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A B S T R A C T   

Iron hydroxides serve as an efficient ‘rusty sink’ promoting the stabilization of rhizodeposits into soil organic 
carbon (SOC). Our work aimed to understand the physicochemical and microbial mechanisms promoting rhi-
zodeposit (rhizo-C) stabilization as influenced by goethite (α-FeOOH) or nitrogen (N), using 13C natural abun-
dance methodologies and DNA sequencing, in the rhizosphere of maize (Zea mays L.). The addition of N fertilizer 
to soil increased the mineralization of both rhizo-C and SOC, while amendment with α-FeOOH decreased rhizo-C 
derived CO2 and lowered the rhizosphere priming effect by 0.57 and 0.74-fold, respectively, compared to the 
control soil. This decrease resulted from the co-precipitation of rhizo-C at the reactive α-FeOOH surfaces as Fe- 
organic matter complexes (FeOM), which was 10-times greater than the co-precipitation on short-range ordered 
minerals. The highest portion of rhizo-C (67% of the total accumulated in soil) was protected within macroag-
gregates (>2 mm). Carbon overlapped with α-FeOOH mainly in >2 mm aggregates, as shown by HRTEM-EDS 
imaging, suggesting that α-FeOOH associated rhizo-C stimulated aggregate formation. Random forest analysis 
confirmed that the stabilization of rhizo-C was controlled mainly by physiochemical binding within FeOM 
complexes and macroaggregates. Rhizo-C mineralization was regulated by the keystone microbiome: Paucimonas 
(β-Proteobacteria) being an r-strategist with rapid growth under soil without nutrient limitation (N treated) and 
Steroidobacter (Actinobacteria) with branched filaments that can access C and nutrients under oligotrophic 
conditions (goethite enriched soil). Two-way orthogonal partial least squares analysis revealed that the rhizo-
sphere priming effect was facilitated mainly by the same genera, most likely due to co-metabolism. The genera 
belonging to Acidimicrobiaceae (Actinobacteria), Cryptococcus and Cystofilobasidium (Basidiomycota) were posi-
tively correlated with the accumulation of rhizo-C in the >2 mm aggregate size, which might due to their high 
affinity towards α-FeOOH and contribution to the development of aggregation via filamentary structures that 
interact with microaggregates. We suggest that rhizodeposit stabilization in soil was balanced by microbial 
mineralization and abiotic associations with the “rusty sink” and organisms with branched filaments contributing 
to the development of aggregation.  
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1. Introduction 

Between 40 and 60% of C photosynthesised by plants are released 
through roots as rhizodeposits, contributing up to 1% of the soil organic 
carbon (SOC) pool per year (Kuzyakov and Schneckenberger, 2004). The 
amount and composition of rhizodeposits are closely related to the plant 
growth stage (Kumar et al., 2016), soil environmental conditions (Luo 
et al., 2017; Weng et al., 2018) and addition of fertilizer (Li et al., 2016; 
Luo et., 2019). Rhizodeposits represent labile C inputs that can be 
rapidly mineralized (within hours to days) by microorganisms (Kuzya-
kov and Larionova, 2005), and trigger rhizosphere priming effects (RPE) 
(Zhu et al., 2014). The fate of rhizo-C (mineralization and stabilization) 
and their role in the RPE are well studied, with processes being largely 
dependent upon soil physical (e.g., structure), chemical (e.g., pH, SOC 
content), mineralogical and biological properties (composition and ac-
tivity of microbial communities) (Blagodatskaya and Kuzyakov, 2008; 
Philippot et al., 2013). 

The biogeochemical cycling of organic substances depends on the 
interactions with the mineral matrix, e.g., Fe (hydr)oxides (Chen et al., 
2014a). Fe (hydr)oxides such as α-FeOOH, with crystalline forms are 
particularly rich in highly weathered tropical soils (e.g., Ferralsols) 
(Weng et al., 2018). While in soils where weathering is not extensive, 
short range-ordered minerals are relatively abundant compared to 
crystalline forms of Fe oxides (Kramer et al., 2012; Rasmussen et al., 
2010). Short range-ordered Fe oxides, such as ferrihydrite, represent 
highly reactive nano-scale minerals with a high sorption capacity for 
SOC (Rasmussen et al., 2010), while goethite (α-FeOOH) associates with 
organic matter mainly via coprecipitation. Also, α-FeOOH stabilizes 
organic C not only through chemical interactions but also physical 
protection by aggregates formed with the associated organic substance 
(Kaiser and Guggenberger, 2007). Thus, SOС can be stabilized on the 
mineral surfaces and/or inside aggregates during their formation, which 
protects the organic compounds from rapid microbial degradation (Torn 
et al., 1997). Although the stabilization of SOC associated with α-FeOOH 
has been widely reported, a lack of information exists on the role of 
α-FeOOH in rhizo-C stabilization. In particular, the interactions of 
physical and chemical stabilization mechanisms on rhizodeposits, such 
as the formation of micro/macro-aggregates, short range-ordered 
organic complexes (SRO), and Fe bound organic complexes (FeOM), 
remain poorly understood. 

Microorganisms coexist in complex arrays that control terrestrial C 
fluxes, including mineralization of rhizo-C and SOC to CO2 or CH4 
(Schimel and Schaeffer, 2012; Philippot et al., 2013). It was found that 
the mineralization of SOC was closely related to the composition of the 
microbial community (Garcia-Pausas and Paterson, 2011). Many studies 
have demonstrated that root exudates (rhizodeposits) (Dennis et al., 
2010; Laurent et al., 2013; Lundberg and Teixeira, 2018), nutrient 
availability (Francioli et al., 2016) and soil mineral content (Whitman 
et al., 2018) control the assembly of bacterial and fungal communities in 
the rhizosphere. Fe mediated changes in the rhizosphere microbial 
community can result in interactions with organic substances, such as 
the solubilization by chelation, sorption/accumulation by goethite and 
mineralization of mineral-sorbed organic matter by specific groups in 
the microbiome (Kallenbach et al., 2016; Whitman et al., 2018). 
Although there is a significant interest in soil CO2 efflux mediated by the 
soil microbial community (Laurent et al., 2013), studies evaluating the 
contributions of rhizodeposits to SOC sequestration through both min-
eral matrix-mediated stabilization and microorganism-mediated 
mineralization processes are still lacking. 

Nitrogen (N) fertilization can affect SOC turnover through changing 
soil N availability, pH and microbial community composition (Francioli 
et al., 2016); and has divergent effects reported on soil CO2 emissions, 
including increased (Chen et al., 2014b; Li et al., 2016), decreased 
(Bowden et al., 2004), or unchanged SOC decomposition (Blagodatskaya 
et al., 2007). N inputs can stimulate microbial activity, thus resulting in 
a positive priming effect (PE) (Chen et al., 2014b). Conversely, 

microorganisms switch from decomposing SOC to utilizing rhizo-C 
(preferential microbial substrate utilization), thereby resulting in a 
negative PE (Blagodatskaya and Kuzyakov, 2008; Chen et al., 2014b). 
Although the impacts of N fertilizer on C dynamics, including the RPE 
and belowground C allocation have been studied previously, the in-
teractions with goethite are not clearly understood. 

