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Abstract Biochar and compost are seen as two attractive
waste management options and are used for soil amendment
and pollution remediation. The interaction between biochar
and composting may improve the potential benefits of biochar
and compost. We investigated soil physicochemical properties,
bacterial community, bacterial 16S rRNA, and functional mark-
er genes of nitrogen cycling of the soil remedied with nothing
(S), compost (SC), biochar (SB), a mixture of compost and
biochar (SBC), composted biochar (SBced), and a composted
mixture of biochar and biomass (SBCing). The results were
that all amendments (1) increased the bacterial community
richness (except SB) and SBCing showed the greatest efficien-
cy; (2) increased the bacterial community diversity (SBCing >
SBC > SC > SBced > SB > S); and (3) changed the gene copy
numbers of 16S rRNA, nirK, nirS, and nosZ genes of bacteria,
ammonia-oxidizing archaea (AOA), and ammonia-oxidizing
bacteria (AOB). All amendments (except SB) could increase
the gene copy number of 16S rRNA, and SBCing had the

greatest efficiency. The changes of soil bacterial community
richness and diversity and the gene copy numbers of 16S
rRNA, nirK, nirS, nosZ, AOA, and AOB would affect carbon
and nitrogen cycling of the ecosystem and also implied that
BCing had the greatest efficiency on soil amendment.
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Introduction

Biochar and compost not only are identified as two attractive
waste management options and have less negative impacts on
the environment (Fan et al. 2008; Tang et al. 2008; Gong et al.
2009; Beesley et al. 2011; Park et al. 2011; Zeng et al. 2013a,
2015) but also generally decrease soil pollution bioavailability
and mobility and increase soil organic matter, nutrient avail-
ability, microbial activity, and crop yields (Schmidt et al.
2011; Hale et al. 2013; Masiello et al. 2013; Thangarajan
et al. 2013; Lu et al. 2014a). Biochar, produced by pyrolysis
of biomass under low oxygen conditions, has caught more and
more attention as a soil amendment material. Compost is the
final product of composting, which is an aerobic bio-
decomposition process of organic waste and reduces waste
volume by 40 to 50 % (Zeng et al. 2007; Lu et al. 2014b).

In order to maximize the potential benefits of biochar and
composting, the interaction between biochar and composting
was a research hotspot in recent years (Wei et al. 2014; Wu
et al. 2016) and also should be the focus of further study
(Karami et al. 2011; Zeng et al. 2015). Biochar could obvi-
ously affect the microbial community and physicochemical
process during composting as well as the quality and compo-
sition of the end product (Dias et al. 2010; Steiner et al. 2011;
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Jindo et al. 2012). The surface of biochar is changed during
the composting process due to abiotic and biotic oxidation and
sorption of organic compounds derived from compost (Prost
et al. 2013).

Many studies have been conducted on the influences of
biochar and compost (or composting) combined amendments
(Karami et al. 2011; Xu et al. 2012; Suddick and Six 2013;
Beesley et al. 2014; Borchard et al. 2014; Schmidt et al. 2014;
Zhu et al. 2014; Mackie et al. 2015; Zeng et al. 2015), but
these studies have primarily been focused on the pollution
restoration, gas emission, enzymes, and crop growth in soil.
However, little is known about the effect of biochar and com-
post combined amendments (especially composted biochar
(Bced, without compost) and a composted mixture of biochar
and biomass (SBCing)) on the soil biological properties, par-
ticularly the bacterial community structure. Besides, there is
also lack of information about the ecological risk of the use of
biochar and compost combined amendments in soil amend-
ment and pollution remediation. Soil microorganisms are crit-
ical to global ecosystem because of their significant role in
regulating global nutrients and carbon cycling via fundamen-
tal ecological processes such as mineralization and decompo-
sition (An et al. 2004; Zhang et al. 2007; Hartman et al. 2008;
Huang et al. 2008; Hu et al. 2011; Wu et al. 2013). The bac-
terial community structure is sensitive to local changes in the
environmental conditions and anthropogenic activity and
serves as a sensitive indicator of environmental changes
(Card and Quideau 2010; Wu et al. 2015; Dai et al. 2016).
Therefore, the biochar and compost combined amendments
will impact soil bacterial community structure as well as nu-
trient and carbon cycling.

