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A B S T R A C T   

Biochar plays an important role in soil carbon (C) sequestration, while the effectiveness of sequestration is mostly 
determined by microbial preferences to utilize the different biochar components (i.e. labile substances or fused 
aromatic backbone). Thus, it is important to investigate the responses of the bacterial community and specific 
taxa, and associated C metabolic functions to biochar labile C (i.e. easily mineralizable C) or aromatic backbone 
(i.e. persistent C). Here, we separated the biochar components into labile C and aromatic backbone, and used the 
16S sequencing in conjunction with the addition of an internal standard to quantify the absolute copy number of 
various bacterial taxa. The aromatic backbone decreased microbial metabolic quotient by 47 %, incorporating 
more C into biomass and contributing to C sequestration rather than releasing it into the atmosphere, while the 
labile C caused the opposite trends. The bacterial generalists utilizing aromatic backbone and labile C were 
mainly from Oxalobacteraceae (Proteobacteria) and Sporosarcina (Firmicutes). The bacterial specialists responsive 
for aromatic backbone were from Myxococcaceae and Flavisolibacter, while those responsive to labile C were from 
Ktedonobacteraceae and Bradyrhizobiaceae. Microbial abundance of specialists responsive to labile C was 3.3 times 
larger than those responsive to aromatic backbone, indicating the preferences of labile C specialists for energy 
sources and aromatic C specialists for slow utilization of persistent C in versatile habitats. Our work revealed 
microbial strategies for utilization of organic substances of very contrast availability, and their contributions to 
soil C sequestration depending on biochar components.   

1. Introduction 

Biochar is produced by the pyrolysis of organic materials under low 
oxygen conditions and is known to increase carbon sequestration in soil 
(Lehmann et al., 2011). Biochar mainly consists of fused aromatic 
backbone and to a lesser extent labile organic compounds such as easily 
mineralizable carbohydrate and N-containing compounds (e.g. from 21 

to 49 %) (Pereira et al. 2011). Labile compounds provide available en
ergy source for microbial metabolism, growth and reproduction, 
affecting the mineralization of soil organic matter and biochar itself 
(Kluepfel et al., 2014; Buss et al., 2018). An aromatic backbone, how
ever, is very resistant to decomposition and provides a versatile envi
ronment (e.g. high surface area, electron shuttle function) for microbial 
colonization (Enders and Lehmann, 2012). Some bacteria such as 
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Chloroflexi and Actinobacteria can slowly utilize biochar-based aromatic 
C for co-metabolism (Dai et al., 2017a). Therefore, microbial prefer
ences for utilizing labile C or aromatic backbone determine the effec
tiveness of C sequestration in biochar-treated soil. 

The aliphatic: aromatic ratio of C in biochar decreases with 
increasing pyrolysis temperatures and when feedstocks are switched 
from manure to those that are lignocellulose-based (Baldock and 
Smernik, 2002). Thus, many researchers have used a wide range of 
feedstocks and pyrolysis temperatures to produce biochar with various 
aliphatic: aromatic ratios to examine the responses of soil microorgan
isms to the different C components (Jindo et al., 2012; Chen et al., 2013; 
Dai et al., 2014; Chen et al., 2018). For example, biochars pyrolyzed at 
high temperatures increase the bacterial richness and diversity, as well 
as the abundance of Chloroflexi (Dai et al., 2017a; Yu et al., 2018), while 
biochars produced at low temperatures increase the microbial biomass 
(Jenkins et al., 2010; Farrell et al., 2013). Moreover, lignocellulose- 
based biochar (oak feedstock) increases the Actinobacteria abundance 
more than grass-based biochar (Khodadad et al., 2011). Production 
conditions also result in variations of biochar properties such as pH and 
the ash and mineral contents. For example, biochar alkalinity favors the 
growth of bacteria that are sensitive to increases in pH (Warnock et al., 
2007). The porous structure of biochar contains nutrients and water and 
serves as a refuge for soil bacteria, protecting them from predators. Al
terations to the soil bacterial community may not, however, completely 
be attributed to biochar C components and may be influenced by other 
properties. Thus, separating the labile and aromatic compounds in 
biochar may more precisely reveal the underlying mechanisms involved 
in the responses of bacterial diversity, community and metabolic 

processes to biochar components. 
Previous studies have reported the effects of biochar on microbial 

respiration and microbial biomass (Jenkins et al., 2010; Farrell et al., 
2013; Khadem and Raiesi, 2017; Xu et al., 2018). The microbial meta
bolic quotient (i.e. respiration: biomass) reflects the microbial C use 
efficiency and determines how a C source is incorporated into the mi
crobial biomass or released into the atmosphere as CO2. As the microbial 
necromass is an important component of soil organic matter (Kallenbach 
et al., 2015; Liang et al., 2019; Wang et al., 2021), we believe the mi
crobial metabolic quotient is also important in reflecting soil C seques
tration. A higher microbial metabolic quotient leads to more CO2 being 
emitted into the atmosphere than being sequestered in the soil. The way 
in which labile and aromatic C affect the microbial metabolic quotient 
and microbial diversity is not yet understood. 