The objective of the study was to examine the effects of α-FeOOH 
compared to N fertilization on; i) allocation of rhizo-C into various soil 
pools (aggregates, FeOM, SRO), ii) the mineralization of rhizodeposits 
and rhizosphere priming effects, and iii) microbial community structure 
and the core microbiome genera involved in the abovementioned pro-
cesses. We amended the soil with α-FeOOH and/or N fertilizer, and 
planted maize (Zea mays L.) to assess the physico-chemical and biolog-
ical mechanisms of C dynamics using 13C natural abundance and DNA 
sequencing. We hypothesized that; i) N fertilization will increase 
mineralization of rhizodeposits and further stimulate RPE, due to 
increased root biomass and associated release of exudates; ii) α-FeOOH 
will increase stabilization of rhizo-C via the development of organo- 
mineral complexes and aggregation resulting in a lower RPE; and iii) 
the presence of α-FeOOH and N will modulate the microbial commu-
nities by shifting edaphic variables such as aggregation to limit C 
availability. 

2. Materials and methods 

2.1. Site description 

The soil was collected from the top 10-cm layer in an experimental 
plot located in Zhejiang province, China. The location is characterized 
by a subtropical monsoon climate, with an average annual rainfall of 
1453 mm and a temperature of 23 �C. Plant species were dominated by 
long-term C3 vegetation of sweet osmanthus (Osmanthus fragrans 
Thunb). The soil was classified as an Alfisol with a sandy clay loam 
texture, pH (Soil: H2O 1:2.5) of 6.7, total C of 28.6 g kg� 1, total N of 2.41 
g kg� 1 and total Fe of 19.1 g kg� 1. The mean δ13C value of the soil 
organic matter was � 27 � 0.10‰ (n ¼ 4) and maize root was � 12.76 �
0.14‰ (n ¼ 4). 

2.2. Experimental set up 

The study used a 13C natural abundance approach, where C4 Maize 
plant (Zea mays L.) was grown in soil dominated by C3 plant species. The 
δ13C signal from the root exudates was used as a tracer to separate rhizo- 
C derived, soil organic C derived CO2 effluxes, and to calculate extra 
mineralization of soil organic C (rhizosphere priming effects). The soil 
(1000 g) was filled into the rhizoboxes (30 cm in height and 14 cm in 
diameter) (Fig. S1), with a layer of quartz sand (250 g) at the bottom to 
facilitate drainage and reduce the potential development of anaerobic 
conditions. Four treatments with plants were established: soil only 
(control), soil þ N fertilizer (312 kg of N ha� 1), soilþα-FeOOH (applied 
as a finely ground powder passing a <0.25 mm sieve, Sigma-Aldrich 
Chemistry Company, Germany) at 1600 kg ha� 1, and soil þ Nþα- 
FeOOH (using the same dose as individual amendments). Parallel to 
these treatments, a similar set of rhizoboxes was established without 
plants. Additionally, three rhizoboxes, filled with only 250 g of quartz 
sand, were maintained during the experimental period as blanks. The 
experiment consisted of a total of 28 rhizoboxes, with four replicates for 
planted soils and three replicates for the controls (without plants). All of 
these rhizoboxes were located in a greenhouse with constant tempera-
ture and moisture. Maize seeds were germinated in the nursery for seven 
days. After one week, the germinated seedlings were transferred into the 
rhizoboxes (1 plant per box), and the soil was moistened to 70% of water 
holding capacity (WHC) and maintained at this water content during the 
experiment. 

Plants were grown for 24 days to obtain the optimum plant growth 
(vegetative stage). On day 25, the rhizoboxes and their contents were 
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isolated from the atmosphere by rubber plugs, with the holes on the top 
of lids being sealed (Tacosil 145, Thauer and Co., Dresden, Germany). 
The CO2 in the headspace was removed using NaOH (20 mL, 1.0 M) for 
2 h. After that, the CO2 efflux from the soil was collected using a new 
trap with NaOH (20 mL, 1.0 M). Every five days, the lids were sealed, 
and CO2 was trapped for a 24 h period. Once the traps were removed, the 
lids were also removed until the next sampling period. This was 
continued until day 45. 

2.3. Sampling and analyses 

After the 45-day experiment, plants were removed and dried. Plant 
shoot and root biomass were weighed, and their C isotopic composition 
was measured by an isotope ratio mass spectrometer (DELTA V plus 
IRMS) coupled with an elemental analyzer (EA NA1500 - EA 1110 de-
vice, Carlo Erba and Thermo Fisher Scientific Bremen, Germany). The 
soil was homogenized by mixing and separated into two uniform 
batches, one being freeze-dried for the extraction of DNA, and the sec-
ond was dried at room temperature for further analyses. Measurements 
of pH were done with soil: H2O 1:2.5 using a micro-electrode (Seven 
Compact, Mettler Toledo Inc., Switzerland). Total C and N were assessed 
using dry combustion (PerkinElmer EA 2400, Shelton, CT, USA). 

The amount of CO2 sorbed by NaOH solution was quantified by 
titration with 0.05 M HCl using an Easy Plus auto titrator (Mettler 
Toledo, Greifensee, Switzerland). To determine the δ13C values of the 
trapped CO2, an 8 ml aliquot of the NaOH solution was mixed with 8 mL 
of 1.5 M BaCl2 (Luo et al., 2011). The precipitated BaCO3 was thrice 
rinsed with ultra-pure H2O, centrifuged, and the supernatant was 
removed. The precipitate was freeze-dried overnight and was analyzed 
with an isotope ratio mass spectrometer (DELTA V plus IRMS) coupled 
with an elemental analyzer (EA NA1500 - EA 1110 device, Carlo Erba 
and Thermo Fisher Scientific Bremen, Germany). 

2.4. Aggregate size classes and extraction of FeOM and SRO complexes 

The soil was fractionated into four aggregate size classes (>2, 
0.25–2, 0.053–0.25 and < 0.053 mm) by wet sieving (Nimmo and 
Perkins, 2002), to reveal in which aggregate class the main accumula-
tion of rhizo-C occurred. Wet-sieving is potentially the most adapted 
method to study aggregate classes that are stable to physical disaggre-
gation, whereas re-distribution of rhizo-C in aggregates would be 
possibly occurred. The δ13C content of rhizo-C in aggregate size classes 
was assessed (Meng et al., 2013) using an isotope ratio mass spec-
trometer (DELTA V plus IRMS) coupled with an elemental analyzer (EA 
NA1500-EA 1110 device, Carlo Erba and Thermo Fisher Scientific, 
Bremen, Germany). 

