable
C-based material (biochar) on downward photosynthet-
ic 13C allocation to soil aggregates and upward in-
creased nutrient (15N) assimilation by roots and shoots.
To improve the understanding of C/N dynamics in the
ryegrass soil amended with biochar, the correlations
between rhizosphere microbiota and 13C allocation/15N
uptake in the plant-soil pools were analyzed using a
bidirectional orthogonal partial least square (O2PLS)
(Table 2). This analysis provided insights into the
biome-specific linkages to soil C-storage and plant nu-
trient uptake. To date, there has been only a limited
number of studies linking microbial community compo-
sition and photosynthetic C allocation/nutrient-uptake
by plants.

Seventeen microbial genera were correlated with 15N
uptake by ryegrass. Members of Xanthomonadales
(Proteobacteria), Latescibacteria, Anaerolineaceae
(Chloroflexi), 11–24 and RB41 (Acidobacteria) and
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Gliocladiopsis (Ascomycota) and Trichosporon (Basid-
iomycota) which were found to be positively correlated
to ryegrass 15N uptake, thus may have been more likely
to enhance the nutrient status of plants and (or) synthe-
size signaling molecules (such as auxin, IAA, etc.) that
affect plant growth and development. Xanthomonadales
was identified as a key component of the core
microbiome with members contributing to nitrogen fix-
ation in the rhizosphere (Zhou et al. 2020).
Stenotrophomonas rhizophi la , of the order
Xanthomonadales, are often found associated with
plants and have capacity to promote plant growth and
suppress colonization by plant pathogens (Berg and
Martinez 2015). 11–24 have significant effects on plant
morphology ofG. longituba (Liu et al. 2020). RB41 is a
member of the family Blastocatellaceae, the sibling
genera from Blastocatellaceae were reported to have
functions in soil metabolism related to N (Huber et al.
2017). Moreover, RB41 produces IAA, solubilizes

nutrients and improves growth of plants by imparting
resistance to pathogens (Suja et al. 2014). Members of
Gliocladiopsis isolated from necrotic avocado roots in
Australia increased the height of avocado seedlings
(Dann et al. 2012) and have ability to produce bioactive
metabolites which enhance plant’s medicinal properties
(Refaei et al. 2011). Trichosporon asahii, members of
Trichosporon, in the rhizosphere of sugar beet are re-
ported for their ability to colonize roots and protect
sugar beet from diseases (El-Tarabily 2004). These pub-
lications support that the microorganisms observed in
this study (related to 15N uptake) are plant growth pro-
moting, and this could be regulating increased 15N
uptake.

Members of genus Bacillus and Cupriavidus were
related to plant 13C allocation in soil aggregates
(Table 2). Bacilli positively correlated with 13C alloca-
tion, especially to larger (more stable) soil macroaggre-
gates. Bacilli are a group of well-characterized soil

Fig. 5 Schematic diagram summarizing biochar affected on root
uptake of N (short-term) and allocation of ryegrass
photoassimilated-C to soil aggregates. Observations revealed the
inhibitory effect of biochar on downward photosynthetic 13C
allocation within soil aggregates and upward increased nutrient
(15N) assimilation by roots and shoots. In addition, co-occurrence