Researchers have recently started to consider microbial diversity and 
microbial C metabolic processes as important parameters that reflect 
ecosystem functions such as C sequestration and organic matter 
decomposition (Delgado-Baquerizo et al., 2020). Other studies have 
reported that microbial functions do not decrease with a loss of micro
bial diversity under, for example, mineral fertilization (Allison and 
Martiny, 2008) because of functional redundancy in microbial com
munities (Kuzyakov et al., 2009; Ling et al., 2021). This finding has 

Fig. 1. Bacterial OTU richness in soils amended with labile C, aromatic back
bone and ash (a) in individual treatments and (b) categories of similar treat
ments (left row: individual treatments; right row: categories of similar 
treatments). Error bars represent the standard deviation among replicates. 
Lowercase letters represent a significant difference (p < 0.05) between treat
ments and categories. Acetone extraction experiments showed that no LC700 
components were extracted from LC700 + AB700. Fig. 2. Bacterial community patterns in the soils amended by labile C, aromatic 

backbone and ash compared to unamended soil. (a) non-metric multidimen
sional scaling plots (NMDS) based on Bray-Curtis metric using OTU abundances 
in different treatments, and (b) NMDS based on Bray-Curtis metric using OTU 
abundances in different categories. Error bars represent the standard deviation 
among replicates. PERMANOVA showed the significant differences (p < 0.05) 
between treatments in community composition as follows: LC300 versus CK, 
LC300 versus AB300, LC300 versus AB700, LC300 versus Ash300 and Ash700. 
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important practical implications, because, if the microbial C metabolic 
quotient remains stable as microbial diversity decreases with the addi
tion of labile or aromatic C, it can be argued that a focus on maintaining 
microbial diversity during soil C sequestration is unnecessary. Under
standing the relationship between the microbial metabolic quotient and 
diversity that depend on the amounts of labile and aromatic C in the 
added biochar will reveal how competition for biochar components in 
diverse microbial communities affects their contributions to C 
sequestration. 

Although the responses of bacterial taxa to biochar addition have 
been reported (Jindo et al., 2012; Kappler et al., 2014; Shin et al., 2021), 
their specific responses to the labile and aromatic components have not 
been identified. The generalists that feed on a broad range of biochar 
compounds, i.e., those that utilize both labile and aromatic C, contribute 
importantly to soil C sequestration. The specialists that utilize only the 
labile C in biochar can reduce the easily-mineralizable C content and 
have soil priming effects (Cross and Sohi, 2011). Moreover, the spe
cialists that utilize aromatic C affect biochar structure in ways such as 
increasing its porosity (Enders and Lehmann, 2012). Hence, these 
specialized bacterial groups selectively affect biochar and soil organic 
matter decomposition and soil C sequestration. Notably, as absolute 
quantitative 16S sequencing develops, the absolute copy number of 
bacteria in soil at the genus or operational taxonomic unit (OTU) levels 
can be obtained directly (Smets et al., 2016). This will make it possible 
to compare the biomass of identified specialists and generalists in soils 
with added biochar-associated labile and aromatic C. Without the 
identification of these specialists, the lower relative abundances of 
bacterial taxa that are responsive to labile C compounds may be higher 
than those responsive to aromatic C, which would mask the contribution 
of specific taxa to soil C sequestration. 

Here, we separated biochar components into labile compounds and 
those with an aromatic backbone using acetone extraction. Then, we 
used 16S rRNA gene sequencing in conjunction with the addition of an 
internal standard (Aliivibriofischeri) to quantify the absolute abundance 

of taxa that utilize labile C or aromatic backbone. Our objectives were 
to: (1) investigate the effects of labile and aromatic compounds on 
bacterial metabolic processes and determine their relationships with 
microbial diversity; and (2) identify the generalists and specialists at the 
OTU level that are associated with labile C or aromatic backbone. We 
hypothesized that the aromatic backbone would decrease the microbial 
metabolic quotient, increase diversity and favor the growth of differ
ential bacterial groups in comparison to the labile C. 

2. Methods and materials 

2.1. Biochar preparation and characteristics 

Two biochars (B300 and B700) were produced by pyrolyzing manure 
at temperatures of 300 and 700 ◦C under an O2-limited atmosphere. The 
residence time and heating rate were 0.5 h and 2.5 ◦C min− 1, respec
tively. To extract labile C from B300 and B700, we added anhydrous 
acetone (100 %) to both (biochar: acetone = 1:10 g:ml). The biochar- 
acetone mixtures were then shaken end-over-end at room temperature 
for 24 h. The details of the extraction methods were described by Dai 
et al. (2017a, 2018). This extraction method was verified to be effective 
at separating labile compounds and those with an aromatic backbone 
from biochars. The compounds extracted with acetone were separated 
from biochar particles by filtration and identified as labile C compounds 
(hereafter named ‘labile C’, LC). Thus, the labile C extracted from B300 
and B700 were identified as LC300 and LC700, respectively. The re
sidual biochar particles from B300 and B700 (hereafter named ‘aromatic 
backbone’, AB) were named AB300 and AB700, respectively. The 
acetone extraction experiments indicated that no LC700 was extracted 
from B700, as B700 was highly pyrolyzed. Therefore, similar effects of 
B700 and AB700 on microbial diversity and function were expected. In 
addition, the LC300 and LC700 samples were collected and added back 
to AB700 and AB300, respectively, resulting in new samples: LC300 +
AB700 and LC700 + AB300. Correspondingly, the B300 and B700 were 

Fig. 3. Respiration rate (a, b) and microbial metabolic quotient (c, d) in soils amended with labile C, aromatic backbone and ash (left row: individual treatments; 
right row: categories of similar treatments). Error bars represent the standard deviation among replicates. Lowercase letters represent a significant difference (p <
0.05) between treatments and categories. Acetone extraction experiments showed that no LC700 components were extracted from LC700 + AB700. 
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renamed as LC300 + AB300 and LC700 + AB700, respectively. All of the 
samples were dried at 40 ◦C in an oven at ambient pressure for 12 h and 
under vacuum for 1 h to thoroughly remove the excess acetone residues. 
The ash of B300 and B700 was obtained by the process of heating the 
biochar at 750 ◦C, which resulted in the production of ash samples 
Ash300 and Ash700. The C structures of LC300 and AB700 were char
acterized by Quantitative 13C solid-state nuclear magnetic resonance 

(NMR) spectroscopy (Bruker Avance III 400 MHz, Bruker Corporation, 
Germany). The properties of biochar materials are presented in Table S1. 