Organic matter stabilized by Fe minerals was determined using the 
dithionite-citrate-bicarbonate (DCB) extraction method (Lalonde et al., 
2012; Wan et al., 2019; Wang et al., 2017). Here, approximately 0.50 g 
of freeze-dried soil was mixed with 30 mL of buffer solution (0.27 M 
trisodium citrate and 0.11 M sodium bicarbonate, pH 7.3) in a 50-mL 
polycarbonate centrifuge tube, which was then placed in a water bath 
(80 

�

C). A reducing agent (0.50 g of sodium dithionite) was added to the 
mixture. The mixture was maintained at 80 

�

C for 15 min. To quantify C 
from any background release during the heating process, control ex-
periments were performed in which the soil was extracted with sodium 
chloride, instead of trisodium citrate and sodium dithionite, at an 
equivalent ionic strength under the same conditions. Subsequently, the 
mixture was separated by centrifugation at 4000 x G for 10 min. The 
residue was washed with 5 mL of deionized water a total of five times 
and then freeze-dried. The TC and TN in the precipitate was analyzed 
using an elemental analyzer and the δ13C isotopic composition was 
obtained by an isotope ratio mass spectrometer (DELTA V plus IRMS) 
coupled with an elemental analyzer (EA NA1500 - EA 1110 device, Carlo 
Erba and Thermo Fisher Scientific, Bremen, Germany). To quantify the 
total soil iron oxide content, the washings and supernatants were 

combined. The solution was then acidified to pH ¼ 2 and filtered 
through a 0.45-μm membrane. Total soil iron oxide content was quan-
tified by determining the concentration of Fe in the solution of the 
mixture of DCB treatments (Fed) using an inductively coupled plasma 
mass spectrometer (ICP-MS, PerkinElmer). Organically complexed Fe 
pools were determined using a sequential extraction procedure con-
sisting of 0.1M Na-pyrophosphate at pH 10. Soil SRO organic matter 
pools were determined using and 0.2M ammonium oxalate at pH 3 for 
short-range order phases (Keiluweit et al., 2015). Precipitates were 
collected and analyzed for TC, TN, and δ13C measurements. The Fe 
concentration in the solutions was determined using ICP-MS, and the 13C 
enrichment of the SRO phase was determined using an isotope ratio 
mass spectrometer (DELTA V plus IRMS) coupled with an elemental 
analyzer (EA NA1500 - EA 1110 device, Carlo Erba and Thermo Fisher 
Scientific, Bremen, Germany). The calculations for these determinations 
are provided in the supplementary information. 

2.5. Distribution of minerals and organic C in aggregate fractions 

To determine the minerals and organic C distribution in soil aggre-
gates >2 mm, samples were ground to 200 nm, and 10 mg of ground soil 
added to 40 mL of ultra-pure water by a gravitational settling method to 
obtain particles with sizes <2 μm. Samples were sonicated for 10 min to 
disperse the minerals, which were then dropped onto carbon-free copper 
grids. The Fe distribution of the soil on the grids was measured by using 
high-resolution transmission electron microscopy (HRTEM) energy 
dispersive X-ray fluorescence spectrometer (EDS) analysis at an accel-
erating voltage of 200 kV to characterize the sample appearance (Brno, 
Czech Republic). 

2.6. DNA extraction and sequencing 

DNA was extracted from 0.50 g of freeze-dried soil using a Fast DNA 
Spin Kit (MP Biomedicals, Santa Ana, CA, USA) according to the man-
ufacturer’s protocol. The extracted DNA was dissolved in 50 μl of TE 
buffer, and the concentration of DNA was quantified using a Nanodrop, 
2000 (Thermo Scientific, Willington, USA). Samples were stored at � 80 
�C before sequencing. The bacterial 16S rRNA gene fragments were 
amplified using primer sets targeting the V4-V5 variable region. The 
forward primer is 515F (50- GTGCCAGCMGCCGCGGTAA-30) linked with 
a specific-sample 5-bp barcode sequence at the 5’end of primer, and 
806R (50-GGACTACHVGGG TWTCTAAT-30) was used as the reverse 
primer. The ITS1 region was amplified by PCR for fungal genes using the 
50- CTTGGTCATTTAGAGGAAAAGTAA-30 forward primer and 50- 
GCTGCGTTCTTCATCGATGC-30 reverse primer (Bates et al., 2011). Each 
sample was amplified in triplicate, and then the three reaction products 
were pooled and purified using Agincourt Ampure XP beads (Indian-
apolis, USA). All amplicons were pooled across all samples at equimolar 
concentrations (20 ng μl� 1) into a composite sample, and the index 
sequencing of paired-end 250 bp was performed on an Illumina HiSeq 
2000 platform. All the procedures for bacterial and fungal DNA ampli-
fication and sequencing were performed by Major bio, Inc. (Shanghai, 
China). 

2.7. Statistical analysis 

The data from the bacterial 16S rRNA and fungal ITS gene 
sequencing were processed by the QIIME 1.8.0-dev pipeline (Caporaso 
et al., 2012). Low-quality reads (quality score <20, read length <200 bp, 
and sequence errors) were discarded. Chimeric sequences were identi-
fied by UCHIME (Edgar, 2010) and removed. The remaining 
high-quality sequences were clustered into the operational taxonomic 
units (OTUs) based on a 97% pairwise identity using the UCLUST al-
gorithm (Edgar, 2010). The representative sequences of each OTU were 
then chosen for subsequent alignment and taxonomic assignment with 
the RDP classifier. Taxonomy was assigned to bacterial phylotypes of the 

P.H. Jeewani et al.                                                                                                                                                                                                                             



Soil Biology and Biochemistry 147 (2020) 107840

4

Green genes database and fungal phylotypes of the UNITE database 
(Abarenkov et al., 2010). All datasets were rarefied to prevent potential 
bias caused by different sequencing depth, with 39,000 sequences per 
sample for bacterial and 15,500 sequences per sample for fungal α- and 
β-diversity analyses. 

We calculated the Shannon index for addressing the α-diversity of 
bacterial and fungal communities. For β-diversity analysis, the dissimi-
larity of bacterial communities was calculated via principal coordinates 
analyses (PCoA). Analysis of similarity (ANOSIM) based on 999 per-
mutations used the Bray–Curtis (Bray and Curtis, 1957) algorithm to 
compare the dissimilarities between samples. Distance-based linear 
model multivariate analysis (distLM) was conducted in distLM forward3 
software (Anderson, 2003) and used to determine the relative effects of 
soil variables such as root biomass, DOC, FeOM, pH, C, rhizo-C in >2 
mm aggregates (AG1) and C:N on communities of soil bacteria and 
fungi. 

A co-occurrence network was generated to visualize the associations 
between the diversity of different phyla and the measured environ-
mental variables using the Cytoscape. For the construction of networks, 
the OTUs with relative abundances greater than 0.01% were kept, and 
the dissimilarity threshold to the maximum value of the KLD matrix and 
the Spearman’s correlation threshold to 0.8 were calculated. For each 
edge and measure, permutation and bootstrap distributions were 
generated with 100 iterations. Measure-specific p-value was computed 
as the area of the mean of the permutation distribution under a Gauss 
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 sup-
ported 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 correlations between OTUs. 
Network visualizations were conducted using Gephi (Bastian et al., 
2009) and Cytoscape 3.5.1 (Shannon et al., 2003). The Network 
Analyzer tool was used to calculate the network topology parameters. 
Genera with the highest betweenness centrality scores were considered 
keystone species (Martín Gonz�alez et al., 2010). 

