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• Biochar-based fertilization altered the
nutrient status and microbial commu-
nity structure of karst soils.

• Biochar-based fertilizer amendment re-
sulted in the activation of more OTUs
and more complex interspecific interac-
tions.

• Biochar-based fertilizer enabled more
keystone species to participate in car-
bon resource management and nutrient
cycling.
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Biochar-based fertilizer amendment can improve soil properties partly due to stimulatedmicrobial activities and
growths. The karst ecosystem is prone to degradation and accounts for a large proportion of southwest China. Un-
derstanding of the response of the microbial community structure to biochar-based fertilizer application is of
great significance in karst soil restoration. A field experiment located in southwest China was conducted in typ-
ical karst soil, and a high-throughput sequencing approach was used to investigate the effect of biochar-based
fertilizer application on microbial community structure in karst soil. Field trials were set up for 24 months
using the following treatments: control (CK), compost plus NPK fertilizer (MF), biochar (B), less biochar (half
the quantity of biochar in B) plus compost and NPK fertilizer (B1MF), biochar plus compost and NPK fertilizer
(BMF), and more biochar (double the quantity of biochar in B) plus compost and NPK fertilizer (B4MF). The re-
sults elucidated that BMF and B4MF treatments had higher contents of soil carbon and soil nutrients N, P, and K
than the other treatments. Soil microbial abundance and diversity were significantly increased by biochar-based
fertilizer amendments (BMF and B4MF), compared to CK (P< 0.05). BMF and B4MF treatments significantly in-
creased the relative abundance of dominant microorganisms, compared to CK (P < 0.05). The difference in the
composition of indicator microbes between each treated group indicated that soil amendments altered the mi-
crobial community structure. There was a strong correlation between soil properties (soil C-, N-, and P-
fractions) and microbial community structure. Furthermore, network analysis revealed that the addition of
biochar-based fertilizer increased the scale and complexity of the microbial co-occurrence network. To summa-
rize, the application of biochar-based fertilizer enabled more keystone species in the soil microbial network to
participate in soil carbon resource management and soil nutrient cycling, indicating that biochar-based fertilizer
is beneficial for the restoration of karst-degraded soils.
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1. Introduction

The karst landform is a geological landscape with special hydrologi-
cal conditions and geomorphological features. It is formed under certain
geological, climatic, and hydrological conditions by the erosion and
transformation of soluble rocks (mainly carbonate rocks) mediated by
surface water and groundwater, which is produced by the combination
of highly soluble rocks and fully developed secondary pores (Ford and
Williams, 2007). The distribution area of karst landforms accounts for
approximately 12.53% of the global land area (except Antarctica, Green-
land and Iceland), and southwestern China is the largest concentrated
and contiguous karst region in the world (Ford and Williams, 2007;
Liu et al., 2016). Karst ecosystems are extremely vulnerable and prone
to rocky desertification (Liang et al., 2015). Rocky desertification is the
land degradative process during which human activities interfere with
surface vegetation and cause severe soil erosion, large bedrock expo-
sure, severe degradation of land productivity, and desert-like landscape
under the natural background of humid and semi-humid climate condi-
tions and karst development in tropical and subtropical regions
(Williams, 1993; Sauro, 1993; Yuan, 1997). Karst rocky desertification
leads to significant negative impacts on the local natural environment
and socio-economic conditions (Chen et al., 2011; Jiang et al., 2014).
Ecological restoration measures such as afforestation and soil improve-
ment have been applied to combat karst rocky desertification (Li et al.,
2020a, 2020b). In agricultural soil, biochar has proven to be a promising
soil amendment (Yao et al., 2017). Thus, in the present study, we ap-
plied biochar to karst soil with the expectation that it would have a pos-
itive and beneficial impact on the soil nutrient status and microbial
community structure of karst soil.