In this study, we used the bacterial community structure
and functional marker genes of nitrogen cycling as indicators
to investigate the ecological responses of soil microorganisms
to the biochar, compost, and combined amendments. The ob-
jectives of this study were as follows: (1) to analyze the re-
sponses of the soil bacterial community and functional marker
genes of nitrogen cycling to biochar, compost, and combined
amendments and (2) to determine the ecological risk of using
of biochar, compost, and combined amendments in soil
amendment and pollution remediation.

Materials and methods

Soil and amendment materials

Soil (clay 24.19 %, silt 45.54 %, and sand 30.27 %) was
sourced from beach of the Dongting Lake (28° 30′–29° 38′
N, 112° 18′–113° 15′ E) wetland (Zeng et al. 2015). Dongting
Lake, located in the middle reach of Changjiang River
(Yangtze River) region, is the second largest fresh lake in
China and an important wintering habitat and pathway for

East Asian migratory birds (Wu et al. 2013, 2015). The soil
was air-dried, sieved to a particle size of <2 mm, and biolog-
ical debris was removed (Zeng et al. 2015).

Biochar was produced from corn cob according to a former
study (Zeng et al. 2015). Compost was produced from rice
straw. BC was made of the mixture of compost and biochar
with the weight ratio of 1:1 (w/w). Bced was produced as
follows: biochar was placed into mesh (0.125 mm) bags and
then composted with rice straw, and the bags filled with bio-
char were taken out after composting was completed (Zeng
et al. 2015). BCing was produced as follows: biochar and rice
straw were mixed (w/w: 1:1) and placed into the mesh bags
and then composted with rice straw according to the above
method (Fig. 1) (Zeng et al. 2015). Chemical properties of
these amendment materials are mentioned in our previous
study (Zeng et al. 2015).

Experimental design and procedure

The soil and amendment materials were thoroughly mixed in
the following proportions, which constituted the treatments.

S: 500 g soil in each pot
SB: 25 g biochar and 500 g soil in each pot
SC: 25 g compost and 500 g soil in each pot
SBC: 25 g BC and 500 g soil, in each pot
SBced: 25 g Bced and 500 g soil in each pot
SBCing: 25 g BCing and 500 g soil in each pot

Finally, mixtures of soil and amendment material were
placed into 1000-mL pots, and the top of soil in each pot
was covered with 50 g fresh soil from the above sampling site
to introduce indigenous microbes (they could enter the
amended soil through their own mobility and reproduce or
by the mobility of soil particles and pore water) and lower
the impacts of air-drying, sieving, and mixing, which could
have generated additional modifications/disturbances (Wu
et al. 2015). Each treatment was conducted in triplicate.
Deionized water was added to the soil, so that the fixed mois-
ture was at 60 %water-filled pore space. These pots were then
placed in a controlled environment chamber with 28 % rela-
tive humidity and at 25 °C for 60 days (Zeng et al. 2015). The
moisture of the soil in each pot was checked weekly to main-
tain the moisture. At day 60, the soil was collected for analy-
ses of soil physicochemical properties and soil microbial
properties.

Determination of soil physicochemical properties

The soil total organic carbon (TOC) was determined by the
loss-on-ignition method with ashing at 500 °C for 4 h (Wright
et al. 2008). Water-extractable organic carbon (WEOC) was
obtained according to the method described in our previous
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report (Zeng et al. 2015). The soil pH was examined using a
digital pH meter (for water/soil ratio of 2.5:1). The soil mois-
ture was measured from the mass loss upon drying at 105 °C
overnight (Wu et al. 2013). Ammonium nitrogen content
(NH+ 4-N) was examined by indophenol blue colorimetry
method, and nitrate nitrogen content (NO− 3-N) was deter-
mined by phenol disulfonic acid spectrophotometric method
(Lu 1999).