Two-way orthogonal partial least squares (O2PLS) analysis was 
performed using the SIMCA-P 14 (Version 14.1.0.2047) to correlate the 
microbial genus to the dynamics of rhizo-C and SOC. The Y-matrix was 
designed as the C dynamics datasets, and the X-matrix was designed as 
the microbial community datasets (Trygg and Wold, 2003). To test the 
relative importance of environmental variables in driving rhizo-C 
mineralization and stabilization, we used a random forest analysis 
(Liaw and Wiener, 2002). Environmental variables validation including 
soil physiochemical properties (SRO, FeOM, >2 mm, 0.25–2 mm, 
0.053–0.25 mm and <0.053 mm), chemical properties (pH, C, N, and C: 
N) and biological variables (Acidobacteria, Actinobacteria, Proteobac-
teria, Basidiomycota and Glomeromycota). These were used in the 
random forest package to estimate their contributions/influences to C 
dynamics including the stabilization of rhizo-C and mineralization of 
both rhizo-C and SOC (RPE). 

The pathways and drivers of stabilization of rhizo-C and minerali-
zation of rhizo-C and SOC in the rhizosphere were investigated by 
structural equation modeling (SEM), which can determine the direction, 
magnitude and effect relationships. SEM was conducted using AMOS 
21.0 to confirm possible causal relationships between abiotic variables 
and the biotic community on C dynamics. In the SEM, chi-square was 
used to evaluate model fitting, while a non-chi-squared test (p > 0.05) 
indicates a good fit of the model to the data. The analysis of correlation 
metrics calculated the coefficients of each path. The path in this model 
was considered significant with a p < 0.05. Assumptions for SEM were 
stabilization of rhizo-C was largely regulated by the interactions of 
physiochemical binding (e.g., FeOM, SRO, and aggregates associated), 
and RPE was largely regulated by biological (mainly bacterial) factors. 

The statistical analysis of all non-microbial data was performed using 
SPSS 20 (SPSS, Inc., Chicago, IL, USA). A one-way analysis of variance 

(ANOVA) was used to analyze the effect of α-FeOOH, N, and Nþα- 
FeOOH addition on total CO2 efflux, rhizo-C derived CO2, RPE and 
rhizo-C accumulation in soil pools (aggregates, FeOM and SRO com-
plexes). Residues were checked for normal distribution and homoge-
neity by Shapiro-Wilk and Levene’s tests, respectively. If conditions 
were met, the Tukey Post-hoc test was performed to reveal differences 
between the treatments. All comparisons were made within a sampling 
date. Pearson’s correlation coefficient was calculated with p < 0.05. 
Only the effects and differences significant at p < 0.05 data are pre-
sented and discussed. 

2.8. Calculation of the rhizosphere priming effects 

The mineralization of rhizo-C was distinguished from soil organic C 
mineralization based on the changes of stable isotopic composition 
(δ13C) over time. The standard equation for determining δ13C (‰) is 
derived from: 

δ  13Cð  ‰Þ¼
��

Rsample
RVPDB

�

� 1
�

� 1000 (1)  

Where Rsample is the mass ratio of 13C–12C of the sample, and RVPDB is the 
mass ratio of 13C–12C of the Vienna Peedee belemnite (V-PDB) standard. 
The value of 13C and 12C atomic ratio of the standard material is 
0.0112372. 

C4 ¼ Ct �
δt � δ3

δ4 � δ3
(2)  

Ct ¼C3 þ C4 (3)  

Where, Ct is the total belowground CO2, C3 is the amount of CO2 derived 
from the C3 soil, C4 is the amount of CO2 derived from C4 plant, δt is the 
δ13C value of the Ct (from the total CO2), δ3 is the δ13C value of the C3 
soil without plants (� 26.74‰) measured at the end of the experiment, 
and δ4 is the δ13C value of the C4 maize root (� 12.76‰). 

The SOC-derived CO2 efflux was calculated by the difference be-
tween total CO2 efflux and root-derived CO2 obtained by the 13C natural 
abundance approach. 

RPE was calculated as the difference between SOC-derived CO2 from 
planted (CSOC(planted)) and unplanted (CSOC(unplanted)) soils (Pausch et al., 
2013). 

RPE¼CsocðplantedÞ� CsocðunplantedÞ (4)  

3. Results 

3.1. Rhizo-C derived CO2 efflux and rhizosphere priming effect 

Rhizo-CO2 efflux varied between 10.8 and 82.7 mg of C kg� 1 soil 
day� 1 (Fig. 1) and was greatest with the N amendment and smallest in 
the soil amended with α-FeOOH. The greatest difference (4.9-fold) be-
tween N and α-FeOOH was observed at day 40. Rhizo-CO2 efflux 
decreased in all treatments at the end of the vegetative growth phase on 
day 45. The RPE followed two distinct pathways (Fig. 1), with the 
highest at day 25 in N amended treatments (N and Nþα-FeOOH) and the 
lowest in the absence of N fertilizer (α-FeOOH only and the control). 
After day 25, the RPE decreased for N and Nþα-FeOOH, whereas it 
increased for α-FeOOH and the control. There was no significant dif-
ference between treatments at day 45. 

3.2. Distribution pattern of assimilated C in soil fractions 

To assess mechanisms of rhizo-C stabilization following α-FeOOH 
amendment, 13C distribution was analyzed within the physical (aggre-
gates) and chemical (FeOM, SRO) fractions. Generally, rhizo-C accu-
mulated mainly in the large aggregate size classes, especially in 
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aggregates >2 mm (Fig. 2). The addition of α-FeOOH caused the largest 
amount of rhizo-C (3.2 g kg� 1soil) accumulation in the macroaggregates 
(>2 mm), with a 3.4-fold increase compared to non-amended soil. The 
rhizo-C in microaggregates increased 2.6-fold, with a smaller amount of 
rhizo-C (0.6 g kg� 1soil) accumulation compared to macroaggregates 
(Fig. 2). Nitrogen fertilizer decreased the accumulation of rhizo-C in 
large macro-aggregates compared to the control, but increased rhizo-C 
in the small macroaggregates by 11.2-fold. This corresponded to an in-
crease of 1.3-fold compared to the α-FeOOH amendment in the small 
macroaggregates. 

The content of rhizo-C in FeOM was 12 to 16-fold higher than in SRO 
across all treatments (Fig. 2). Accumulation of rhizo-C within Fe-OM 
followed the order α-FeOOH > Nþα-FeOOH � N � control, with 
rhizo-C in the α-FeOOH exceeding all others treatments by 4.8–6.5-fold 
at the end of the experiment. The molar ratio of Fe-bound organic car-
bon (OC) to Fe varied between 0.34 and 1.32, indicating both surface 
adsorption (with OC/Fe < 1) and co-precipitation (with OC/Fe > 1) 
(Fig. S2). Co-precipitation was the dominant process in α-FeOOH 
amended soil with OC/Fe ranging between 1.24 and 1.32. 

Aggregates were dominated by elements including Si, Al, Fe and C 
(Fig. S3). The EDS mapping of Fe (purple shading) indicated that 
α-FeOOH minerals were distributed at the edges of the clay minerals 
(Fig. 2 and Fig. S3). The distribution of Fe overlapped with that of C, 
showing the association of these two elements. Rhizo-C enrichment was 
not strongly associated with Al, as demonstrated by the separation of C 
and Al by the EDS mapping (Fig. 2). The overlappeingof Fe and C was 
only observed in macroaggregate fraction indicating that the enrich-
ment of α-FeOOH associated rhizo-C contributed to the formation of 
aggregation. 