As a carbon-rich material, biochar is produced from biomass raw
materials such as crop residues or wood under anoxic conditions at a
pyrolysis temperature of <700 °C (Marris, 2006; Roberts et al., 2010).
Biochar has a stable structure and is not easily decomposed bymicrobes
(Chun et al., 2004; Gaunt and Lehmann, 2008). It is a porous alkaline
material with strong adsorption ability, huge surface area, and low
bulk density (Atkinson et al., 2010; Dumroese et al., 2011). Biochar ad-
dition changes the physical properties of soil, increasing porosity and
decreasing soil bulk density, which facilitates aggregate formation,
thereby improving the soil structure (Fungo et al., 2017; Pituello et al.,
2018). Biochar can alter the chemical properties of soil by enlarging cat-
ion exchange capacity (CEC) (Chintala et al., 2014). It also increases the
pHof acidic soils (VanZwieten et al., 2010), and can quickly enhance the
organic carbon contents of soil (Liu et al., 2012). Biochar can be used as
an absorbent to increase nitrogen use efficiency and reduce nitrogen
leaching (Xu et al., 2016). The surface area and porosity of biochar are
crucial for soil nutrient maintenance because both cations and anions
are bound to its surface (Liang et al., 2008; Chan and Xu, 2009; Ding
et al., 2010; Xu et al., 2014). The strong adsorption of NH4

+ on biochar
can reduce nitrogen volatilization (Bai et al., 2015), thereby improving
soil fertility and stimulating plant growth and development
(Alburquerque et al., 2014; Macdonald et al., 2014). Biochar can modu-
late microbial community structure and enzyme activity in soil by in-
creasing the microbial respiration rate (Steiner et al., 2007; Lehmann
et al., 2011; Rex et al., 2015). This can be done by enhancing microbial
biomass nitrogen, carbon, and phosphorus (Kuzyakov et al., 2009;
Zhang et al., 2015; Manirakiza et al., 2019) and by stimulating soil bac-
terial growth, especially diazotrophs (Deluca et al., 2009; Liu et al.,
2019). Biochar addition can reduce soil heterotrophic respiration
through increasing soil organic carbon recalcitrancy and decreasing ac-
tivities of carbon-degrading enzymes (Li et al., 2018). Furthermore, bio-
char can offer a physical niche for hyphae growth without fungal
herbivores, thereby stimulating the growth of soil fungi (Hammer
et al., 2014). Considering the pore size of biochar, soil herbivores larger
than collembola and smaller than protozoans are excluded (Atkinson
et al., 2010). For example, the root colonization sites of several
arbuscular mycorrhizae are increased with biochar (Warnock et al.,
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2007; Atkinson et al., 2010). Additionally, biochar possesses a poten-
tial synergistic effect on increasing the abundance and activity of
mycorrhizal fungi and promoting their penetration in plant roots
for colonization (Warnock et al., 2010; Yin et al., 2016). The fine-
structured biochar pores can reduce the oxygen concentration by
making the oxygen be dissolved in pore water and allowing the oxy-
gen to occupy the air-filled pore space, thereby ensuring nitrogenase
activities (Thies and Rillig, 2009). However, previous research has
demonstrated that the addition of biochar or biochar-based fertil-
izers significantly modulated the structure of the microbial commu-
nity in soil, which varied depending on the methods of biochar
application (e.g., applied alone or in combination with fertilizers)
(Wu et al., 2016).

Soil microorganisms are closely connected with the soil physico-
chemical properties, including the formation of humus, soil organic
matter decomposition, the transformation of soil substances, and nutri-
ent cycling (Fierer, 2017). Additionally, due to the sensitivity of soil mi-
croorganisms to environmental changes, the community structure,
composition, and diversity of soil microorganisms can be employed as
crucial indicators for soil quality and fertility evaluation (Jeffries et al.,
2003; Luo et al., 2016; Tian et al., 2018). Previous research revealed
that land use intensity, as an important causal factor of karst ecosystem
degradation, could alter the bacterial community structure and bacterial
interactions in karst soils (Xue et al., 2020). The application of biochar in
combination with chemical fertilizers could change the microbial com-
munity structure, enhance the microbial metabolic activity, and im-
prove soil quality (Tian et al., 2016). Therefore, we hypothesized that
understanding the response of microbial communities to biochar or
biochar-based fertilizer could enable more effective amelioration of
karst-degraded soils. Recently, high-throughput sequencing technology
has become a powerful tool for studying soil microorganisms due to its
advantages of high throughput, high accuracy, and ability to analyze a
large number of samples simultaneously (Xia and Jia, 2014). Ecological
network analysis is a method based on the random matrix theory
(RMT) to study the internal interactions of ecosystems (Luo et al.,
2007). With the development of this method, combined with data
from high-throughput sequencing, a solution is provided for under-
standing the potential interactions within microbial communities
(Zhou et al., 2010; Zhou et al., 2011).