2.2. Incubation experiments 

Prior to incubation, we adjusted the pH of all biochar materials to 7.6 
(equal to the initial pH of B300) to avoid any pH effects on soil microbial 
parameters by HCl and NaOH. Then, a soil sample collected from the 
upper layer (0–20 cm) of a forest hillside was air-dried, crushed, sieved 
< 1 mm and thoroughly homogenized. Biochar materials were added at 
50 g kg− 1 soil into the soil (5 % w/w) and mixed thoroughly, i.e., each 
40 g soil received 2 g biochar. We also included two treatments in which 
the soil received a mass of ash equivalent to the maximum masses 
contained in B300 and B700. These treatments addressed the question 
“What is the effect of biochar ash on soil microorganisms if all the 
mineral nutrients have been removed from the biochar?” Thus, 0.63 g of 
Ash300 and 1.14 g Ash700 were added into 40 g soil based on the ash 
contents of B300 and B700. In addition, we included two treatments in 
which soils received an equivalent mass of LC300 and two times the 
amount of LC300 (i.e., 2LC300 for double LC300) so as to eliminate the 
influence of biochar structure. Thus, 0.03 g and 0.06 g of LC300 were 
added into 40 g soil based on the mass of LC300 that was extracted from 
B300. Overall, 11 treatments were used: (1) CK (no biochar addition); 
(2) LC300; (3) 2LC300; (4) LC300 + AB300; (5) LC300 + AB700; (6) 
LC700 + AB700; (7) LC700 + AB300; (8) AB300; (9) AB700; (10) 
Ash300 and (11) Ash700. 

In addition to the treatments presented individually, we grouped 
them into five categories according to the similarities in their material 
properties: (1) CK; (2) soil to which only labile C was added at either a 
single or double rate (“LC”): LC300 and 2LC300; (3) soil to which both 
labile C and aromatic backbone were added (“LC + AB”): LC300 +
AB300 and LC300 + AB700; (4) soil to which only aromatic backbone 
was added with no labile C (“AB”): AB300 and AB700; (5) soil to which 
only ash was added (“Ash”): Ash300 and Ash 700. Given that no LC700 
was extracted from biochar pyrolyzed at 700℃, the LC700 + AB700 and 
LC700 + AB300 treatments were not grouped as they are similar to the 
AB700 and AB300 treatments. 

The biochar-soil, ash-soil and soil-LC300 mixtures were incubated in 
473 mL Mason jars, in which a 60 mL glass jar containing the soil- 
biochar mixture and a 20 mL glass vial containing 15 mL KOH in CO2- 
free deionized water were established (Whitman et al., 2014). To create 
a stable humid atmosphere, 5 mL CO2-free deionized water were added 
to the bottom of the Mason jar. All of the treatments were incubated in 
darkness at 30 ◦C for 150 days in three replicates, with the moisture held 
at 50 % water holding capacity. The treatment containing soil on its own 
was regarded as the control. The CO2 respiration rate was measured 
cumulatively over 150 days of incubation by converting the electrical 
conductivity of the KOH traps to CO2 volume (Strotmann et al., 2004). 

2.3. Molecular analyses 

After incubation, samples were collected for DNA extraction and 
then for Illumina Miseq sequencing. We used DNA from the marine 
species Aliivibrio fischeri as an internal standard to quantify the total 
abundance of bacterial 16S rRNA genes (herein called “biomass”) across 
the samples (Smets et al., 2015). The A. fischeri strain (ATCC 7744 T) 
was purchased from ATCC (Manassas, VA, USA) and grown following 
the procedures detailed by Tavares et al. (2010). Briefly, the growing 
temperature was 25 ◦C and the culture medium was tryptic soy agar (BD, 
Franklin Lakes, NJ, USA) containing 3 % NaCl (Fisher Scientific, Pitts
burgh, PA, USA). The A. fischeri DNA was extracted using a PowerSoil® 
DNA Isolation Kit, and the concentration was determined using Qubit 
3.0 (Thermo Fisher Scientific, Waltham, Massachusetts, USA). 

Prior to DNA extraction, genomic DNA (gDNA) from A. fischeri was 
added to each sample (0.5 g). The amount of A. fischeri DNA added was 
targeted to be approximately 0.5 % of the total DNA extracted from the 

Fig. 4. Average absolute abundance (a) of bacterial generalists in biochar 
materials and the specialists in the groups of labile C (b) and aromatic backbone 
(c). The bacterial generalists that existed in all biochar C components were 
identified by setting up the occurrence frequency of generalist OTUs at 1.0 with 
the highest average abundance (i.e., >2 × 106 copy number g− 1). The spe
cialists that were only highly responsive to labile C or aromatic backbone were 
identified using the indicator value metric (Indval). 

H. Liu et al.                                                                                                                                                                                                                                      



Geoderma 428 (2022) 116176

5

test samples, based on a preliminary DNA extraction from which the 
total concentration of the DNA extracted from each sample was deter
mined. Immediately afterwards, DNA was extracted following the 
manufacturer’s instructions. The amplification of the V4 region of 16S 
rRNA genes in each sample was conducted at the Beijing Genomics 
Institute, China. The forward primer was 338F:5′- ACTCCTACGG
GAGGCAGCA-3′ and the reverse primer was 806R:5′- GGAC
TACHVGGGTWTCTAAT-3′. The amplification procedures and 
conditions were as described previously (Caporaso et al., 2011). Each 
sample was amplified in triplicate, and the amplicons were then puri
fied, pooled and sequenced on an Illumina MiSeq sequencing platform, 
generating 250 bp paired-end reads. 

