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Rhizosphere-induced shift in the composition of bacterial
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Abstract

Aims In agricultural systems, residue amendment
is an important practice for nutrient management, but
the role of microbes in mineralization of crop residue
nitrogen (N) is not well known. Therefore, this study
aimed to examine how the residue N mineralization
was associated with changes of the microbial commu-
nity composition in crop rhizosphere.

Methods A rhizobox system was deployed to separate
the rhizosphere zone into the root-growth (central), and
2 mm (proximal) and 4 mm (transitional) zones away
from the central zone, and the gradient change of the
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residue-N mineralization along the zones was assessed.
Soybean plants were grown in a Mollisol without or
with amendment of >N-labelled soybean and maize
residues. Furthermore, amplicon sequencing was per-
formed to detect the shift of microbial community com-
position associated with the residue-N mineralization.
Results The residue-N was mineralized faster in
the rhizosphere than the bulk soil, and from soybean
residue than maize residue. Greater enrichment of taxa
against the unit of residue-N mineralization in the soy-
bean than maize residue treatment was correspondent
with the enriched ammonification genes, likely con-
tributing to the enhanced mineralization of soybean
residue-N in the rhizosphere. A gradual increase in
dissolved organic C and a decrease in available N con-
centration from the central root zone to the bulk soil,
might shift bacterial community favoring the residue-
N mineralization in the rhizosphere.

Conclusions The spatial changes in chemical prop-
erties across the rhizosphere lead to the recruitment
of microbiome taxa to enhance the mineralization of
N derived from crop residues.
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Introduction

In agricultural systems, residue amendment is an
important part of cropland management to sustain
soil fertility (Pittelkow et al. 2015; Zheng et al. 2022),
because crop residues contain large amounts of nutri-
ents, particularly nitrogen (N); for example, maize
residues contained 40—80 kg N ha™' equivalent
(Burgess et al. 2002). Thus, the mineralization of res-
idue-N likely changes soil N cycling (Burgess et al.
2002). The concentration of N in crop residues also
influences residue decomposition and subsequent N
turnover in soils (Abiven et al. 2011; Li et al. 2020).
Nitrogen concentrations in maize and soybean resi-
dues differ markedly, ranging from 6.6 to 14 and from
22 to 41 mg N g™, respectively (Abera et al. 2019;
Ding et al. 2019; Hall et al. 2019; Hu et al. 2015; Li
et al. 2017, 2018). Soybean residues with higher N
concentrations and lower C/N ratios are expected to
decompose faster than maize residues. For example,
Hall et al. (2019) found that soybean residue decom-
posed 10-38% faster than maize residue in a loam
soil during 193 days of incubation.

The crop rhizosphere, an interface between liv-
ing roots and soil and the hotspot of biochemical
processes, may considerably alter the mineraliza-
tion of residue-N via a rhizosphere priming effect
(RPE) (Wang et al. 2003). The RPE is defined as a
change in soil organic matter decomposition rate in
the vicinity of living roots compared to the bulk soil
(Huo et al. 2017) as a result of changes in microbial
activity and function induced by root exudates and/
or rhizodeposits (Vargas et al. 2020; Yu et al. 2017).
The RPE either accelerates or suppresses the residue
decomposition. For example, the residue decomposi-
tion is enhanced in the rhizosphere of plant species
such as white lupin, rye and maize through stimula-
tion of microbial activity and enzyme productions by
rhizodeposits (Cheng and Kuzyakov 2005; Xu et al.
2019). In contrast, the process of residue decomposi-
tion is suppressed in the rhizosphere of species such
as Avena barbata and Lolium perenne as plant roots
secrete labile organic substances that microorganisms
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prefer to metabolize over residues (Bird et al. 2011;
Castanha et al. 2018; Cheng and Kuzyakov 2005).