This study aims to assess the potential improvements of biochar and
biochar-based fertilizer on the soil nutrient status and soil microbial
community structure of a karst mountainous area in southwestern
China. We hypothesized that the application of biochar-based fertilizer
in barren karst soil would i) change the soil microbial diversity, abun-
dance and composition; ii) improve soil nutrient status because of bio-
char's ability to hold soil nutrients; and iii) increase the complexity of
the soil microbial community network. Therefore, we performed a
field experiment to evaluate the response of soil properties, soil micro-
bial communities, and molecular ecological networks to biochar and
biochar-based fertilizer.

2. Materials and methods

2.1. Experimental sites and biochar-based fertilizer

The study field was located in Puding County, Guizhou Province,
China (105°45′33″E, 26°19′51″N). The study area is 1250 m above sea
level. The typical karst landform in this area belongs to the humid
north subtropical monsoon climate, with terrain slopes between 18
and 22 degrees, annual precipitation of 1396.9 mm, and an average an-
nual temperature of 15.1 °C (Wang et al., 2014; Zhou et al., 2019). Ac-
cording to the Soil Survey Staff, the field soil is classified as sandy
loam calcareous soil (Rendolls) (Soil Survey Staff, 2014). The resource
and use of biochar-based fertilizer were according to our previous ex-
perimental method (Zhou et al., 2019). More details can be found in
the supplementary files.
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2.2. Experimental design and sample collection

As an important method of vegetation restoration, the black locust
plantation is widely used to prevent rocky desertification in the karst
area of southwestern China. We selected a black locust plantation
established in 2014 for this study. Each treatment had 10m× 10m trip-
licate plots based on a randomized block design. There was a total of six
treatments, including the control (CK), compost plus NPK fertilizer
(MF), biochar (B), less biochar (half the quantity of biochar in B) plus
compost and NPK fertilizer (B1MF), biochar plus compost and NPK fer-
tilizer (BMF), and more biochar (double the quantity of biochar in
B) plus compost and NPK fertilizer (B4MF). Biochar-based fertilizers
(B1MF, BMF, and B4MF) were prepared following the method used in
our previous study (Zhou et al., 2019). More details regarding the set-
tings for each treatment are displayed in supplementary files and
Table S1. Considering the thickness heterogeneity of karst soils, the sur-
face soil at a depth of 10 cm in each plotwasfirstmixed thoroughlywith
soil amendments using a shovel, and then themixed soil was backfilled,
evenly covered and lightly compacted. Considering the potential distur-
bance of the aforementioned process on surface plants, the same tillage
was applied to CK.

The experiment was initiated on September 28, 2016, and the soil
samples were collected after 24 months (October 2, 2018). Five soil
samples were randomly collected using a soil corer (diameter: 50
mm) at a depth of 0–10 cm in each plot. These five soil samples were
mixed to make a sample for each treatment. A total of 18 samples
were collected, immediately placed in an icebox, and then transported
to the laboratory for passing through a 2.0-mm sieve. Subsequently,
one part of the sample was stored at 4 °C for analyzing soil chemical
and physical properties, and the other part was stored at−80 °C for mi-
crobial sequencing.

2.3. Chemical analysis of the soil samples

The soil pHwas measured at a soil:water ratio of 1:2.5 (w/v) using a
pH meter (Metro-pH 320; Mettler-Toledo Instruments Ltd., Shanghai,
China). The total nitrogen (TN) and total carbon (TC) were determined
using a 2400 Series II CHNS/O System elemental analyzer (PerkinElmer
Instruments Ltd., Shanghai, China). After reflux digestion with
hydrofluoric acid nitric acid, and perchloric acid, the profile DV
(Teledyne Leeman Labs, USA) inductively coupled plasma atomic emis-
sion spectrometer (ICP-AES) was employed to determine total Potas-
sium (TK) and total phosphorus (TP). Soil organic carbon (SOC) was
measured by the potassium dichromate oxidation-external heating
method (Fan et al., 2017). Soil available nitrogen (AN) was measured
by the alkali solution diffusion method (Webster, 2008). Soil available
phosphorous (AP) was extracted with 0.5 M NaHCO3 and determined
by the molybdenum‑antimony colorimetric method (Olsen, 1954).
Available potassium (AK) was extracted with 1 M NH4OAc and mea-
sured with a ScienNovo LT-FP6450 flame photometer (Shanghai Lilang
Scientific Instrument Co., Ltd., Shanghai, China) (Lu, 1999).