3.3. Linkages between microbial diversity and composition with 
environmental factors 

The highest bacterial α-diversity as assessed by the Shannon index 
was observed in the control soil (Fig. 3). The bacterial diversity was 
lower in the α-FeOOH treatment, but with higher evenness (Fig. 3 and 
Table S2). Fungi had the greatest α-diversity (Shannon index) with 
α-FeOOH but with lower homogeneity compared to the control. PCoA 
showed compositional dissimilarities between treatments, with the 
loadings of PC1 54.1% and PC2 12.7% for bacteria, and PC1 25.5% and 
PC2 18.2% for fungi (Fig. 3). The largest source of variation in root- 
associated microbial communities occurred following N amendment as 
indicated by the separation along the first principal coordinate. 

The best multivariate distance-based linear modeling (distM) 

analysis (Anderson and Legendre, 1999) was applied to analyze the 
contributions of edaphic factors, including TC, C:N, FeOM, SRO, root 
biomass, DOC and AG1 (>2 mm aggregate fraction), to the microbial 
community. The soil bacterial community was affected by AG1 (42%), 
TC (26%), C:N (18%), root biomass (9%), TN (11%), and DOC (5%). 
Carbon and N related variables (TC, TN, C:N, and DOC) accounted for 
60% of the variation in the bacterial community. The fungal community 
was influenced by TC (17%), DOC (23%), SRO (11%), and AG1 (21%) 
(Table 1). 

In the analysis of co-occurrence networks, α-FeOOH modified the 
interactions amongst bacteria, fungi and environmental factors (Fig. 3). 
With α-FeOOH, environmental factors (DOC, FeOM, SRO, TC and pH) in 
the network had more links with Actinobacteria, Proteobacteria and 
Basidiomycota. The number of total positive and negative links also 
increased in the presence of α-FeOOH compared to treatments without 
α-FeOOH (Table S3). The presence of α-FeOOH also changed the 
keystone microbial genera Gaiella and Streptomyces (Actinobacteria) of 
networks that play a significant role in community stability. Keystone 
genera in treatments without α-FeOOH were Paucimonas and Ster-
oidobactor (Proteobacteria). 

3.4. Correlations between edaphic variables, microbial communities and 
C dynamics 

We used O2PLS to identify the functional microorganisms associated 
with rhizo-C stabilization and the RPE. Three conditions were consid-
ered: (a) variable influence projection (VIP) value � 1.3; (b) correlation 
coefficient (p < 0.05); (c) number of microorganisms being highly 
correlated (r � 0.7). Based on the above criteria, 12 genera were iden-
tified as core genera related to rhizo-C allocation and mineralization 
(Table 2). Most importantly, the highest number of genera contributing 
to rhizo-C incorporation was found in the >2 mm aggregate size class. 
Among these genera, Actinobacteria and Proteobacteria have been 
widely represented with a high VIP value. Most of the genera belonging 
to the phylum Actinobacteria were positively correlated with the accu-
mulation of rhizo-C in the >2 mm aggregate size class. The RPE was 
correlated with the genera Proteobacteria (including Mesorhizobium, 
Sphingomonas, Ramlibacter and Steroidobacter), while Cystofilobasidium, 
Cryptococcus, Acidimicrobiaceae and Glomus were highly correlated with 
the FeOM and SRO complexes (Table 2). 

Random forest analysis showed that the stabilization of rhizo-C was 
largely regulated by physiochemical binding with FeOM complexes, 
SRO and aggregate associated C. The RPE was regulated by both abiotic 
and biotic factors (mainly by bacterial groups). Proteobacteria, 

Fig. 1. Rhizo-C derived CO2 efflux (left) and rhizosphere priming effect (RPE) (right) from the soil without additions (Control), soilþN fertilizer (N), soil þ Fe oxides (α-FeOOH) and soil þ
N þ Fe oxides (Nþα-FeOOH) during 25–45 days of maize growth. Values show means (n ¼ 4) � standard error. Letters above the bars indicate significant differences 
between the treatments at each sampling date (Tukey’s test, p < 0.05). 
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Acidobacteria, C: N and TN had the greatest influence on rhizo-C 
mineralization, while Actinobacteria, Glomeromycota, SRO and FeOM 
contributed to rhizo-C stabilization. SEM also revealed that the key 
factors of rhizo-C stabilization were separated into direct and indirect 
(via bacteria and fungi) pathways (Fig. S4). Co-precipitation with 
α-FeOOH in the rhizosphere is the main mechanism that stabilizes rhizo- 
C, whereas DON and DOC showed an increased the RPE and rhizo-C 
mineralization (Fig. S4). 

4. Discussion 

4.1. Mineral associated stabilization of rhizo-C 

Soil C sequestration has been considered for many years to be an 
important tool to mitigate climate change (Lal, 2004). Goethite 
(α-FeOOH) is a reactive mineral and contributes to the formation of 
organo-mineral complexes (Rasmussen et al., 2010). In our work, its 

application to an Alfisol at 1600 kg ha� 1 significantly increased the 
amount of sorbed rhizo-C in FeOM complexes (3.2 g kg� 1 soil) compared 
to the control (0.6 g kg� 1 soil) (Fig. 2). Both labile and relatively 
recalcitrant organic compounds (e.g., predominantly carboxyl and 
aromatic-C) have previously been observed to interact with 
Fe-oxyhydroxides (Jones, 1998), suggesting the binding of root exudates 
(rhizodeposits) occurs at the reactive sites on the surfaces of α-FeOOH. 
Short range-ordered minerals possess a high reactive surface area (800 
m� 2 g� 1) and form complexes with organic acids (K€ogel-Knabner et al., 
2008). Our work showed increased SRO organic matter formation (0.11 
g kg� 1 soil) with the addition of α-FeOOH (Fig. 2). Another study also 
found that low molecular weight organic acids in rhizodeposits form 
organo-mineral complexes with short range-ordered minerals in the 
rhizosphere (Colombo et al., 2014; Keiluweit et al., 2015; Yu et al., 
2017). 

The association of rhizo-C with the FeOM phase was 12–16 times 
higher than the SRO mineral phase, suggesting that FeOM is the main 

Fig. 2. Distribution of total and labeled rhizo-C in various aggregate size classes (upper left side) and chemical fractions including organic matter associated with Fe 
oxides (FeOM) and short-range order (SRO) minerals (upper right side) at the end of 45 days of maize growth in four treatments: soil without additions (Control), soil 
þ N, soil þ Fe oxides (α-FeOOH), soil þ N þ Fe oxides (Nþα-FeOOH). Values show means (n ¼ 4) � standard error. Letters above the bars indicate significant 
differences between the treatments (Tukey’s test, p < 0.05). High-resolution transmission electron microscopy-energy dispersive X-ray fluorescence spectrometer 
(HRTEM-EDS) analysis (lower image), of the distribution of rhizo-C, with distribution pattern of Si (green spots), Al (orange spots), Fe (purple spots) and rhizo-C 
(blue spots) in >2 mm fraction in the α-FeOOH amended treatment. Bright field (BF) image represents the image of the original soil sample with 200 nm scale. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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contributor to rhizo-C stabilization in the highly weathered Alfisol in 
this study. The molar ratio of Fe bound OC to total Fe oxides (OC/Fe) in 
soil with α-FeOOH was 1.24–1.32 (Fig. S2), which indicates that co- 
precipitation of C with α-FeOOH (with OC/Fe > 1) was the dominant 
process (Chen et al., 2014a; Lalonde et al., 2012; Wan et al., 2019). 
Co-precipitation processes that occurred in α-FeOOH amended soils are 

mainly due to specific area, charge and particle aggregation/dispersion 
on the FeOM (Mikutta et al., 2014). Therefore, evidence has been pro-
vided by this study to support the notion that rhizo-C stabilization in 
rhizosphere soil is mainly via the formation of FeOM by coprecipitation. 