Possible effects of the rhizosphere on the miner-
alization of residue-N may depend on the preference
and capability of microbial communities on the resi-
due decomposition (Bird et al. 2011; Castanha et al.
2018; Cheng and Kuzyakov 2005). In the rhizos-
phere, the plant-C efflux and low N availability due
to plant uptake may shift the microbial community
composition to mine N from residues, given that low
N availability tends to facilitate the decomposition of
high-quality residues in terrestrial ecosystems (Knorr
et al. 2005; Murphy et al. 2015; Huo et al. 2017). By
phospholipid fatty acid (PLFA) analyses, Bird et al.
(2011) demonstrated that the turnover of dead roots
was stimulated near the living roots of Avena bar-
bata compared with the bulk soil, and gram-positive
bacteria were likely involved in the residue-N miner-
alization in the rhizosphere. The change in microbial
community composition in the rhizosphere may alter
the pace of residue-N mineralization, which has been
seldomly addressed up to now compared to the effects
of crop residue amendment on microbial commu-
nity in the bulk soils (Lian et al. 2016, 2019; Li et al.
2020). Moreover, there is a lack of the comparative
work on the rhizodeposit-induced change in microbial
capability to mineralize N from various crop residues
differing in their chemical properties (such as C/N
ratio). Thus, studying spatial variations in the bacte-
rial community composition and associated residue-N
mineralization from the rhizosphere to the bulk soil
will advance our knowledge of root-mediated residue-
N transformation in agroecosystems.

In order to examine the role of microbes in min-
eralization of N from different crop residues, we
conducted an experiment using a rhizobox system
(experimental mesocosm that allows to separate
rhizosphere and bulk soil) (Youssef and Chino 1988;
Jin et al. 2022) and '>N-labelled soybean and maize
residues, and investigated the microbiome associated
with the residue-N mineralization in the rhizosphere.
We hypothesized that the residue-N mineralization
would be stronger in the rhizosphere compared to the
bulk soil because rhizodeposits could increase micro-
bial biomass size and activity, and change the bacte-
rial community composition in the rhizosphere. This
change could indicate the stimulation of microbial
metabolic activity that is responsible for the enhanced
decomposition of crop residues in the rhizosphere and



Plant Soil

consequent release of N from the residues. Moreover,
the microbial community associated with residue-N
mineralization in the rhizosphere might vary between
residues differing in C/N ratio.

Materials and methods
Rhizobox construction

The rhizobox was made of PVC sheet with
the dimension of 20 cmXx 12 cmXx20 cm
(Iength x width x height) (Fig. S1) (Youssef and
Chino 1988). It consisted of a central compartment
(6 mm in width with 165 g soil) designed for soy-
bean root growth, and 0—2 mm and 2 -4 mm com-
partments (2 mm in width for each compartment
with 55 g soil) adjoining each side of the central
compartment. U-shape plastic frames covered with
nylon mesh (<25 pm) were used to separate these
compartments, i.e. between the central and 0 —2 mm
compartments, between 0—2 and 2 —4 mm compart-
ments, and between 2 —4 mm compartment and bulk
soil (>4 mm). This mesh size does not allow roots
to penetrate but allows free movement of soil solution
and microorganisms. We defined the root, 0 —2 mm
and 2 —4 mm compartments as central, proximal and
transitional rhizosphere zones, respectively. The soil
outside these compartments (>4 mm from the cen-
tral compartment) was treated as bulk soil. With a
rhizobox, the soils from various zones could be pre-
cisely collected and the effectiveness of the rhizo-
sphere effect on the microbes and residue-N miner-
alization could also be spatially assessed because root
exudates/rhizodeposits form a gradient along com-
partments towards the bulk soil.

15N labeling of crop residues

Soybean and maize plants used for °N-labelling were
grown in a Mollisol soil that had an organic C con-
tent of 28 g kg™! dry weight soil, total N of 2.2 g kg™
dry weight soil, available N of 160 mg kg=! dry
weight soil, and a pH of 5.4 (1:5 H,0). Soil available
N (NH," and NO;") was determined by the alkaline
hydrolysis method (Cornfield 1960). Ca(NO;), con-
taining 20% of >N atom excess was added at 100 mg
N kg~! dry weight soil and was homogenized with
the soil before sowing.

Uniformly-sized seeds were germinated on mois-
tened filter paper at 25 °C in the dark for 24 h. Six
germinated seeds were sown in each pot (20 cm
diameter and 40 cm high) containing 9.5 kg dry
weight soil, and thinned to 3 plants for soybean and
1 plant for maize after emergence. Soil water content
was maintained at 80+ 5% of field capacity by weigh-
ing and watering.

Plants were harvested at maturity, 130 days after
sowing, dried at 70 °C, and ground through a 2-mm
sieve. Then, the ground materials were sieved to
exclude particle sizes of <0.25 mm. The residues
with size ranging from 0.25 to 2.00 mm were used
for the rhizobox experiment to ensure a precise treat-
ment effect. The concentrations of total C and N were
477 and 9.3 g kg~! for soybean residue (C/N=>51.3),
and 431 and 4.1 g kg™' for maize residue (C/N=105),
respectively. The soybean and maize residues had
5.01% and 9.15% of >N atom-excess, respectively.