High-throughput sequencing and qPCR

DNAwas extracted from 0.8 g of soil using a method which
has been previously described (Yang et al. 2007). The DNA
was divided into two equal parts. One part was used in high-
throughput sequencing (the triplicate of each treatment was
mixed) and the other part was used in qPCR. The DNA for
high-throughput sequencing was sequenced on an Illumina
Miseq PE300 platform (Illumina, San Diego, USA). The
338F and 806R, which were the V3 regions of the bacterial-
specific fragment 16S rRNA, were chosen as primers (Dennis
et al. 2013). Data of high-throughput sequencing were ana-
lyzed as follows: (a) any ambiguous reads or low-quality reads
were removed; (b) taxonomy of the qualified sequence reads
(using RDP classifier, at a 97 % identity threshold) were
assigned; (c) singletons and putative chimeras were removed;
and (d) diversity and richness indices (Shannon-Weaver index

(H), chao1 estimator, and ACE estimator) were calculated to
assess the internal (within-sample) complexity of individual
microbial populations (Xu et al. 2014).

Gene nirK, nirS, and nosZ served as denitrifying bacteria
gene markers. Gene ammonia-oxidizing archaea (AOA) and
ammonia-oxidizing bacteria (AOB) served as nitrification
functional markers. The qPCR of these genes was completed
using an iCycler IQ5 Thermocycler (Bio-Rad, USA). The
reactants of qPCR contained 10 μL of 2× SYBR Real-time
PCR Premixture (Bioteke, Beijing), 0.2 μMof primer, 1 μL of
template DNA, and 8.6 μL of sterile water. PCR conditions
and primers used for qPCR are listed in the Supporting
Information Table S1. Tenfold serial dilutions of linearized
plasmids containing each gene were used to create the stan-
dard curves for qPCR (Wu et al. 2015). The initial copy num-
ber of each gene was calculated by comparing the threshold
cycle values with the standard curve (Wu et al. 2015).

Data analysis

The multivariate relationships, between the bacterial commu-
nity structure and the soil properties, were determined using
Canoco (version 4.5, Centre for Biometry, Wageningen,
Netherlands). Detrended correspondence analysis (DCA)
was finished. The length of the first DCA ordination axis
was 0.970, which clearly indicated a linear species response.

Fig. 1 The whole procedure of
the proposed method
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Accordingly, redundancy analysis (RDA)with default settings
was performed to ordinate the soil bacterial community struc-
ture with the soil properties (Lepš and Šmilauer 2003). The
distances between centroid points (representative of individu-
al samples) of ordination biplots indicated their level of bac-
terial community structure similarity (Wu et al. 2013). In the
forward selections, a Monte Carlo permutation test with 499
unrestricted permutations was carried out to determine the
parameters that significantly affected the bacterial community
structure (Lepš and Šmilauer 2003).

A Pearson correlation analysis was completed to test the
univariate correlations between each parameter. The mean
values among each treatment were compared by one-way
analysis of variance (ANOVA), where the post hoc Tukey’s
test was used to examine the significant differences (p < 0.05)
in the data. All of the analyses were completed using SPSS
(version 19).

Accession numbers

Sequence data of high-throughput sequencing have been de-
posited (accession number SRX1434824) in the NCBI.

Results

Responses of soil properties to amendments

Soil properties of each treatment are shown in Table 1. There
was no significant difference among the pH of SB, SBC, and
S. The pH of SC, SBced, and SBCing were lower than that of
S, and that of SBCing was the lowest one. Comparing with the
WEOC of S, SB had no significant change, and others caused
an obvious increase (SBCing had the biggest increase). The
NH+ 4-N contents of SC and SBCing were significantly
higher than that of S. However, there was no significant dif-
ference between the NH+ 4-N contents of SB, SBC, and
SBced and that of S. The NO− 3-N content of SB was similar
with that of S, and the NO− 3-N content of others (SC >
SBCing > SBC > SBced) was obviously higher than that of S.