Soil aggregates cause the occlusion of mineral associated rhizo-C, 
thereby protecting rhizo-C from microbial or enzymatic activity 

Fig. 3. Soil bacterial and fungal alpha diversity by Shannon index (upper panel), beta diversity based on Bray-Curtis dissimilarity (middle panel), and co-occurrence 
network (lower panel) with the highest relative abundance 200 OTU’s (both bacterial and fungal) and environmental variables based on Spearman threshold (0.8) in 
the soils with α-FeOOH addition and without α-FeOOH addition. In the co-occurrence network green circles represent the bacterial phyla; purple circles represent the 
fungal phyla; yellow circles represent the environmental variables. Circles highlighted by black color thick margins represent the phylum belongs to the keystone taxa 
of the network. Red and blue lines represent positive and negative links, respectively. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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(Doetterl et al., 2015; Vogel et al., 2015). The presence of α-FeOOH 
increased the accumulation of rhizo-C in all aggregate size classes 
(especially within macroaggregates >2 mm) compared to the control or 
treatments containing N fertilizer (Fig. 2). The HRTEM-EDS mapping 
showed an overlap of Fe and C mainly in macroaggregates, suggesting 
that rhizo-C was strongly protected by α-FeOOH and mostly located 
inside large aggregates (especially macroaggregates > 2 mm) (Fig. 2 and 
Fig. S4). Iron oxides stimulate aggregation and contribute to aggregate 
stability, largely depending on their crystallinity (Duiker et al., 2003; Yu 
et al., 2017). Organo-mineral complexes can even further promote soil 
aggregation (Zhou et al., 2013), as the presence of organic molecules 
enables the formation of bridges between iron oxides, soil particles and 
aggregates (Mikutta et al., 2014). Thus, the persistence of rhizo-C that 
has been co-precipitated by α-FeOOH facilitated the formation of mac-
roaggregates (> 2 mm), which in turn further protected mineral asso-
ciated rhizo-C (FeOM). 

In contrast, application of N fertilizer decreased the amount of 
accumulated root derived-C in > 2 mm aggregate size class (Fig. 2). But 
N increased root derived-C in the 0.25–2 mm aggregate size class. It has 
been previously reported that most of the fine roots are distributed be-
tween and within 0.25–2 mm aggregates and that the root biomass was 
significantly increased by N fertilization (Luo et al., 2019). Also, it is 
likely that an increase of fine roots with the N fertilization was involved 
in the incorporation and stabilization of rhizodeposits within the 0.25–2 
mm aggregate size (Jastrow et al., 2007). 

4.2. Contrasting effects on organic C mineralization 

Contrasting effects of N fertilizer and goethite addition on organic C 
mineralization (rhizo-C and SOC) were observed, especially during the 
early stages of plant growth (Fig. 1). Specifically, N increased rhizo-C 
derived CO2 efflux by 2.3-fold and rhizosphere priming by 4.8-fold 
compared to α-FeOOH (Fig. 1). N has been observed to increase root 
exudation (Zang et al., 2017), resulting in enhanced microbial activity 
via the reduction in N limitation to microbes (Li et al., 2016). With a 
large input of C from plants, microbial growth can be restricted by the 
access to N, P and S. When these macronutrients are supplied, stoichi-
ometry decomposition via a larger microbial biomass production can 
occur. In contrast, we observed consistent effects on C dynamics 
following the addition of α-FeOOH whereby rhizo-C derived CO2 efflux 
and the RPE were lowered as a result of decreasing microbial accessi-
bility to rhizo-C due to protection via co-precipitation (Figs. 1 and 2). 

4.3. Microbial community assembled by nutrients and C availability 

The environmental selection of soil microbial communities and the 
functions they deliver can be described by the concept of niche differ-
entiation and competitive exclusion (Liu et al., 2016, 2017; Schimel and 
Schaeffer, 2012). The rhizosphere microbial community adapted to the 
complex physical and chemical conditions (e.g., C availability and nu-
trients) following the addition of goethite and N fertilizer (Fig. 3). The 
distLM analysis revealed that macroaggregates (> 2 mm), TC, DOC and 
C:N were major contributors controlling the bacterial and fungal com-
munities (Table 1), therefore confirming that the availability of C and N 
play a significant role in community assembly (Clark, 2010; Schimel and 
Schaeffer, 2012). Co-occurrence analysis was also used to determine the 
interactions between microbial communities and edaphic variables 
(Freilich et al., 2011). Specifically, the co-occurrence of the rhizosphere 
microbiome indicated that N fertilization mainly benefited the soil 
bacterial community composition towards r-strategists, with genera 
including Paucimonas and Steroidobacter (Proteobacteria), which 
respond rapidly to rhizodeposits following increased root biomass pro-
duction (Fig. 3 and Table 1). 

Contrasting to N fertilization, the limited rhizo-C availability 
following the amendment of an Alfisol with α-FeOOH modulated the 
community dominated by K-strategists, including Gaiella, Acid-
imicrobiaceae (phyla of Actinobacteria), Sordariomycetes (phyla of 
Ascomycota) and Crytococcus (phyla of Basidiomycota) (Fig. 3). The 
limitation of C and nutrients favored K-strategists. These microbiomes, 
especially Actinobacteria, are a functionally diverse group of organisms 
that are known to have a high substrate versatility and metabolic 

Table 1 
Contributions of plant and edaphic variables to the bacterial and fungal com-
munity as analyzed by distance-based linear modeling (distLM) analysis.   

Contribution to Bacteria % Contribution to Fungi % 

AG1 42** 21** 
TC 26** 16* 
C:N 18* 12 
RB 9** 17* 
DOC 5** 23** 
SRO 4 11* 
TN 11 6 
FeOM 4 8 
pH 5 5 

* p < 0.05; ** p < 0.01. 
Abbreviations: AG1-rhizo-C in > 2 mm aggregate, TC-Total C, C:N- Carbon/ 
Nitrogen ratio, TN -Total Nitrogen, RB-Root biomass, DOC-Dissolved organic 
carbon, SRO-Short range-ordered phase bound rhizo-C, FeOM-Fe bound rhizo-C 
complexes. 