Experimental design and plant growth

The experiment had three residue treatments in three
replicates, 1) maize residue, 2) soybean residue and
3) no-residue control. In order to compare the miner-
alization of residue-N between the residue treatments,
the particle size of residues was 0.25-2.00 mm, the
calculated amount of residues was homogenized with
the soil in each compartment to give an equal amount
of N input of 10.3 mg N kg~! dry weight soil. The
application rate of maize residue was 2.50 g kg~!
dry weight soil and of the soybean residue was
1.11 g kg™!' dry weight soil, which are equivalent
to 8 and 3.6 t ha™! for maize and soybean residues,
respectively, representing maize and soybean residue
amendments typical for the region (Xie et al. 2021).

The Mollisol was sampled from a field without fer-
tilization for five years at Guangrong Village (47°23’N,
126°51’E) and was air-dried and sieved through a 2-mm
sieve. The soil was a silty clay (sand 19%, silt 44%
and clay 37%). It had a pH of 6.9 (1:1 w/v in H,0), an
organic C content of 25 g kg™! dry weight soil, total
N, P and K of 1.9, 0.73 and 20 g kg™! dry weight soil,
respectively, and soil available N (NH4Jr and NO;"),
Olsen P (Olsen et al. 1954) and available K of 75, 43
and 130 mg kg™ dry weight soil, respectively.

Soybean plants were grown in soybean- or maize-
residue-amended soils. The cultivar used in this
study was Dongsheng 1, widely grown in Northeast

@ Springer



Plant Soil

China. Soybean seeds were germinated in sterilized
sand at 28 °C for 2 days, then three uniform seed-
lings were transplanted to the central compartment
of each rhizobox. The plants grew in a glasshouse
at 22 —26 °C during the day and 18 —22 °C at night.
During the growth period, the soil water content was
maintained at about 80+ 5% of field capacity.

Sampling and soil physicochemical analyses

Plants were harvested 55 days after sowing. Soil in
each compartment was collected separately. In each
rhizobox, soils from two-side compartments with the
same distance from the central compartment were
combined and well mixed. Approximately 2 g of soil
from each of four samples, i.e. the central, 0 —2 mm
and 2—4 mm compartments and the bulk soil, per
rhizobox was stored at -80 °C for DNA extraction.
The remaining soil was analyzed for chemical and
biochemical properties.

Soil pH was measured using a pH meter after mix-
ing soil in water (1:5 w/v) for 30 min. Soil available
N (NH,* and NO;") was extracted from 5 g moist
soils with 100 mL of 1 M KCl, and its concentrations
were measured using a flow-injection auto-analyser
(SKALAR, San+ +, Netherlands) (Rayment and
Lyons 2011). Olsen P was extracted from 2 g air-
dried soil in 50 ml of 0.5 M NaHCO; (Olsen et al.
1954) and analyzed colorimetrically (Murphy and
Riley 1962). The concentration of total soil N was
determined using an elemental analyzer (Elemen-
tar Analysensysteme, Hanau, Germany). Air-dried
soil and oven-dried residues were ground with a ball
mill (Retsch MM400, Hanau, Germany) before >N
atom % of the samples was measured with an isotope
ratio mass spectrometer (Deltaplus, Finnigan MAT,
Bremen, Germany). Microbial biomass C (MBC) was
quantified using the fumigation extraction method
(Vance et al. 1987; Wu et al. 1990). Briefly, 10 g of
moist soil was fumigated with CHCl; in a vacuum
desiccator followed by immediate extraction with
40 mL of 0.5 M K,SO,, and measurement of total
extractable C released by CHCl; using an automated
TOC analyzer (Shimadzu, TOC-VCPH, Japan).
Changes in extractable C due to fumigation were used
to calculate microbial biomass C (kg-=0.37) (Joer-
gensen 1996). The extractable C in the non-fumigated
soil was considered as dissolved organic C (DOC)
(Domanski et al. 2001). Regarding the measurement
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of soil respiration, 10 g of each fresh soil sample
was incubated at 25 °C for 24 h in a 0.25-L air-tight
Mason jar with 10 mL of 1.0 M NaOH in a vial
placed in it to trap the evolved CO,. The CO, trapped
in the NaOH solution was precipitated with a 1.0 M
BaCl, solution, and the solution was then titrated
with 0.5 M HCI against a phenolphthalein indicator
(Blagodatskaya et al. 2011).