2.4. Sequencing data processing 

Raw data were pre-processed to remove the low-quality reads by 
using the procedures described by Fadrosh et al. (2014). Then, the 
paired-end sequences were merged to tags by FLASH (Fast Length 
Adjustment of Short reads) (Magoč and Salzberg, 2011), and the tags 
were clustered into OTUs with USEARCH (Edgar, 2013). The taxonomy 
for each OTU was identified using the Ribosomal Database Project (RDP) 
Classifier (Cole et al., 2013) trained on the Greengenes database 
(DeSantis et al., 2006) using a 0.8 confidence cutoff value. To calculate 
the biomass (i.e. absolute abundance) of 16S rRNA genes in each bac
terial taxa found in each sample, the following equation was used (Smets 
et al., 2015): 

Ri

RS
=

wi
gi
*Ci

X
⇒X =

RS*
(

wi
gi
*Ci

)

Ri 

where Ri is the number of reads assigned to A. fischeri, Rs is the 
number of reads assigned to the targeted taxa, wi is the weight of 

A. fischeri gDNA added to the samples, ci is the 16SrRNA gene copy 
number of A. fischeri (i.e. 8), gi is the weight of the genome of A. fischeri 
(i.e. 4.49 × 10− 15 g per genome) (Hallin and Ussery, 2004) and X is the 
targeted taxa number of 16S rRNA genes per sample. Then, the OTU of 
A. fischeri was deleted from the OTU matrix table manually, to eliminate 
the effects of A. fischeri on the community composition and total abun
dance analyses. The biomass (i.e., absolute abundance of 16S rRNA 
genes) in each sample was calculated by the sum of the biomass of 16S 
rRNA genes in each taxonomic unit. OTU richness was calculated with 
the R package “vegan” (Oksanen et al., 2013) using the OTU table 
without A. fischeri. All sequences were deposited in the GenBank short- 
read archive SRS10719196. The microbial metabolic quotient was 
calculated by dividing the respiration rate by the microbial biomass 
(Wardle and Ghani, 1995). 

2.5. Statistical analysis 

Hierarchical clustering and non-metric multidimensional scaling 
plots (NMDS) of taxonomic similarity (Bray–Curtis) were conducted to 
observe similarities and differences in the bacterial community 
composition between treatments and between categories using the 
“vegan” R package (Oksanen et al., 2013). One-way analysis of variance 
(ANOVA) was performed to investigate the significant differences (p <
0.05) in the (1) alpha diversity (OTU richness and Shannon index), (2) 
soil respiration rate, (3) total bacterial biomass and (4) microbial 
metabolic quotient between treatments and between categories. We 
tested the relationship between the OTU richness and respiration rate, 
microbial biomass and microbial metabolic quotient using Spearman’s 
rank correlations. We identified the bacterial generalists that existed in 
all biochar treatments by setting up the occurrence frequency of 
generalist OTUs at 1.0 with the highest average abundance (i.e., >2 ×
106 copy number g− 1). We identified the specialists that were only 

Fig. 5. Carbon structures of labile C (a) and aromatic backbone (b) by NMR, and the absolute abundance of bacterial generalists and specialists in the groups of labile 
C (c) and aromatic backbone (d). No differences in generalist biomasses were observed between the groups of labile C and aromatic backbone, while the biomasses of 
specialists in the group of labile C were significantly higher than those in the group of aromatic backbone. 
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highly responsive to labile C or the aromatic backbone using the indi
cator value metric (Indval) as implemented in the labdsv R package 
(Dufrêne and Legendre, 1997; Roberts, 2012). 

3. Results 

3.1. Microbial community composition and diversity 

The incorporation of LC700 + AB700 and AB700 (p < 0.05) resulted 
in the largest increases in OTU richness and Shannon index, whereas the 
incorporation of 2LC300 (p < 0.05) decreased the soil OTU richness and 
Shannon index, (Fig. 1a and Fig. S1a). Consequently, the soil OTU 
richness and Shannon index in the AB group was larger than those in the 
LC group (p < 0.05) (Fig. 1b and Fig. S1b). The effects of Ash300 and 
Ash700 on bacterial alpha diversity were similar to those of LC700 +
AB700 and AB700 (Fig. 1 and Fig. S1). 

The bacterial community compositions after the additions of LC300 
and 2LC300 clustered distantly with those found after the additions of 

AB300 and AB700. However, the community compositions following 
the additions of LC700 + AB700 and AB700 clustered closely together 
(Fig. 2a). The effects of Ash300 and Ash700 on the bacterial community 
composition were similar to those of LC700 + AB700 and AB700 
(Fig. 2a). Consequently, the communities after the additions of AB 
clustered distantly with those after the additions of LC and LC + AB 
(Fig. 2b). 