Responses of soil bacterial community to amendments

After demultiplexing and quality filtering, 72,246 high-quality
sequences were obtained in total. The ACE estimator and the
Chao1 estimator (Table 2) showed that all amendments in-
creased the bacterial community richness (the Chao1 estima-
tor showed that SB decreased the bacterial community rich-
ness). SBCing had the greatest efficiency of increasing the
bacterial community richness, while SB had the lowest effi-
ciency of that. The Shannon index (Table 2) showed that all
amendments increased the bacterial community diversity, and
the rule of the samples’ bacterial community diversity was

SBCing > SBC > SC > SBced > SB > S. The samples’ bac-
terial community richness and diversity implied that BCing
had the greatest efficiency on soil amendment. The coverage
of each sample was above 0.98 (Table 2), which indicated that
this study could uncover the true changes of the soil bacterial
community. The hierarchical clustering based on OUT infor-
mation (Fig. 2) was also finished. As presented by the cluster
analysis, the samples of SBCing, SBC, and SC were closer to
each other and the samples of S, SBced, and SB were closer to
each other.

The most abundant phyla were Proteobacteria ,
Ac t i nobac t e r i a , Ac idobac t e r i a , Bac t e ro ide t e s ,
Gemmatimonadetes, Chloroflexi, Verrucomicrobia, and
Candidate division TM7, and these taxa accounted for more
than 95% of the bacterial sequences (Fig. 3). All amendments
decreased the relative abundance of Proteobacteria from 47.7
to 38.6–46.3%. The relative abundance ofActinobacteriawas
highest in SB (31.8 %) and was lowest in SBC (11.5 %). On
the contrary, the relative abundance of Bacteroideteswas low-
est in SB (5.8 %) and was highest in SBC (21.4 %). The
relative abundance of Acidobacteria of SBced (16.7 %) was
higher than that of S (16.2 %) and that of others (10.4–13.0%)
was lower than that of S. Similar to the Acidobacteria, the
relative abundance of Gemmatimonadetes of SBced (8.1 %)
was higher than that of S (7.4 %) and that of others (3.3–
5.8 %) was lower than that of S. The relative abundances of
Chloroflexi, Verrucomicrobia, and Candidate division TM7
showed no obvious changes under amendment.

Those genera, which have a relative abundance above
1.5 % in at least two samples, were selected for analysis. As
shown in Table 3, at the genus level the relative abundances of
Lysobacter, Subgroup 6 norank, and Thermomonas of S were
higher than 10%. All amendment decreased their abundances.
The relative abundances of Tamlana and Parapedobacter of
S, SB, and SBced were 0, while that of amendments with
material containing composted products (SC, SBC, and
SBCing) were 1.4–5.0 and 0.9–5.0 %, respectively. The rela-
tive abundances of Luteimonas of S, SB, and SBced were 0,
while that of amendments with material contain composted
products (SC, SBC, and SBCing) was 1.5–2.6 %. The relative
abundance of Aquamicrobium of S, SB, and SBced was 0,
while that of amendments with material containing composted
products (SC, SBC, and SBCing) was 1.1–2.2 %.

The RDA biplot of the soil bacterial community structure
and the investigated soil properties are shown in Fig. 4. All
soil properties could explain 71.7 % of the variation in the
species data (Supporting Information Table S2). The commu-
nity variation explained by the soil properties decreased as
follows: NH+ 4-N > NO− 3-N > WEOC > pH. Moreover,
NH+ 4-N, NO− 3-N, and WEOC could be used to explain
43.6 % of the variation in the species data. As shown in
Supporting Information Table S3, the ACE estimator, Chao1
estimator, and Shannon index were strongly correlated with
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WEOC (p < 0.05). The Shannon index was correlated with
(not strongly) NH+ 4-N (p = 0.06) and NO− 3-N (p = 0.06).
All of the aforementioned results suggested that NH+ 4-N,
WEOC, and NO− 3-N were the dominant influence factors
of the soil bacterial community structure.