DNA extraction and Illumina MiSeq sequencing

Soil DNA was extracted from 0.5 g fresh soil using a
Fast DNA SPIN Kit for Soil (Qbiogene Inc. Carlsbad,
CA, USA). The DNA concentration was determined
using NanoDrop 2000 (Thermo Scientific, Waltham,
MA, USA) and then the DNA samples were stored at
-20 °C until further analyses.

Regarding MiSeq sequencing, the V3 — V4 region
of the prokaryotic 16S rRNA gene was amplified
using primers 338-F (5'- ACTCCTACGGGAGGC
AGCAG-3") and 806-R (5'- GGACTACHVGGG
TWTCTAAT-3") with 7-bp unique barcodes at the
5" end. The PCR program was described as an ini-
tial denaturation at 94 °C for 3 min, followed by 30
cycles of 94 °C for 40 s, 56 °C for 60 s, and 72 °C
for 60 s, and a final extension at 72 °C for 10 min.
Two biological replicates for each sample were con-
ducted in PCR reactions to minimize PCR bias, and
PCR products of the two replicates were combined.
The sequencing library was prepared by pooling
the amplicons from all samples with an equimolar
concentration. The high throughput sequencing was
performed on an Illumina MiSeq PE 300 platform
at Majorbio BioPharm Technology Co., Ltd., Shang-
hai, China.

After sequencing, adapters were trimmed with
the giime cutadapt trim-paired tool (Martin 2011).
Sequence pairs were merged using FLASH soft-
ware. Regarding quality control of sequencing, we
processed primer trimming, denoising and chimera
removal, followed by assigned amplicon sequence
variants using DADA?2 algorithm in QIIME2 (Bol-
yen et al. 2019; Callahan et al. 2016). The taxonomic
assignment of ASVs was carried out by a Naive
Bayes classifier against the SILVA database (release
138) for bacteria (Quast et al. 2012). In total, 893,912
high-quality sequences were obtained with a range of
18,898 to 31,494 sequences for individual samples.
To minimize the impact of sequence count variation
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among samples, a random subset of 18,898 sequences
was selected based on the minimum number of
sequences across samples, representing 5932 ASVs.
The raw sequences were deposited in the NCBI short-
read archive PRINA679167.

Calculations and data analyses

The decomposed proportion of '°N-labelled maize
and soybean residues (DPN,) was given by Robinson
(2001) and Wang et al. (2019a, b):

DPNr = 100 —h x [(8"°N — 8" Nyi1) /(8" Niesiaue

sample

addition, the relative abundances of N-mineralization-
associated taxa was the total relative abundance of
all N-mineralization-associated taxa under the maize
and soybean residue amendments. Based on the
Bray—Curtis distance at the ASV level, the non-met-
ric multidimensional scaling (NMDS) analysis and
redundancy analysis (RDA) were performed using the
‘vegan’ in R platform (version 3.2.5) (R Development
Core Team 2016). Moreover, the permutational mul-
tivariate analysis of variance (PERMANOVA) and
analysis of similarities (ANOSIM) were performed

—8"Ny,;)| % 100/g

where (‘SISNSMPIe is the 8'°N value of soil samples
with residue addition; 8'°N; is the 8'°N value of
soil without residue addition, and 8'°N gy, is the
8'°N value of the maize or soybean residue; h is the
total soil N content; g is the N content of '°N-labelled
maize or soybean residue. In this study, we considered
the loss of residue-N as residue-N mineralization.

Residue N mineralization = g X DPN,

The N-mineralization-associated taxa at the ASV
level were obtained by identifying the total 5932 rare-
fied ASVs that exhibited significant positive correla-
tions with the proportion of mineralized N across the
rhizosphere compartments (from rhizosphere to bulk
soil) (Spearman, p <0.05), using SPSS software (ver-
sion 19.0). Thus, the rhizosphere effect on N-miner-
alization-associated taxa could be assessed. Moreo-
ver, random forest (RF) modeling was performed to
assess variables that might covary with N minerali-
zation, and showed that the N mineralization of crop
residue had the highest value of IncMSE (> 10%) in
RF regulating the N-mineralization-associated bacte-
rial community structure, followed by the concentra-
tions of dissolved organic C and NO;™-N in soil. In
order to avoid the false positive problem in the multi-
ple significance tests, we used the false discovery rate
(FDR =0.05) approach to adjust p values to g values.
Repeated measures ANOVA was used to reveal the
residue (as the main plot) and compartment effects
(compartment as subplot) on N mineralization, alpha-
diversity and microbial respiration. The relationships
between the relative abundance of bacterial taxa or
alpha-diversity and the soil factors were determined
using Pearson correlation at the adjusted p <0.05. In

to statistically assess the difference in the microbial
community composition between treatments.