2.4. Microbial high-throughput sequencing

Bacterial 16S ribosomal RNA (rRNA) genes were amplified by
primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGAC
TACHVGGGTWTCTAAT-3′). Fungal internal transcribed spacer (ITS)
rRNA genes were amplified by primers ITS1F (5′-CTTGGTCATTTAGA
GGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′). Sequenc-
ing was performed, based on an Illumina MiSeq platform (San Diego,
CA, USA), by Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd.
(Shanghai, China). More details on the DNA metabarcoding molecular
analyses can be found in the supplementary files. The 16S rRNA and
ITS rRNA sequences were aligned with reference sequences based on
the Silva database (http://www.arb-silva.de, version 132) (Quast et al.,
2013) and Unite database (http://unite.ut.ee/index.php, version 8.0)
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(Kõljalg et al., 2005), respectively. The raw sequencing data have been
uploaded to the NCBI Sequence Read Archive database (Bacterial Acces-
sion Number: SRP292159; Fungal Accession Number: SRP295589).

2.5. Statistical analysis

The calculation of microbial α-diversity was conducted using
Mothur (version v.1.30.1) (Guo et al., 2019). The one-way analysis of
variance (ANOVA) with Duncan's test was performed using SPSS soft-
ware (version 19.0, Chicago, Illinois, USA) to analyze the differences in
soil properties and soil microbial α-diversity. The analysis of microbial
community composition, Principal coordinate analysis (PCoA), sample
hierarchical clustering, linear discriminant analysis effect size (Lefse),
redundancy analysis (RDA), and correlations of microbial community
with soil variables were performed using the free online Majorbio
Cloud Platform (https://cloud.majorbio.com/) (Ao et al., 2020).

2.6. Network analysis

According to previous descriptions (Shade and Handelsman, 2012;
Wei et al., 2020), we selected the representative operational taxonomic
units (OTUs) for network analysis. Additionally, according to the cluster
analysis, we divided the samples into three groups for network analysis,
namely, CK_MF, B_B1MF, and BMF_B4MF (classifying each pair as one
treatment group). Three molecular ecological networks were con-
structed, namely, a CK- and MF-treated soil microbial network (the
no-biochar network), a B- and B1MF-treated soil microbial network
(the low_carbon-biochar network), and a BMF- and B4MF-treated soil
microbial network (the high_carbon-biochar network). Using the
high-throughput sequencing data from these three networks, the phy-
logenetic molecular ecology networks were constructed according to
the RMT. Network construction and determination of network attribute
parameters was performed on theMolecular Ecological Network Analy-
sis Pipeline (MENA, http://ieg4.rccc.ou.edu/mena) (Zhou et al., 2010;
Zhou et al., 2011; Deng et al., 2012). The major steps were as follows:
the OTU data were classified and uploaded according to the MENA for-
mat. The correlation matrix was constructed by calculating the
Pearson's correlation of any two OTUs (Horvath and Dong, 2008) and
then the correlation matrix was converted into a similarity matrix.
Based on the RMT, the similarity thresholdwas automatically identified,
and then the similarity matrix was converted into an adjacency matrix
to the connection strength between OTU nodes. According to the deter-
mined similarity threshold, the network properties were calculated
(Network reports in MENA), and then by putting the network file and
the node attribute file, Cytoscape 3.4.0 software was used to visualize
the network (Shannon et al., 2003). Through network visualization,
the network structure properties were displayed, including the number
of nodes (i.e. the number of species in a network), the connection be-
tween nodes (i.e. the relationships between species), and the properties
of modules (i.e. the characteristics of functional units in an ecosystem)
(Newman, 2006; Zhou et al., 2010). Finally, the role of nodes was classi-
fied based on the connectivity among modules (Pi) and connectivity
within modules (Zi), as well as the high mean node degree (Deng
et al., 2012; Berry and Widder, 2014; Banerjee et al., 2019; Wei et al.,
2020).