Table 2 
Table 2. Two-way orthogonal partial least squares analysis to reveal the core functional genera (with variable influence projection (VIP) > 1.2) involved in C dynamics 
including rhizosphere priming effect (RPE) and rhizo-C allocation into various soil fractions (aggregate size classes, FeOM: Fe bound rhizo-C complexes, SRO: Short 
range-ordered bound rhizo-C complexes).  

Phylum level Genus Level VIP value RPE Rhizo-C in various fractions 

>2 mm 0.25–2 mm 0.053–0.25 mm <0.053 mm SRO FeOM 

Proteobacteria Mesorhizobium 1.59 0.85** 0.88*** 0.89**  � 0.90***   
Sphingomonas 1.46 0.73** � 0.84** 0.78* 0.74* � 0.81**   
Ramlibacter 1.42 0.81*** 0.84*** 0.77** � 0.74**    

Actinobacteria Steroidobacter 1.30 0.71** 0.76**   � 0.71**   
Pseudonocardia 1.49  0.81** � 0.81**  0.92***   
unclassified_f__Micrococcaceae 1.48  0.94*** � 0.82**     
Gaiella 1.47  0.83*** � 0.73*  0.93**   
norank_o__Gaiellales 1.44 � 0.74* 0.78*** � 0.72**  0.92***   
norank_f__Acidimicrobiaceae 1.40  0.78**     0.85*** 

Basidiomycota Cryptococcus 1.39  0.76**    0.85** 0.88*** 
Cystofilobasidium 1.36  0.78*    0.86*** 0.77** 

Glomeromycota Glomus 1.29  0.75* � 0.78  � 0.79  0.70** 

*p < 0.05; ** p < 0.01; *** p < 0.001. 
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diversity thus better able to adapt to oligotrophic conditions. From the 
network link biotic and abiotic variables, Actinobacteria were found to 
be highly correlated with FeOM and SRO (Fig. 3), demonstrating their 
ability to produce secondary metabolites, and their mycelial growth 
habit which, like soil fungi, makes it possible to explore the soil in search 
of C sources, water and other nutrients (McCarthy and Williams, 1992). 
It seems the ability of these genera to utilize diverse C and nutrient re-
sources (e.g. Cryptococcus affiliated to phylum Basidiomycota is a well 
known recalcitrant polymer degrader) determine their domination in 
the microbiome community in oligotrophic soils following amendment 
with α-FeOOH (De la Cruz-Barr�on et al., 2017; Dini-Andreote et al., 
2015; Goldfarb et al., 2011; McCarthy and Williams, 1992). 

We therefore conclude that the microbial community assembly re-
sults from the following two scenarios: 1) r-strategists including Pauci-
monas (class of β-Proteobacteria) dominated in the N fertilized soils by 
removing stoichiometric limitations, thus adapting quickly to utilizing 
rhizo-C; and 2) K-strategists such as Acidimicrobiaceae (Actinobacteria) 
and Cryptococcus (Basidiomycota) dominated in α-FeOOH amended 
soils, demonstrating their ability to adapt to soil where rhizo-C avail-
ability is limited. 

4.4. Belowground C dynamics regulated by the keystone rhizosphere 
microbiomes 

Genera of Paucimonas and Steroidobacter were the keystone micro-
biome confirmed by the co-occurrence network (highlighted phyla in 
Fig. 3) in the soil with and without α-FeOOH, respectively (Fig. 3 and 
Table S2). Most likely Paucimonas (class of β-Proteobacteria) was 
involved in the processes of rhizo-C utilization while relative large rhizo- 
C entering into the soil without α-FeOOH), as β-Proteobacteria are well 
known r-strategists that characterized by rapid growth and adapt 
quickly to mineralize labile-C (Goldfarb et al., 2011; Laurent et al., 2013; 
Loeppmann et al., 2016). Random forest analysis showed that Proteo-
bacteria had the greatest effects on rhizo-C mineralization (Fig. 4). The 
corresponding genera utilizing rhizo-C in soil amended with α-FeOOH 
was Steroidobacter (Fig. 3), which, as a member of Actinobacteria, might 
access C/nutrients by branched filaments in oligotrophic condition. 
Further, rhizo-C induced larger microbial biomass due to co-metabolism 
increased the mineralization of SOC (RPE) (Blagodatskaya and Kuzya-
kov, 2008). O2PLS analysis showed the same genera of Steroidobacter 
(phyla of Actinobacteria) acted as the microbiome-specific regulators of 
the RPE (Table 2). Our previous work has found Actinobacteria 
contribute to RPE due to its mycelial extended to access SOC (Luo et al., 
2013, 2017). This triggered SOC mineralization might be due to the real 

priming (mainly Actinobacteria) or, combined real and apparent prim-
ing effects with fast turnover of microbial biomass (mainly r-strategist, e. 
g., β-Proteobacteria) (Luo et al., 2011) (see Fig. 5). 

Stabilization of rhizo-C was not only regulated by the interactions 
between physiochemical binding with FeOM, SRO mineral phases and 
aggregates (Fig. 4), but also linked to specific microbiomes (Figs. 3 and 4 
and Table 2). Analysis using random forest and SEM showed that 
mechanisms driving the stabilization of C involved both biotic and 
abiotic processes (Fig. 4 and Fig. S4). Rhizo-C coprecipitated by FeOM 
and SRO mineral phases were shown to have an indirect association with 
Cryptococcus, Cystofilobasidium and Glomus (Table 2). The assembly of 
Cystofilobasidium and Cryptococcus (fungal phyla of Basidiomycota) in 
α-FeOOH amended soil might be due to their high affinity towards Fe 
oxides and their adaptation, as K-strategist to oligotrophic condition. It 
has been reported that Cystofilobasidium is well-adapted to extreme 
environmental conditions (e.g., limited C and nutrients), via the for-
mation of polysaccharide capsules that enable better nutrient access via 
fungal hyphae (Kramer et al., 2016). Metabolites released by Crypto-
coccus spp. were suggested as precursors for mineral stabilization and 
aggregation formation (Botha, 2011). Similarly, a correlation was found 
between the rhizo-C accumulated in aggregates with all size classes and 
Pseudonocardia, Gaiella and Acidimicrobiaceae belonging to phyla of 
Actinobacteria (Table 2), demonstrating their in the stabilization of 
rhizo-C via aggregates. Specifically, these organisms have a high affinity 
for both labile C and complex C substrates (Goldfarb et al., 2011), 
converting organic acids (i.e., malate, citrate and oxalate) from rhizo-
deposits into SOC with the development of aggregations using filamental 
structures that entangle with small aggregates (Blair et al., 2005; 
Goldfarb et al., 2011; Jenkins et al., 2009). Thus, α-FeOOH provided an 
indirect contribution to the stabilization of rhizo-C via assembling 
communities, mainly K-strategist, with higher affinity of Fe oxides, 
larger C use efficiency and higher adaptation to oligotrophic condition 
which produce more metabolites and necromass being precursors for 
co-precipitation as FeOM complexes and aggregation formation via 
hyphae. 