Functional profiling of N-mineralization-asso-
ciated bacterial taxa was performed using the PIC-
RUSt2 algorithm. PICRUSt2 is the most flexible
and accurate way to predict the functional profiles
of microbial communities based on their taxonomic
composition. The major concern of this approach
is that amplicon-based predictions cannot provide
strain-specific functionality (Douglas et al. 2020).
Thus, more robust methodology, such as metagen-
omic analysis, is recommended in the future. Kyoto
Encyclopedia of Genes and Genomes (KEGG) mod-
ule and pathway composition were generated accord-
ing to the assignment of KEGG Orthologies (Kos)
at https://www.kegg.jp/. Targeted Kos of marker
genes involved in C and N metabolic pathways were
extracted as a subject database (Table S1). A Z-score
transformation was applied to the reads before statis-
tical analyses.

Results
Residue-N mineralization in the rhizosphere

The proportion of the N mineralized from crop residue
significantly decreased from 26% in the central com-
partment to 18% in the bulk soil amended with the soy-
bean residue and from 24 to 12% in the maize residue
treatment (Fig. 1). The proportion of N mineralized
from the soybean residue was significantly higher than
that from the maize residue in the central and 2 —4 mm
(transitional) compartments. The total mineralized
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Fig. 1 The proportion of N mineralized from maize and soy-
bean residues in the central, 0—2 mm (approximal), 2 —4 mm
(transition) and>4 mm (bulk soil) compartments. Asterisks
(*) denote significant differences between residue amendments
at p<0.05. Error bars represent the standard error of three rep-
licates

residue-N was 0.40 —0.44 mg per rhizobox in the cen-
tral compartment and 0.07—0.13 mg in the 2—4 mm
(transitional) compartment, and soybean residue had
12.6% more N mineralized than maize residue across
the compartments (Fig. S2).

Soil biochemical properties and plant biomass

Soil chemical properties varied with distance from
the plant roots and between the residues. The mean
concentrations of Olsen P, NH4+-N and NO;™-N
in the central compartment were 8.73, 138 and
19.4 mg kg! dry weight soil, respectively, which
were significantly lower than those in the bulk soil.
Soil pH, DOC and MBC had the opposite trend, being
5.82, 189 and 366 mg kg~! dry weight soil in the cen-
tral compartment, 0.16 units, 35% and 31% higher
than those in the bulk soil, respectively (Table S2).
Both residue amendments significantly increased the
concentrations of NH,*-N and MBC across rhizobox
compartments (central, proximal and transitional
compartments) by 28-31% and 63-68% com-
pared to the control, respectively. The amendment of
maize but not soybean residue, significantly reduced
NO;™-N concentration in the central, 0 —2 (proximal)
and 2—-4 mm (transitional) compartments compared
to the control. Residue amendment did not change
SOC concentrations (Table S2). Soil respiration rate
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in the 0 —4 mm (proximal and transitional) compart-
ments was 71 — 109% higher than that in the bulk soil,
with the effect being the greatest with soybean resi-
due, and least in the control (Fig. S3).

Plant shoot dry biomass was 3.9 and 4.0 g plant™!
for the maize and soybean residue treatments, respec-
tively, which was 5% higher than that of the control.
It was significantly higher for the soybean (but not
maize) residue treatment compared to the control
(Fig. S4). Both residue amendments resulted in sig-
nificantly greater root biomass than the control.

Alpha-diversity of bacterial community

The rarefaction coverage was above 99% for all of the
samples. The ANOVA showed that bacterial alpha-diver-
sity was significantly lower in the rhizosphere compared
to the bulk soil (Table 1). In particular, sobs, Ace, Chaol
and Shannon were 14%, 13%, 14% and 4% lower in the
central compartment than in the bulk soil, respectively.

The Pearson’s correlation analyses showed that the
Ace index was correlated negatively with soil pH, but
positively with the concentrations of Olsen P and soil
available N (Table S3). Shannon index was correlated
negatively with soil pH and DOC, but positively with
the concentrations of Olsen P and available N. These
diversity parameters did not correlate with MBC or
respiration rate.