3.2. Microbial respiration activity, biomass and quotient 

The addition of LC300 increased the microbial respiration rates (p <
0.05) (Fig. 3a and b). The respiration increase was proportional to the 
amount of LC300 used, as the addition of 2LC300 approximately 
doubled the respiration rate. The addition of LC700 + AB700 and 
AB700, however, had no effects on the respiration rates (Fig. 3a). When 
grouping the data into categories, the additions of LC and LC + AB 
increased the respiration rate (Fig. 3b). The incorporation of biochar 
materials containing AB (i.e. AB700 and AB300) increased the microbial 

Fig. 6. The “Log2-fold change” in biomass of differentially abundant genera from Bacteroidetes, Gemmatimonadetas, Verrucomicrobia and Chloroflexi in LC300 +
AB300 (Labile C + Aromatic backbone) and AB300 (Aromatic backbone) treatments. Each dot represents a single genus. Differentially abundant genera that were not 
significant (with log2-fold change < 1 or adjusted p values > 0.1) when compared with the soil control are not presented. The solid line indicates that the preference 
of genera for LC300 + AB300 was equivalent that for AB300. The genera below the solid line thrived preferentially on LC300 + AB300 than AB300, whereas the 
genera above the solid line showed the opposite lifestyle (the percentages of both groups are presented above and below the 1:1 line). The legends indicate the classes 
to which the OTUs belong. 
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abundance (Fig. S2a), while no effects on abundance were seen when 
only the LC were added (Fig. S2b). 

The microbial quotients were the highest when LC300 and 2LC300 
were added, and the lowest following the additions of LC700 + AB700 
and AB700, whereas combinations of LC300 and AB300/AB700 resulted 
in intermediate effects (Fig. 3c). Similarly, the highest microbial quo
tients were observed with the addition of LC (Fig. 3d). The effects of 
Ash300 and Ash700 on microbial quotients were similar to those of 
LC700 + AB700 and AB700 (Fig. 3). With the increase in OTU richness, 
the bacterial respiration rate decreased (p < 0.05) (Fig. S3a) and 
abundance did not change (Fig. S3b), while the microbial quotient 
decreased (p < 0.05) (Fig. S3c). The correlation coefficient between the 
microbial quotients and OTU richness (r = -0.82, p < 0.05) was greater 
than that between the respiration rate and OTU richness (r = -0.56, p <
0.05) (Fig. S3). 

3.3. Generalists that were not responsive to C components 

The bacteria observed in all of the biochar types (i.e., the occurrence 
rate = 1.0) were identified as generalists that can utilize a broad range of 
biochar C components. In total, 205 bacterial OTUs were identified as 
generalists, and 12 bacterial OTUs had an abundance > 2 × 106 copy 
number g− 1 soil (Fig. 4a and Fig. S4). Among those, four were classified 
in the phylum Firmicutes, six were identified as Proteobacteria and Acti
nobacteria, and two belonged to the phyla Bacteroidetes and Chloroflexi 
(Fig. 4a). The family Oxalobacteraceae from the Proteobacteria and the 
genus Sporosarcina from the phylum Firmicutes comprised the predom
inant biomass, with values > 8 × 106 copy number g− 1. They were 
followed by Bacillus muralis and Streptomyces mirabilis, belonging to 
Firmicutes and Actinobacteria, respectively, with a biomass of > 4.0 × 106 

copy number g− 1. 

3.4. Specialists responsive to labile or aromatic C 

In total, 101 of bacteria were identified as specialists responsive to 
LC, and 23 of bacteria were identified as specialists responsive to AB 
backbone. The abundance of specialists according to absolute 16S 
sequencing was consistent with their relative abundance as calculated 
using general 16S sequencing (Fig. 4b and 4c). Bacterial taxa observed 
only in the LC group were identified as specialists for biochar labile C. 

The bacterial OTUs responsive to labile C with the highest abundances 
were Ktedonobacteraceae (7.6 × 106 copy number g− 1) from the phylum 
Chloroflexi and Bradyrhizobiaceae (5.6 × 106 copy number g− 1) from the 
Proteobacteria (Fig. 4b). The bacterial OTUs responsive to aromatic 
backbone with the two highest abundances were Myxococcaceae (2.6 ×
106 copy number g− 1) from the phylum Proteobacteria and Flavisolibacter 
(3.0 × 105 copy number g− 1) from the Bacteroidetes (Fig. 4c). NMR 
showed that labile C was comprised by aliphatic C such as alkyl and 
carbonyl (Fig. 5a), while aromatic backbone was mainly comprised of 
aromatic rings (Fig. 5b). The average abundance of generalists from the 
LC group was the same as that of those in the AB group (Fig. 5c). The 
average abundance of specialists from the LC group was higher (p <
0.05) than that of those in the AB group (Fig. 5d). 

We further analyzed the differences in the abundance of bacterial 
OTUs in the typical treatments of AB300 and LC300 + AB300, which 
revealed how the bacterial OTUs changed when the labile C (i.e. LC300) 
was removed from the biochar. Within the phyla Bacteroidetes, Gem
matimonadetas, Chloroflexi and Verrucomicrobia, the numbers of OTUs 
that thrived preferentially on AB300 than LC300 + AB300 were larger 
those that thrived preferentially on LC300 + AB300 than AB300 (Fig. 6). 
Within the phylum Bacteroidetes, the classes identified as Saprospirae and 
Sphingobacteriia were responsive to AB300, while the Cytophagia did not 
show any response. Within the Gemmatimonadetas, most bacteria such as 
Gemmatimonadetes, Gemm-3, Gemm-5, etc. were responsive to AB300. 
Similarly, two bacterial groups, Pedosphaerae and Spartobacteria from 
the phylum Verrucomicrobia, were responsive to AB300, while the Opi
tutae were more responsive to LC300 + AB300. Finally, the phylum 
Chloroflexi contained taxa from the groups Anaerolineae and Ellin6529 
that were responsive to AB300, while the Thermomicrobia were more 
responsive to LC300 + AB300. 