Responses of 16S rRNA and functional marker genes
to amendments

Gene copy numbers of bacteria 16S rRNA, nirK, nirS, nosZ,
AOA, and AOB are shown in Fig. 5. There were significant
differences among each treatment. The gene copy numbers of
16S rRNA of S and SB were similar. However, other amend-
ments obviously increased the gene copy number and SBCing
had the greatest efficiency, which implied that BCing had the
greatest efficiency on soil amendment. Besides, Pearson’s cor-
relation coefficient showed that the gene copy number of 16S
rRNAwas strongly correlated with WEOC but not correlated
with TOC. Similar to 16S rRNA, the gene copy numbers of
AOA of S, SC, and SB were similar and other amendments
obviously increased the gene copy number. The gene copy
numbers of AOB of SB and SBCing were lower than those
of S, and those of SC, SBC, and SBced were obviously higher

than those of S. The gene copy numbers of nirS of SC, SB,
and SBC were lower than those of S, and those of SBced and
SBCing were higher than those of S obviously. All amend-
ments increased the gene copy numbers of nirK and SBced
had the greatest efficiency. On the contrary, compared to nirK,
all amendments decreased the gene copy numbers of nosZ and
SB had the greatest efficiency.

Discussion

Responses of soil properties to amendments

Compost addition, whether alone (SC) or combined with bio-
char (SBC, SBced, and SBCing), led to the reduction of soil
pH. This is because of humic acids isolated from organic
materials of compost (Zeng et al. 2015). Other studies also
found that Bced reduced the pH of neutral soil while biochar
did not change the pH (Zeng et al. 2013b; Borchard et al.
2014). The soil WEOC with biochar increased less than that
of other amendments, because carbon pool of biochar is

Table 1 Physicochemical properties (means ± SD, n = 3) of soil with addition of nothing (S), compost (SC), biochar (SB), mixture of biochar and
compost (SBC), composted biochar (SBced), and a composted mixture of biochar and biomass (SBCing)

Samples pH TOC (%) WEOC (mg/kg) NH+ 4-N (mg/kg) NO− 3-N (mg/kg)

S 7.57 ± 0.03ab 5.45 ± 0.09a 80.90 ± 1.37a 150.00 ± 4.51a 3.47 ± 0.15a

SC 7.27 ± 0.06c 6.64 ± 0.13b 110.07 ± 8.42bc 165.33 ± 1.90bc 46.44 ± 4.81b

SB 7.72 ± 0.03a 7.70 ± 0.06c 81.03 ± 2.35a 145.17 ± 3.74a 3.11 ± 0.10a

SBC 7.54 ± 0.05b 7.28 ± 0.08c 97.93 ± 1.11b 153.67 ± 4.63ab 24.10 ± 3.92c

SBced 7.30 ± 0.07c 7.47 ± 0.09c 112.50 ± 4.33c 149.63 ± 0.35a 15.06 ± 1.46d

SBCing 7.19 ± 0.09c 7.45 ± 0.31c 131.83 ± 6.24d 169.54 ± 8.77c 32.48 ± 3.24e

There were significant differences (p < 0.05) among the treatments which had no same letter with the same property

TOC total organic carbon, WEOC water-extractable organic carbon

Table 2 The bacterial community richness and diversity of soil with
addition of nothing (S), compost (SC), biochar (SB), mixture of biochar
and compost (SBC), composted biochar (SBced), and a composted
mixture of biochar and biomass (SBCing)

Sample Reads OTU Ace Chao Shannon Coverage

S 7669 470 552 587 4.67 0.985526

SC 6906 526 604 589 5.04 0.984506

SB 8203 486 577 569 4.73 0.986346

SBC 11640 571 614 615 5.15 0.993299

SBced 8502 517 608 636 4.9 0.985768

SBCing 8788 550 638 654 5.25 0.986800

Richness indicators: Ace the ACE estimator, Chao the Chao1 estimator.
Diversity indicators: Shannon the Shannon index, Coverage the Good’s
coverage