Beta-diversity of bacterial community

Actinobacteriota, Proteobacteria, Acidobacteriota and
Chloroflexi were the four most abundant phyla, account-
ing for 19-34%, 18-34%, 11-25%, and 4.6-12% of the
total sequences, respectively (Fig. 2a). The NMDS plot
showed that bacterial community composition gradu-
ally shifted from the central compartment to the bulk
soil, i.e. in the order of the central, 0-2 (proximal) and
2—4 mm (transitional) compartments and bulk soil. The
PERMANOVA and ANOSIM analysis indicate that
residue amendment significantly affected the whole
bacterial community composition only in the bulk soil
(p<0.05), but not in the rhizosphere compartments
(p>0.05) (Fig. 2b, Table S4).

The RDA revealed strong associations (p <0.05)
of the bacterial community composition with soil
pH and the concentrations of dissolved organic C,
NO;™-N, NH,*-N and Olsen P (Fig. S5).
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Table 1 Microbial diversity, as estimated by three indices of
species richness [observed ASVs (sobs) and estimated richness
from ASV abundance (Chaol, ACE)] and one index of within-
sample ASV diversity (Shannon) in soils of various rhizobox
compartments (central, 0-2 mm, 2—4 mm and >4 mm) with-
out (Control) or with maize and soybean residues to the central

compartment. Repeated measures ANOVA was performed to
demonstrate the effects of compartment and residue, and their
interactions on variables. Lower-case letters are the posthoc
results and means followed by different letters indicate signifi-
cant difference within a column at p <0.05 (LSD)

Rhizobox compartments Residue treatments Sobs Shannon Ace Chaol
Central Control 1048 d 6.45 cd 1052d 1051d
Maize 1031d 6.38d 1034 d 1034 d
Soybean 1182 bed 6.51cd 1191 bed 1193 bed
0—2mm Control 1022d 6.51 cd 1024 d 1023 d
Maize 1133 cd 6.61 abc 1138 cd 1138 cd
Soybean 1243 abc 6.68 ab 1251 abc 1251 abc
2—4 mm Control 1044 d 6.52 bed 1045 d 1044 d
Maize 1283 abc 6.70 a 1292 abc 1291 abc
Soybean 1287 abc 6.68 ab 1299 abc 1301 abc
Bulk (>4 mm) Control 1186 bed 6.61 abc 1189 bed 1188 bed
Maize 1315 ab 6.70 a 1324 ab 1323 ab
Soybean 1395 a 6.74 a 1408 a 1407 a
Significance level Compartment <0.01 <0.01 <0.01 <0.01
Residue <0.01 0.03 <0.01 <0.01
Compart X residue 0.46 0.52 0.47 0.47

Rhizobacterial taxa associated with residue N
mineralization

The bacterial taxa, 93 ASVs in total, that were posi-
tively correlated in relative abundance with the pro-
portion of N mineralized from the residue (g <0.05)
were considered as N-mineralization-associated bac-
terial taxa in the rhizosphere (Table S5). Random for-
est (RF) modeling was performed to identify the key
indicators that drive the N-mineralization-associated
bacterial community structures, we found that the
proportion of the N mineralized from crop residue
played the most important role with the highest value
of IncMSE (>10%) for RF, regulating the N-miner-
alization-associated bacterial community structures
(Fig. S6). Those bacterial taxa were considered to
be functionally involved in N mineralization, which
was further verified in PICRUSt2. The total rela-
tive abundances of N-mineralization-associated taxa
were significantly higher in the rhizosphere than in
the bulk soil (Fig. 3a). In order to compare the over-
all potential microbial capability of mineralizing N
between soybean and maize residues, the total rela-
tive abundances of N-mineralization-associated taxa
in the rhizosphere were correlated with proportions

of mineralized N. The coefficient of the linear cor-
relation for the soybean residue treatment was sig-
nificantly higher than for the maize residue treatment,
indicating more enrichment of microbial taxa for the
unit of residue-N mineralization (Fig. 3b, c).

The NMDS analysis revealed that the amend-
ment of soybean and maize residues resulted in dis-
tinct clusters of the bacterial community with sig-
nificant (¢ <0.05) differences in taxonomy (Fig. 4a;
Table S5). In the central compartment, maize residue
resulted in significantly higher relative abundances
of the N-mineralization-associated genera Paraburk-
holderia, Ralstonia, Kutzneria and Edaphobaculum
than soybean residue while the opposite was true for
Streptomyces, Kribbella and Microbacterium (Fig. 5).