network and O2PLS analysis indicated some bacterial genera were
correlated to plant 13C allocation in soil and 15N uptake by rye-
grass. For instance, members of genus Bacillus were positively
correlated with 13C allocation in large macroaggregates, while
genus Xanthomonadales (phyla Proteobacteria) and RB41 (phyla
Acidobacteria) were positively correlated with Lolium 15N uptake
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organisms known to produce a range of extracellular
polymeric substances (EPS), forming cohesive biofilms
that co-exist in intimate association with plant roots
(Hera et al. 2013). EPS production utilizes labile C
inputs that would otherwise be respired (Flemming
et al. 2016; Malik et al. 2019) accordingly, EPS produc-
tion in soil was found to be dependent on plentiful
access to labile C inputs (Redmile-Gordon et al. 2015).
EPS is an important mechanism for the stabilization of
soil structure that can persist for several years (Redmile-
Gordon et al. 2020). In contrast to Bacilli, members of
Cupriavidus were negatively correlated with 13C espe-
cially in soil small-macroaggregates (Table 2) and were
consistently identified as keystone species in the biochar
amended soils (Fig. 3). They also had higher LDA
scores than those of any other genera analyzed by LEfSe
(SI Fig. 9). Members of Cupriavidus has been reported
to utilize root exudates and organic compounds released
by living plants’ roots in their surrounding environment
(Koopman et al. 2010; Zhalnina et al. 2018). It is re-
ported that phenolic resins were highly abundant in
plant root exudates and tissues (Bertin et al. 2003) and
these have some structural similarity to aromatic exog-
enous substances provided in the augmented biochar.
As mentioned above, Cupriavidus pinatubonensis (ex c.
necator) JMP134 (pJP4) was capable of breaking down
a variety of aromatic compounds (Ledger et al. 2011).
The members of Cupriavidus, that are capable of me-
tabolizing a broad range of both rhizodeposit-C and
biochar-C, were negatively correlated with 13C recov-
ered in macroaggregates and might consequently limit
sequestration in biochar amended soils.

Perspective

Considering that the effects of biochar and the rhizo-
sphere microbiome on plant C allocation and N up-
take are rarely investigated, this study has shed new
light on the key role of these interactions in soil.
Optimizing the core microbial communities will be
key to managing agricultural ecosystems efficiently
(Toju et al. 2018). This study reveals the inhibitory
effect of a stable C-based product (biochar) on down-
ward photosynthetic 13C allocation within to soil
aggregates and upward increased nutrient (15N) as-
similation by roots. In addition, by using a co-
occurrence network and O2PLS analysis, seventeen
bacterial genera were correlated to plant 13C alloca-
tion in soil and 15N uptake by ryegrass (Fig. 5).

However, we have only established a very general
framework to link plant-associated microbiomes and
rhizosphere processes. To confirm these keystone
microbiomes and their functions involved in C and
N processes, more sophisticated techniques and ap-
proaches are required. For example, RNA/DNA-SIP
could be used to confirm whether the rhizodeposited
C is actively being utilized by specific microorgan-
isms (Chen et al. 2019a). Also, a full assessment of
13C distribution into plant-soil-microbe-atmosphere
pools to trace rhizodeposited-13C into not only mi-
crobial community (via assimilation) but also 13CO2

in atmosphere (via mineralization) would be benefi-
cial. These approaches would help identify the key-
stone microbiota in soil based on the comprehensive
understanding of their physiological characteristics
and functions. Better understanding of soil-plant-
microbe interactions, across contrasting pedospheres
and rhizospheres, will open new windows of oppor-
tunity to manipulate plant C inputs for soil C storage
and increased plant nutrient use efficiency.

Conclusions

This study revealed that biochar increased root biomass
and N uptake by ryegrass (Lolium perenne L.) and
decreased photosynthetic C incorporation into soil mac-
roaggregates. By adopting O2PLS, seventeen bacterial
genera were correlated with 13C allocation in soil aggre-
gates and 15N uptake by Lolium (Fig. 5). For instance,
members of genus Bacillus were positively correlated
with 13C allocation in large macroaggregates. Genus
Xanthomonadales (phyla Proteobacteria) and RB41
(phyla Acidobacteria) were positively correlated with
Lolium 15N uptake. This indicated the significant role of
these keystone microbiota in mediating soil C seques-
tration from Lolium rhizodeposits and root N assimila-
tion. Future research adopting DNA/RNA-SIP is rec-
ommended to fully assess how these rhizosphere organ-
isms assimilate and transfer rhizodeposits and/or nutri-
ents directly, thus providing opportunity for improving
soil-plant functions and interactions.

Abbreviations DAE16, 16 days after seedling emergence;
DAE30, 30 days after seedling emergence; LM, large macro-
aggregate; SM, small macro-aggregate; TC, total carbon; TN,
total nitrogen; DOC, dissolved organic carbon; MBC,mi-
crobial biomass carbon; SIP, Stable Isotope Probing
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