Fig. 2 The hierarchical clustering based onOUT information of soil with
addition of nothing (S), compost (SC), biochar (SB), mixture of biochar
and compost (SBC), composted biochar (SBced), and a composted
mixture of biochar and biomass (SBCing)
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relatively stable and insoluble (Beesley et al. 2014; Zeng et al.
2015). Other studies also found that biochar caused an obvi-
ous change in the concentration of WEOC (Clemente et al.
2012; Jones et al. 2012). The changes of TOC and WEOC
caused by combined amendments (SBC, SBced, and SBCing)
were the results of combined impact of compost and biochar

(Zeng et al. 2015). Compost could provide nutrients (such as
NH+ 4-N and NO− 3-N) to soil, and biochar could adsorb
nutrients from soil. Moreover, the changes of NH+ 4-N and
NO− 3-N were the results of combined impacts of them.

Responses of soil bacterial community to amendments

The results of this study showed that all the amendments could
increase the bacterial community richness (the Chao1 estima-
tor showed that SB decreased the bacterial community rich-
ness) and SBCing had the greatest efficiency while SB had the
lowest efficiency. This was because all amendment materials
provided nutrients for soil bacterial growth, but most of bio-
char was unlikely used by soil microbes (Karami et al. 2011;
Beesley et al. 2014; Xu et al. 2014; Zeng et al. 2015). Due to
the same reason, all amendments increased the bacterial com-
munity diversity, and the rule of the samples’ bacterial com-
munity diversity was SBCing > SBC > SC > SBced > SB > S.
Xu et al. also found that biochar could not cause the obvious
increase in soil bacterial community diversity (Xu et al. 2014).

Fig. 3 The phylum distribution
of soil with addition of nothing
(S), compost (SC), biochar (SB),
mixture of biochar and compost
(SBC), composted biochar
(SBced), and a composted
mixture of biochar and biomass
(SBCing)

Table 3 Relative abundances (%) of abundant genera of soil with
addition of nothing (S), compost (SC), biochar (SB), mixture of biochar
and compost (SBC), composted biochar (SBced), and a composted
mixture of biochar and biomass (SBCing)

Genera S SC SB SBC SBced SBCing

Lysobacter 16.6 10.6 13.3 8.5 13.6 7.4

Subgroup_6_norank 10.8 8.0 8.0 5.9 10.7 8.9

Thermomonas 10.4 7.4 5.9 5.3 9.0 4.3

Sphingomonas 6.1 4.3 2.2 5.1 5.9 2.9

Patulibacter 1.6 7.1 7.0 0.6 1.9 1.3

Flavisolibacter 3.7 2.4 2.0 4.2 3.0 1.7

Marmoricola 3.1 2.6 5.1 1.1 2.3 3.0

Gemmatimonadaceae 2.8 1.1 3.3 1.6 3.9 1.8

Acidimicrobiales 2.6 1.0 3.0 2.0 2.3 1.9

Nitrosomonadaceae 2.7 1.0 3.2 1.4 3.0 1.8

Gemmatimonas 3.6 2.0 1.7 1.7 3.1 1.0

Tamlana 0.0 1.4 0.0 5.0 0.0 3.0

Ramlibacter 1.9 1.1 2.9 1.3 2.3 1.0

Arthrobacter 0.9 1.5 4.1 0.6 0.9 1.5

Blastocatella 1.5 1.8 0.9 1.9 1.6 1.3

Parapedobacter 0.0 0.9 0.0 2.3 0.0 5.0

Intrasporangiaceae 0.7 1.7 2.3 0.6 0.6 0.9

Luteimonas 0.0 1.8 0.0 1.5 0.0 2.6

Nocardioides 1.5 0.7 2.3 0.3 0.7 0.7

Aquamicrobium 0.0 1.1 0.0 2.2 0.0 2.0

Fig. 4 Redundancy analysis for bacterial community structure and soil
properties. Samples of soil with addition of nothing (S), compost (SC),
biochar (SB), mixture of biochar and compost (SBC), composted biochar
(SBced), and a composted mixture of biochar and biomass (SBCing) are
indicated by open circles. Soil properties are represented by solid lines
with filled arrows
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The soil bacterial communities of some treatments (such as S,
SBced, and SB) were similar. It was maybe because of their
similar nutrient content and ratio (such as C/N, which was
found to be significant in shaping the soil microbial commu-
nity composition) (Xu et al. 2014).