The RDA revealed strong relationships (p <0.05)
between the composition of the residue-N miner-
alization-associated bacterial community and soil
pH and the concentrations of dissolved organic C,
NO;™-N and Olsen P (Fig. 4b; Table S6). The PER-
MANOVA analysis indicated that the composition
of the N-mineralization-associated bacterial com-
munity was mainly shaped by the chemical proper-
ties of the rhizosphere (Fig. 4c), which accounted
for 43.8% of the variation in the composition of the
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N-mineralization-associated bacterial community in
comparison to 5.56% due to the residue type.

At the metabolic level, the soybean residue amend-
ment significantly increased the predicted abundance
of major ammonification genes encoding urease, gluta-
mate dehydrogenase and glutaminase, and C-decompo-
sition genes encoding cellulase and chitinase compared
to the maize residue amendment (Fig. S7). Moreover,
the predicted abundances of those genes were posi-
tively correlated with mineralized N (Table S7).

Discussion
This study showed that the residue-N mineralization

was greater in the rhizosphere zones than the bulk
soil (Fig. 1). The higher concentrations of dissolved

@ Springer

organic C and microbial biomass C, and respira-
tion rate in the rhizosphere zones than the bulk soil
(Table S2, Fig. S3) indicate that plants released
organic C compounds into the rhizosphere and sup-
ported microbial growth (Deng et al. 2022; He et al.
2020; Marschner and Kalbitz 2003), thus leading to
an increase in residue decomposition and N miner-
alization as a result of a rhizosphere priming effect
(RPE) (Cheng and Kuzyakov 2005; Xu et al. 2019;
Yu et al. 2018). Furthermore, our study demon-
strated that the soil in direct proximity to plant roots
had decreased available N compared to the bulk soil
(Table S2), which would stimulate the secretion of
enzymes by microbes to decompose organic mate-
rials in the soil, so as to meet their N requirement
(Fontaine et al. 2011; Lu et al. 2019). Interestingly,
the soybean residue exhibited a higher proportion
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Fig.3 The sum of relative abundances of N-mineraliza-
tion-associated taxa in the central, 0—2 mm (proximal) and
2—4 mm (transitional) and >4 mm (bulk soil) compartments
under maize and soybean residue amendments (a), the relation-
ships between the sum of relative abundances of N-minerali-
zation-associated taxa and residue-N mineralization proportion
from rhizosphere to bulk soil (b) and the coefficients of the
respective correlation equations (c). Error bars represent the
standard error of three replicates

of N mineralization in the rhizosphere zones than
the maize residue (Fig. 1), indicating that the micro-
bial accessibility to residue N depended on the resi-
due type (or residue C/N ratio) and the interaction
with the rhizosphere priming effect on the shift of
the microbial community composition (Abiven et al.

2011; Zhang et al. 2008). Due to the greater C/N ratio
of the residues than microorganisms, the process of
residue decomposition is dominantly N-limited (Hen-
riksen and Breland 1999). The greater predicted
abundance of N-mineralization and organic C-decom-
position genes in the rhizosphere amended with soy-
bean residue than with maize residue (Fig. S7) further
demonstrated microbial functional preference on the
N mineralization of residues with a low C/N ratio.

The rhizosphere (R>=0.64) had a stronger effect
(43.8%) than residue type (5.56%; Fig. 4c) on the
composition of bacterial community involved in the
mineralization of residue N. The increasing demand
of microbial N due to the high pH and low available N
and dissolved organic C concentrations in the rhizos-
phere zones (Table S2) shaped bacterial community
favoring the stimulation of residue-N mineralization.
This is supported by the significant association of
these two parameters with the relative abundances of
residue-N-mineralization-associated taxa (Fig. 4b).
Moreover, those parameters were also significantly
associated with the composition of the whole com-
munity (Fig. S5), indicating that the N-mineralizing
community corresponded with the whole community
in response to soil N/C chemical properties.

Among the community in the central zone,
Paraburkholderia and Ralstonia were associated with
N mineralization of the maize residue whereas Strep-
tomyces and Kribbella were associated with the min-
eralization of the soybean residue. Paraburkholderia
are root-nodulating bacteria (Zwetsloot et al. 2020).
They can utilize labile organic C exuded into the
rhizosphere by the host plant under the low-N avail-
ability (Belova et al. 2006; Su et al. 2020; Weisskopf
et al. 2011), and also degrade recalcitrant C com-
pounds, such as benzoate and betaine (Weber and
King 2017). However, it remains unknown whether
these bacterial taxa mineralize residue N as the result
of residue-C degradation or whether they form a
symbiosis with soybean roots, given the likely prolif-
eration of N-fixing microbes under low-N availability
(Bao et al. 2019, 2020).