4. Discussion 

4.1. Bacterial diversity, biomass and metabolic quotient 

Biochar is often used for C sequestration in soil, while microbial 
preferences for utilizing different biochar components determine the 
effectiveness of C sequestration. Previously, we confirmed that a higher 
content of aliphatic compounds was observed in LC300 and aromatic 
compounds in AB300 and AB700 (Dai et al., 2017b). The dramatically 

Fig. 7. Conceptual diagram revealing the impact of labile C and the fused aromatic backbone in biochar on bacterial diversity, biomass and microbial quotient, as 
well as bacterial generalists and specialists utilizing biochar compounds. 
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larger increases in soil CO2 respiration after LC300 addition compared 
with AB300 and AB700 addition (Fig. 3) supports the above premise. In 
our experiments, the compounds extracted from biochars represent the 
“labile C” that can be rapidly utilized by microorganisms, while the 
residual biochar particles represent the “aromatic backbone” that is 
resistant to microbial decomposition and provides a microbial habitat. 
The comparison between “labile C” and “aromatic backbone” are rela
tive designations (Lehmann and Joseph, 2015). 

The effect of biochar labile C on microbial respiration was consistent 
with previous reports that labile organic compounds are used as an 
energy source for microbial metabolism (Dai et al., 2019), and consis
tently the ash without C source did not change microbial metabolism 
(Lehmann and Joseph, 2015; Khadem and Raiesi, 2017). Notably, the 
larger increase in microbial quotients after labile C addition compared to 
aromatic backbone probably indicated that the labile C decreased mi
crobial C-use efficiency, tending to cause more CO2 emissions and lower 
incorporation of C into biomass. These CO2 losses decrease microbial 
biomass formation and consequently necromass production, which is 
the main source of soil organic matter (Kallenbach et al., 2015; Liang 
et al., 2019; Wang et al., 2021). In contrast, the addition of aromatic 
backbone components decreases the microbial C metabolic quotient, 
maintaining more C in soil pools and releasing less into the atmosphere, 
contributing to C sequestration (Zheng et al., 2016). In addition, the 
labile C pool in biochar is usually smaller compared to aromatic back
bone pool, regardless of feedstock and pyrolysis temperature. The labile 
C can be consumed by microorganisms in short-term (Budai et al. 2016). 
Thus, biochar aromatic backbone compounds contribute greatly to long- 
term soil carbon sequestration. 

The increased bacterial diversity by aromatic backbone components 
was attributed to: 1) the versatility of the aromatic backbone attracted 
diverse bacteria to colonize, such as high porosity (Kinney et al., 2012), 
electron shuttle characteristic (Kluepfel et al., 2014) and aromatic 
compounds for microbial co-metabolism (Payne et al., 2013); and 2) a 
higher diversity of bacteria can encode a higher diverse of enzymes to 
degrade more complex C fractions. Despite this high diversity, the 
respiration rate in the biochar was low due to the low levels of available 
C in the backbone (Fig. 7). 

The negative correlation between microbial respiration rates/meta
bolic quotients and diversity (Fig. S3) showed no metabolic redundancy 
with the addition of the biochar components. Increasing labile C, i.e. 
energy source, raised indigenous microbial competitivity and caused 
their self-assembly, i.e., building of colonies (Xue et al. 2018), leading to 
an overall decrease in diversity. Conversely, the aromatic backbone 
components provided a versatile habitat for the growth of various mi
crobial groups (Lehmann and Joseph, 2015). Here, we point out the 
ashes also induced a very large increase in bacterial diversity, which was 
probably attributed to the pH effects, since increase of soil pH has been 
related to increases in bacterial diversity (Rousk et al. 2010). The 
combinations of biochar materials (e.g. LC300 + AB300 and LC300 +
AB700) showed the intermediate effects between labile C and aromatic 
backbone, regardless of bacterial diversity, respiration rate and meta
bolic quotients, probably due to dilution effects. Therefore, we mainly 
focused on the specific bacterial taxa that are only responsible to labile C 
or aromatic backbones in the following discussion. 

4.2. Generalists and specialists 

Previous studies used 16S rRNA-based sequencing approaches to 
investigate the relative abundance of soil bacterial taxa under biochar 
addition. The relative abundances did not, however, provide precise 
information on the absolute abundances of the targeted bacterial taxa 
(Jindo et al., 2012). Microorganisms may have the same relative 
abundances in two or more samples, while their absolute abundances 
can differ by more than one order of magnitude (Pollock et al., 2018). 
Therefore, relative abundances were not applicable for the identification 
of the non-responsive generalists and responsive specialists in this study. 

Here, we found that the relative abundances of some phyla such as 
Actinobacteria and Firmicutes had strong positive correlations with the 
absolute abundances quantified by absolute 16S rRNA gene sequencing, 
but some such as those for Acidobacteria were not correlated (Fig. S5). In 
addition, most individual correlations did not fall on the correlative line, 
indicating that the relative abundances of these bacterial taxa were not 
comparable between treatments (Fig. S5). These findings emphasized 
the importance of identifying the generalists and specialists using their 
absolute abundance rather than relative abundances. 