The genera information from the present study also sup-
ported this view, such as the following: (1) The relative abun-
dances of Tamlana and Parapedobacter of S, SB, and SBced
were 0, while those of SC, SBC, and SBCing were 1.4–5.0
and 0.9–5.0 %, respectively; (2) the relative abundances of
Luteimonas of S, SB, and SBced were 0, while those of SC,
SBC, and SBCing were 1.5–2.6 %; and (3) the relative abun-
dances of Aquamicrobium of S, SB, and SBced were 0, while
those of SC, SBC, and SBCing were 1.1–2.2 %. All above
illustrated that amendments could increase the bacterial com-
munity diversity; soil bacterial communities of SBCing, SBC,
and SC were closer to each other; and the soil bacterial com-
munities of S, SBced, and SB were closer to each other.

Our results also showed that NH+ 4-N, WEOC, and NO−
3-N were the dominant factors that influenced the soil bacte-
rial community structure. Thismay be because these soil prop-
erties can regulate the nutrient content in the soil, which fur-
ther affect the soil bacterial community structure (Wu et al.
2013, 2015). We also found that the ACE estimator, Chao1
estimator, and Shannon index were strongly correlated with
WEOC, which suggested that soil bacterial abundance and
diversity were strongly correlated withWEOC. However, oth-
er studies argued that soil microbial biomass and bacterial
community diversity were strongly correlated with TOC

(Wu et al. 2013, 2015). This difference was because in most
of biochar, carbon pool of biochar was relatively insoluble and
stable, unlike what was used by soil microbes (Karami et al.
2011; Beesley et al. 2014; Xu et al. 2014; Zeng et al. 2015).

Responses of 16S rRNA and functional marker genes
to amendments

This study showed that the gene copy numbers of 16S rRNA
of S and SB were similar. It means that the bacterial abun-
dances at the DNA level of S and SB were similar. This result
was in accordance with other studies (Harter et al. 2014; Xu
et al. 2014). Other amendments obviously increased the gene
copy number, and SBCing had the greatest efficiency. It
means that other amendments could obviously increase the
bacterial abundance and SBCing had the greatest efficiency,
which was the result of these amendment materials providing
nutrients for soil bacterial growth. The change in the bacterial
abundance determined the bacterial metabolic potential,
which was consistent with the change in the soil CO2 efflux
(Poret-Peterson et al. 2007; Li et al. 2010;Wu et al. 2013). The
change in the gene copy numbers of 16S rRNA would affect
carbon exchange throughout the ecosystem. Further study is
needed to determine how the carbon exchange of the entire
ecosystem would be affected. However, in general, such a
large increase in the gene copy numbers of 16S rRNAwould
reduce the carbon storage of the wetland.

The gene copy numbers of AOA, AOB, nirK, nirS, and
nosZ could indicate the activity and abundance of nitrifiers

Fig. 5 Gene copy numbers of
bacterial 16S rRNA, AOA, AOB,
nirK, nirS, and nosZ in the soil
with addition of nothing (S),
compost (SC), biochar (SB),
mixture of biochar and compost
(SBC), composted biochar
(SBced), and a composted
mixture of biochar and biomass
(SBCing). Different letters of the
same indicator indicate significant
difference (p < 0.05) between
each treatment
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and denitrifiers. The results of this study demonstrated the
significant differences of the gene copy numbers of these
functional marker genes between each treatment. Part of the
result was in agreement with the previous studies. For
example, Xu et al. (2014) found that biochar could not cause
obvious changes in the gene copy numbers of AOA, nirK, and
nirS. The significant changes in the gene copy numbers of
these functional marker genes in other treatments could affect
the gas (e.g., N2O, NO, and N2) emissions and nitrogen cy-
cling of the ecosystem. Further study is needed to determine
how the N2O emission and nitrogen cycling of the entire eco-
system would be affected.
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