3. Results

3.1. Soil properties

The pH, TC, TK, SOC, AN and AP were significantly increased by soil
amendments (P < 0.05). The soil C-, N-, and P-fractions (i.e. TC, TP,
and AN) were significantly increased at B compared to MF (Table 1).
The TN and TP were significantly increased by the biochar treatments
(B, B1MF, BMF and B4MF, P< 0.05). The AK was significantly increased
by MF, BMF, and B4MF treatments (P < 0.05). Additionally, all the soil
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Table 1
Soil physicochemical properties under different treatments.

Treatments pH TC(%) TN(%) TP(g/kg) TK(g/kg) SOC(%) AN(mg/kg) AP(mg/kg) AK(mg/kg)

CK 7.42 ± 0.05a 4.53 ± 0.08a 0.53 ± 0.03a 0.79 ± 0.24a 7.18 ± 0.10a 3.03 ± 0.07a 197.71 ± 6.64a 5.21 ± 0.20a 118.73 ± 1.44a
MF 7.51 ± 0.02b 6.00 ± 0.14b 0.69 ± 0.04ab 0.92 ± 0.37a 8.25 ± 0.10b 5.16 ± 0.11b 356.92 ± 23.49b 7.05 ± 0.14b 245.53 ± 55.46b
B 7.56 ± 0.08b 7.77 ± 0.12c 0.86 ± 0.06b 1.42 ± 0.07b 7.89 ± 0.08c 5.14 ± 0.03b 466.31 ± 3.03c 6.48 ± 0.57c 134.82 ± 8.50a
B1MF 7.53 ± 0.04b 8.53 ± 0.39d 0.96 ± 0.07bc 1.39 ± 0.12b 7.74 ± 0.13c 5.21 ± 0.08b 446.05 ± 8.74c 7.07 ± 0.08b 189.1 ± 17.29ab
BMF 7.65 ± 0.06c 10.81 ± 0.54e 1.07 ± 0.04c 1.85 ± 0.11c 10.27 ± 0.09d 6.23 ± 0.03c 560.80 ± 6.73d 7.95 ± 0.84d 332.08 ± 24.63c
B4MF 7.78 ± 0.07d 12.62 ± 0.29f 1.29 ± 0.05d 2.16 ± 0.22d 13.54 ± 0.09e 6.52 ± 0.06c 579.48 ± 10.92d 8.14 ± 0.63d 350.22 ± 9.54c

F values
Treatments 28.51⁎⁎ 229.84⁎⁎ 56.76⁎⁎ 12.61⁎⁎ 69.38⁎⁎ 25.03⁎⁎ 63.77⁎⁎ 18.66⁎⁎ 30.9⁎⁎

TC, total carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; SOC, soil organic carbon; AN, available nitrogen; AP, available phosphorus; and AK, available potassium. The
results were given as mean ± SD (standard deviation). Different lowercase letters within a column indicate significant differences at the P = 0.05 level among the different treatments.
⁎⁎ Statistically significant at P = 0.01, with Duncan's test.
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properties were significantly increased by BMF and B4MF treatments
(P < 0.05, Table 1). The B4MF treatment had the highest values of soil
variables, but the differences of SOC, AN, AP, and AK between B4MF
and BMF treatments were not significant (P > 0.05, Table 1). The one-
way ANOVA indicated that the soil physicochemical properties were
significantly affected by different treatments (P < 0.01) (Table 1).

3.2. Microbial α-diversity

OTUs (OTU quantities), diversity indices (Shannon and Simpson), and
richness indices (ACE andChao1)were compared betweendifferent treat-
ments in bacterial and fungal communities, respectively (Table 2). Bacte-
rial OTUs, Shannon diversity index, ACE richness index, and Chao1
richness indexwere significantly increased by soil amendments compared
to CK (P<0.05). Bacterial Simpsondiversitywas significantly increased by
soil amendments compared to CK (P < 0.05). BMF and B4MF treatments
had significantly higher bacterial OTU quantities than other treatments
(P < 0.05). The bacterial Shannon diversity index significantly increased
at BMF and B4MF treatments compared to CK, MF, and B treatments (P
< 0.05). Except for comparison with CK, the bacterial Simpson diversity
index did not change significantly between other treatments. (P > 0.05).
B1MF, BMF and B4MF treatments had significantly higher bacterial ACE
and Chao1 richness indices than other treatments (P < 0.05). The one-
way ANOVA indicated that the treatments significantly affected the values
of bacterial OTUs, Shannon diversity index, ACE richness index, Chao1
richness index (P<0.01), and Simpson diversity index (P<0.05, Table 2).