We quantified the absolute abundance of each generalist that utilized 
a broad range of biochar C components and the specialists that were 
either responsive to labile C or aromatic backbone (Props et al., 2016; 
Smets et al., 2016; Xu et al., 2020). Although the DNA extraction effi
ciencies in biochar-, ash-treated and control soils were different, the 
equivalent ratios of internal DNA to the total soil DNA between mate
rials illuminated the bias and allow for the quantitative comparison of 
bacterial abundances across different samples (Smets et al., 2016). One 
of the generalist species with the high abundance were the Sporosarcina 
from the phylum Firmicutes (Fig. 4), which have a wider niche and adapt 
to adverse environmental stresses (e.g. drought and heavy metals) 
(Gomez-Montano et al., 2013; Tamez-Hidalgo et al., 2016). Thus, we 
speculate that Sporosarcina survives in both C-rich and C-limited envi
ronments. Similarly, the generalists Streptomyces_mirabilis and Soliru
brobacterales from Actinobacteria have patterns of filamentous growth 
and have a strong survival capacity (Smith et al., 2008). These traits may 
have assisted bacteria in acquiring C sources from internal biochar pores 
when the C source was insufficient. Although the generalists have broad 
environmental tolerance, their lifestyles and physiological traits are not 
well known. For instance, the Oxalobacteraceae can promote plant 
growth and nitrogen acquisition by triggering root development (Yu 
et al., 2021). Streptomyces in the plant rhizosphere (e.g. tomato) plays an 
important role in plant nutrition and productivity (Liao et al., 2021). 
Given their high biomass as generalists, further studies should be 
focused on their behaviors to make full use of their potentials beyond 
soil C sequestration. 

The identified specialists that were highly responsive to labile C, 
producing the highest abundance, were the Ktedonobacteraceae and 
Bradyrhizobiaceae (Fig. 4). Ktedonobacteria from the phylum Chloroflexi 
has a large genome size and may produce bioactive compounds (Zheng 
et al., 2019). Bradyrhizobiaceae (from Rhizobiales) are symbionts in plant 
roots and have a good N2 fixing capacity, although they require a C 
source (e.g. biochar labile C) (Itakura et al., 2009). Regardless of their 
traits, these specialists are effective organic matter decomposers and 
decrease soil C sequestration. The higher abundance of specialists in the 
category of labile C than that in the aromatic backbone category also 
supports that the labile C-requiring specialists were highly dependent on 
their energy sources (Fig. 5). 

The Myxococaceae are responsive to aromatic backbone, which is 
consistent with their trait to feed on more complex C compounds (Pet
ters et al., 2021). Thus, some types of bacteria may utilize persistent 
forms of C found in biochars. However, the abundant specialist Flavi
solibacter (from the Chitinophagaceae) cannot degrade the aromatic C 
(Lim et al., 2009). In addition, the abundances of specialists to aromatic 
backbone were 3.3 times lower than those responsive to labile C (Fig. 5). 
Thus, utilizing aromatic C was not the main source of energy for their 
growth. The aromatic backbone may provide an appropriate environ
ment (e.g. porous structure) and act as electron shuttle, which can also 
promote the growth of specialists (Enders and Lehmann, 2012; Kluepfel 
et al., 2014). 

We also investigated how the bacterial OTUs changed when the 
labile C was removed from the biochar. Members of the phyla Bacter
oidetes, Gemmatimonadetas, Verrucomicrobia and Chloroflexi thrived on 
the biochar C backbone without the labile C supply. The thrive of Sap
rospirae and Sphingobacteriia from Bacteroidetes on aromatic backbone 
was consistent with previous finding of positive correlation between 
biochar aromatic compounds and their abundances (Kolton et al., 2011; 
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Xu et al., 2016). Gemmatimonadetes, Gemm-3 and Gemm-1 are Gram- 
negative bacteria that adapt to environments limited by available sub
strates (Naether et al., 2012) and with sufficient internal cores of micro- 
aggregates (Mummey et al., 2006). These habitats are similar to the 
aromatic backbone. Verrucomicrobia is abundant in the biochar- 
amended plant rhizosphere (Liao et al., 2021). The positive responses 
of Pedosphaerae and Spartobacteria (from Verrucomicrobia) to the aro
matic backbone provided evidence that biochar can act as a bridge be
tween Verrucomicrobia growth and plant root development. The 
aromatic backbone favored the growth of Anaerolineae and TK10 from 
Chloroflexi (Fig. 6). The growth of these groups may be attributed to the 
properties of aromatic backbone such as providing aromatic energy 
sources, electron transport shuttle (Yu et al., 2021) or anaerobic sites for 
specific metabolism (Payne et al., 2013). 

5. Conclusions 

Overall, microbial groups have clear preferences for utilizing the 
labile and/or aromatic backbone components of biochar. The lifestyles 
and physiological traits of generalists such as Oxalobacteraceae and 
Sporosarcina require further investigation. Bacterial groups such as 
Ktedonobacteraceae and Bradyrhizobiaceae, which were responsive to 
labile C, are inefficient at soil carbon sequestration. Notably, biochar 
aromatic backbone contribute greatly to soil carbon sequestration. This 
was not only attributed to the larger persistent C pool in biochar 
compared to labile C pool, but also to the stimulated growth of bacteria 
such as Myxococcaceae and Flavisolibacter that incorporated more C into 
their biomass (i.e. more C remained in the soil pools) rather than 
releasing it into atmosphere as CO2. Hence, designing biochars with high 
content of aromatic backbone compounds to inhibit microbial metabolic 
quotient greatly contribute to soil C sequestration. Further studies 
should be focused on the characterization of the specific chemical 
compounds in biochar C fractions, and the changes in the microbial 
genes/enzymes that are responsible for the degradation of these 
compounds. 
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C., Cavaleiro, J.A.S., Cunha, Â., Gomes, N.C.M., Alves, E., Almeida, A., 2010. 
Antimicrobial photodynamic therapy: study of bacterial recovery viability and 
potential development of resistance after treatment. Mar. Drugs 8 (1), 91–105. 

Wang, M., Yi, M., Lu, M., Zhu, X.i., Chen, G., Gao, F., Liu, Z., Cao, J., Zhang, D., 2019. 
Effect of in situ sediment remediation combining oyster shells and bottom 
microporous aeration on nitrogen removal and microbiota. Aquac. Res. 50 (1), 
331–341. 