5. Conclusions 

This study investigated the biotic and abiotic mechanisms resulting 
in rhizo-C stabilization, mineralization and rhizosphere priming 
following amendment of soil with goethite or N fertilizer. Fertilizer N 
addition resulted in the greatest mineralization of rhizo-C and the 
highest rhizosphere priming effect, with the effect decreasing over time. 
The amendment of soil with α-FeOOH decreased rhizo-C derived CO2 

Fig. 4. Random forest analysis based assessment on the relative importance of soil physicochemical (SRO, FeOM, >2 mm, 0.25–2 mm, 0.053–0.25 mm and <0.053 
mm), chemical (pH, TC, TN, and C:N) and biological variables (Acidobacteria, Actinobacteria, Proteobacteria, Basidiomycota and Glomeromycota) for rhizo-C 
stabilization, rhizo-C mineralization and SOC mineralization (rhizosphere priming effects). 
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efflux and lowered the mineralization of SOC compared to soil without 
amendment, mainly due to the co-precipitation of rhizo-C on the reac-
tive α-FeOOH surfaces as Fe-organic matter complexes (FeOM). A 
smaller portion of the rhizo-C was stabilized as complexes with short 
range-ordered minerals. The bacterial community structure was mainly 
regulated by aggregates and soil organic C, while the fungal community 
was controlled by DOC and SRO mineral phases. Paucimonas (Proteo-
bacteria) and Steroidobacter (Actinobacteria) were the keystone genera 
involved in the processes of rhizo-C utilization while the rhizosphere 
priming effect was facilitated by Proteobacteria (Mesorhizobium and 
Sphingomonas) and Actinobacteria (Steroidobacter and Mesorhizobium). 
We conclude that goethite can be used to promote the ‘rusty sink’ for 
increasing SOC storage, due to higher stabilization (consequently less 
mineralization) via i) co-precipitation of rhizo-C at the reactive 
α-FeOOH surfaces as FeOM, and ii) development of aggregates via hy-
phae by fungal phyla of Basidiomycota (Cryptococcus, Cystofilobasidium) 
and phyla of Actinobacteria (genera of Pseudonocardia, Gaiella, and 
family Acidimicrobiaceae). 

Acknowledgments 

This study was supported by the National Natural Science Founda-
tion of China (41671233, 41877038). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.soilbio.2020.107840. 

References 

Abarenkov, K., Nilsson, R.H., Larsson, K.H., Alexander, I.J., Eberhardt, U., Erland, S., 
Hoiland, K., Kjoller, R., Larsson, E., Pennanen, T., 2010. The unite database for 
molecular identification of fungi recent updates and future perspectives. New 
Phytologist 186, 281–285. 

Anderson, M., 2003. Distlm Forward: a Fortran Computer Program to Calculate a 
Distance-Based Multivariate Analysis for a Linear Model Using Forward Selection. 
Department of Statistics, University of Auckland, New Zealand.  

Anderson, M.J., Legendre, P., 1999. An empirical comparison of permutation methods 
for tests of partial regression coefficients in a linear model. Journal of Statistical 
Computation and Simulation 62, 271–303. 

Bastian, M., Heymann, S., Jacomy, M., 2009. Gephi: an open-source software for 
exploring and manipulating networks. In: Third International AAAI Conference on 
Weblogs and Social Media, pp. 361–362. 

Bates, S.T., Berglyons, D., Caporaso, J.G., Walters, W.A., Knight, R., Fierer, N., 2011. 
Examining the global distribution of dominant archaeal populations in soil. The 
ISME Journal 5, 908–917. 

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical and 
powerful approach to multiple testing. Journal of the Royal Statistical Society: Series 
B 57, 289–300. 

Blagodatskaya, Е., Kuzyakov, Y., 2008. Mechanisms of real and apparent priming effects 
and their dependence on soil microbial biomass and community structure: critical 
review. Biology and Fertility of Soils 45, 115–131. 

Blagodatskaya, E.V., Blagodatskya, S.A., Anderson, T.H., Kuzyakov, Y., 2007. Priming 
effects in chernozem induced by glucose and N in relation to microbial growth 
strategies. Applied Soil Ecology 37, 95–105. 

Blair, N., Faulkner, R.D., Till, A.R., Sanchez, P., 2005. Decomposition of 13C and 15N 
labelled plant residue materials in two different soil types and its impact on soil 
carbon, nitrogen, aggregate stability, and aggregate formation. Soil Research 43, 
873–886. 

Botha, A., 2011. The importance and ecology of yeasts in soil. Soil Biology and 
Biochemistry 43, 1–8. 

Bowden, R.D., Davidson, E., Savage, K., Arabia, C., Steudler, P., 2004. Chronic nitrogen 
additions reduce total soil respiration and microbial respiration in temperate forest 
soils at the Harvard Forest. Forest Ecology and Management 196, 43–56. 

Bray, J.R., Curtis, J.T., 1957. An ordination of the upland forest communities of southern 
Wisconsin. Ecological Monographs 27, 325–349. 

Caporaso, J.G., Lauber, C.L., Walters, W.A., Berglyons, D., Huntley, J., Fierer, N., 
Owens, S.M., Betley, J., Fraser, L., Bauer, M., 2012. Ultra-high-throughput microbial 
community analysis on the Illumina HiSeq and MiSeq platforms. ISME Journal 
Multidisciplinary Journal of Microbial Ecology 6, 1621–1624. 

Chen, C., Dynes, J.J., Wang, J., Sparks, D.L., 2014a. Properties of Fe-organic matter 
associations via coprecipitation versus adsorption. Environmental Science and 
Technology 48, 13751–13759. 

Chen, R., Senbayram, M., Blagodatskaya, S., Myachina, O., Dittert, K., Lin, X., 
Blagodatskaya, E., Kuzyakov, Y., 2014b. Soil C and N availability determine the 
priming effect: microbial N mining and stoichiometric decomposition theories. 
Global Change Biology 20, 2356–2367. 

Clark, J.S., 2010. Individuals and the variation needed for high species diversity in forest 
trees. Science 327, 1129–1132. 

Colombo, C., Palumbo, G., He, J.-Z., Pinton, R., Cesco, S., 2014. Review on iron 
availability in soil: interaction of Fe minerals, plants, and microbes. Journal of Soils 
and Sediments 14, 538–548. 

De la Cruz-Barr�on, M., Cruz-Mendoza, A., Navarro–Noya, Y.E., Ruiz-Valdiviezo, V.M., 
Ortíz-Guti�errez, D., Ramírez-Villanueva, D.A., Luna-Guido, M., Thierfelder, C., 
Wall, P.C., Verhulst, N.J.M.e., 2017. The bacterial community structure and 
dynamics of carbon and nitrogen when maize (Zea mays L.) and its neutral detergent 

Fig. 5. Proposed abiotic and biotic mechanisms 
involved in the rhizodeposits stabilization and 
mineralization, and induced rhizosphere priming ef-
fects: r-strategists (e.g., Proteobacteria) in N amended 
soils by removing stoichiometry limitation thus 
contribute to rhizo-C mineralization (left); K-strate-
gists genera (e.g., Actinobacteria) dominated in soils 
amended by goethite retard C mineralization due to 
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thickness of the arrows is proportional to the magni-
tude of C flow, the arrows illustrate the C flow di-
rections, the dashed arrows indicate C flow into the 
atmosphere, and the solid arrows indicate C flow into 
the soil by stabilization.   
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