Streptomyces were dominant during the minerali-
zation of soybean residue (Espana et al. 2011; Wang
et al. 2019a, b; Lian et al. 2019). Kribbella have
been found to utilize various organic N sources such
as glutamine, proline, serine and threonine (Albu-
querque et al. 2011; Zhao et al. 2019). These results
indicate that the shift in the composition of the
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microbial community in the rhizosphere of soybean
potentially drove the residue-N mineralization. Fur-
thermore, the greater microbial activity in response
to the soybean compared to the maize residue
amendment in the rhizosphere (Fig. S3) indicates
that the rhizobacterial community might metaboli-
cally accelerate the process of residue-N mineraliza-
tion, especially for the soybean residue. It appears
that the C/N ratio in the residue might strongly
contribute to the specific change of bacterial taxa
associated with residue-N mineralization though
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other constituents of residue, such as lignin to some
extent, shift the bacterial community composition
as well (Wang et al. 2019a, b). Furthermore, the
increased abundances of the N- and C-metabolizing
genes in the rhizosphere, especially under residue
amendment (Fig. S6), reflect the increased func-
tional potential within the microbial community to
mineralize residue-N.

The greater N mineralization from soybean residue
than maize residue was attributed to the greater micro-
bial activity and respiration in the rhizosphere amended
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with soybean residue (Fig. S3). It was also related to
the greater relative abundance of the N-mineralization-
associated taxa against the unit of mineralized reside-
N mineralization (Fig. 3b, c). The significant increase
in the major predicted ammonification genes (Fig. S7)
in the soybean residue treatment further supported this
observation. Although its concentrations in the rhizo-
sphere zones were greater under soybean residue than
maize residue amendment, NO;™-N accounted for less
than 10% of total mineral N, which would not sup-
press microbial mineralization of soybean residue N.
However, the functional contribution of those specific
microbial members to the mineralization of soybean
residue-N needs to be quantified.

Our results imply that, in farming systems, the
rhizosphere effect is likely to boost microbial C- and
N-metabolizing functions to accelerate the residue
decomposition, especially for soybean residues, high-
lighting that subsequent crops alter the residue-N
cycling belowground via rhizosphere priming effect,
and access nutrient resources. This rhizosphere effect
on the residue decomposition should be considered in
nutrient management with crop residue amendment.

The effect of rhizosphere properties overwhelmed
the impact of residue type on the bacterial commu-
nity composition (PERMANOVA, p<0.05) (Fig. 2b).
Root exudates and rhizodeposits exert the dominant
influence on microbial colonization in the rhizosphere
(Dennis et al. 2010), and stimulate microbial activities
and metabolic processes (He et al. 2020; McCormack
et al. 2017; Xu et al. 2019). In addition, low N avail-
ability in the rhizosphere due to plant uptake may also
structure the microbial community (Jin et al. 2022).
The gradient of the rhizodeposits and chemical proper-
ties results in the gradual shift of microbial community
across the rhizosphere. Previous studies indicated that
the distance to the root surface defines the composition

Mean proportions(%) Difference in mean proportions (%)

of the bacterial community (Edwards et al. 2015; Sasse
et al. 2018). However, Edwards et al. (2015) found
that organic material input significantly altered the
microbial community composition in the rice rhizo-
sphere under field conditions. The different findings
between the studies could be attributed to the differ-
ence in sampling precision. The rhizobox device used
in this study allowed us to examine spatial variations of
the rhizosphere in controlled-environment conditions
and enabled the precise collection of rhizosphere soil
(Sasse et al. 2018). However, the limited space of the
rhizobox device might constrain root growth and resi-
due mineralization.

Conclusions

The residue-N mineralization was accelerated in
the rhizosphere where the amount of N mineralized
from the soybean residue was greater than that from
the maize residue. The increase of dissolved organic
C and depletion of available N in the rhizosphere
of soybean was accompanied by the recruitment of
bacterial taxa that were associated with residue-N
mineralization. However, the efficacy of the domi-
nant microbiome in the residue-N mineralization
in the rhizosphere requires further investigation on
N-related metabolic pathways with the advancement
of metagenomic sequencing techniques.
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