Wardle, D.A., Ghani, A., 1995. A critique of the microbial metabolic quotient (qCO2) as a 
bioindicator of disturbance and ecosystem development. Soil Biol. Biochem. 27 (12), 
1601–1610. 

Warnock, D.D., Lehmann, J., Kuyper, T.W., Rillig, M.C., 2007. Mycorrhizal responses to 
biochar in soil–concepts and mechanisms. Plant Soil 300 (1-2), 9–20. 

Whitman, T., Zhu, Z., Lehmann, J., 2014. Carbon mineralizability determines interactive 
effects on mineralization of pyrogenic organic matter and soil organic carbon. 
Environ. Sci. Technol. 48 (23), 13727–13734. 

Xu, Y., Seshadri, B., Sarkar, B., Wang, H., Rumpel, C., Sparks, D., Farrell, M., Hall, T., 
Yang, X., Bolan, N., 2018. Biochar modulates heavy metal toxicity and improves 
microbial carbon use efficiency in soil. Sci. Total Environ. 621, 148–159. 

Xu, N., Tan, G., Wang, H., Gai, X., 2016. Effect of biochar additions to soil on nitrogen 
leaching, microbial biomass and bacterial community structure. Eur. J. Soil Biol. 74, 
1–8. 

Xu, W., Whitman, W.B., Gundale, M.J., Chien, C.-C., Chiu, C.-Y., 2021. Functional 
response of the soil microbial community to biochar applications. GCB Bioenergy 13 
(1), 269–281. 

Xue, C., Ryan Penton, C., Zhu, C., Chen, H., Duan, Y., Peng, C., Guo, S., Ling, N., Shen, Q., 
2018. Alterations in soil fungal community composition and network assemblage 
structure by different long-term fertilization regimes are correlated to the soil 
ionome. Biol. Fertil. Soils 54 (1), 95–106. 

Yu, Z., Chen, L., Pan, S., Li, Y., Kuzyakov, Y., Xu, J., Brookes, P.C., Luo, Y., 2018. 
Feedstock determines biochar-induced soil priming effects by stimulating the 
activity of specific microorganisms. Eur. J. Soil Sci. 69 (3), 521–534. 

Yu, P., He, X., Baer, M., Beirinckx, S., Tian, T., Moya, Y.A.T., Zhang, X., Deichmann, M., 
Frey, F.P., Bresgen, V., Li, C., Razavi, B.S., Schaaf, G., von Wirén, N., Su, Z., 
Bucher, M., Tsuda, K., Goormachtig, S., Chen, X., Hochholdinger, F., 2021. Plant 
flavones enrich rhizosphere Oxalobacteraceae to improve maize performance under 
nitrogen deprivation. Nat. Plants 7 (4), 481–499. 

Zheng, J., Chen, J., Pan, G., Liu, X., Zhang, X., Li, L., Bian, R., Cheng, K., Jinwei, Z., 2016. 
Biochar decreased microbial metabolic quotient and shifted community composition 
four years after a single incorporation in a slightly acid rice paddy from southwest 
China. Sci. Total Environ. 571, 206–217. 

Zheng, Y., Saitou, A., Wang, C.-M., Toyoda, A., Minakuchi, Y., Sekiguchi, Y., Ueda, K., 
Takano, H., Sakai, Y., Abe, K., Yokota, A., Yabe, S., 2019. Genome features and 
secondary metabolites biosynthetic potential of the class Ktedonobacteria. Front. 
Microbiol. 10. 

H. Liu et al.                                                                                                                                                                                                                                      

http://refhub.elsevier.com/S0016-7061(22)00483-9/h0155
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0155
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0160
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0160
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0160
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0165
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0165
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0165
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0170
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0170
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0175
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0175
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0175
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0175
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0180
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0180
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0185
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0185
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0190
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0190
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0190
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0195
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0195
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0195
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0200
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0200
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0200
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0200
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0205
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0205
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0210
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0210
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0215
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0215
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0215
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0215
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0215
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0215
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0220
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0220
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0225
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0225
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0225
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0225
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0230
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0230
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0230
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0230
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0235
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0235
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0235
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0240
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0240
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0240
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0245
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0245
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0245
https://cran.r-project.org/web/packages/labdsv/
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0255
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0255
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0255
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0260
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0260
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0260
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0265
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0265
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0265
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0265
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0270
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0270
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0270
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0270
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0270
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0275
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0275
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0275
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0280
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0280
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0280
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0285
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0285
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0285
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0285
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0290
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0290
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0290
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0290
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0295
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0295
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0295
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0300
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0300
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0305
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0305
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0305
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0310
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0310
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0310
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0315
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0315
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0315
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0320
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0320
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0320
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0325
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0325
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0325
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0325
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0335
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0335
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0335
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0340
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0340
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0340
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0340
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0340
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0345
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0345
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0345
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0345
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0350
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0350
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0350
http://refhub.elsevier.com/S0016-7061(22)00483-9/h0350

	Generalists and specialists decomposing labile and aromatic biochar compounds and sequestering carbon in soil
	1 Introduction
	2 Methods and materials
	2.1 Biochar preparation and characteristics
	2.2 Incubation experiments
	2.3 Molecular analyses
	2.4 Sequencing data processing
	2.5 Statistical analysis

	3 Results
	3.1 Microbial community composition and diversity
	3.2 Microbial respiration activity, biomass and quotient
	3.3 Generalists that were not responsive to C components
	3.4 Specialists responsive to labile or aromatic C

	4 Discussion
	4.1 Bacterial diversity, biomass and metabolic quotient
	4.2 Generalists and specialists

	5 Conclusions
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References