BMF and B4MF treatments significantly increased fungal OTU quanti-
ties (OTUs) and richness indices (ACE and Chao1) compared to CK (P <
Table 2
Estimated numbers of observed richness and diversity for different treatments.

Treatments OTUs Shannon Si

Bacteria
CK 1771.33 ± 50.33a 6.18 ± 0.08a 0.
MF 1869.00 ± 49.87b 6.34 ± 0.06b 0.
B 1874.33 ± 13.87b 6.37 ± 0.08bc 0.
B1MF 1990.67 ± 26.95c 6.47 ± 0.06 cd 0.
BMF 2073.00 ± 38.22d 6.51 ± 0.05d 0.
B4MF 2095.33 ± 36.12d 6.58 ± 0.05d 0.

F values
Treatments 33.91⁎⁎ 9.73⁎⁎ 7.

Fungi
CK 526.33 ± 172.24a 3.66 ± 0.14a 0.
MF 620.00 ± 74.75ab 3.89 ± 0.15b 0.
B 673.67 ± 10.50ab 3.89 ± 0.07b 0.
B1MF 678.00 ± 73.51ab 3.91 ± 0.10b 0.
BMF 755.00 ± 37.00b 4.26 ± 0.15c 0.
B4MF 791.33 ± 78.04b 4.40 ± 0.05c 0.

F values
Treatments 3.36⁎ 16.96⁎⁎ 8.

The resultswere given asmean±SD (standarddeviation). Different lowercase letterswithin a c
* and ** are statistically significant at P = 0.05 and P = 0.01 with Duncan's test, respectively.
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0.05, Table 2). The fungal Shannon diversity index was significantly in-
creased by soil amendments compared to CK (P < 0.05, Table 2). Fungal
Simpson diversity significantly increased at BMF and B4MF treatments
compared to CK, MF, and B treatments (P < 0.05, Table 2). The one-way
ANOVA indicated that treatments significantly affected the values of fun-
gal OTU quantities (OTUs) (P< 0.05) and diversity indices (Shannon and
Simpson) (P< 0.01, Table 2).

3.3. Microbial community composition and structure

The relative abundances at the bacterial phylum level revealed that
Actinobacteriawas themost dominant phylum, followedby Proteobacteria
(Fig. 1a). The relative abundances of Actinobacteria and Proteobacteria sig-
nificantly increased at BMF (39.59% and 29.01%, respectively) and B4MF
(41.14% and 30.37%, respectively) compared to CK (28.44% and 22.64%,
respectively) (P < 0.05; Figs. 1a; S1a). On the phylum level of fungi, the
values of relative abundances indicated that Ascomycota was the most
dominant phylum, followed by Mortierellomycota (Fig. 1b). The relative
abundances of Ascomycota were significantly increased by soil amend-
ments compared to CK (P < 0.05; Figs. 1b; S1b). BMF (79.65%) and
B4MF (84.38%) treatments had significantly higher relative abundances
of Ascomycota than other treatments (P < 0.05; Figs. 1b; S1b). Except
for theMF treatment, soil amendments significantly increased the relative
abundances ofMortierellomycota compared toCK (P<0.05; Figs. 1b; S1b).
The BMF treatment (15.5%) had the highest relative abundance of
Mortierellomycota compared to other treatments (P<0.05; Figs. 1b; S1b).

The PCoA on the OTU level clearly distinguished among the soil bacte-
rial and fungal communities under different treatments, respectively
mpson ACE Chao1

0061 ± 0.0009a 2199.11 ± 83.77a 2202.71 ± 44.55a
0040 ± 0.0006b 2356.18 ± 28.19b 2375.89 ± 54.45b
0040 ± 0.0005b 2420.65 ± 12.32b 2401.70 ± 25.61b
0041 ± 0.0004b 2536.48 ± 20.81c 2544.74 ± 31.69c
0039 ± 0.0005b 2577.00 ± 32.67c 2596.66 ± 57.03c
0037 ± 0.0004b 2588.96 ± 36.36c 2575.93 ± 38.09c

48⁎ 38.53⁎⁎ 36.69⁎⁎

0823 ± 0.0147a 578.06 ± 216.44a 579.30 ± 215.04a
0723 ± 0.0116ab 774.30 ± 35.97ab 771.80 ± 34.89ab
0667 ± 0.0112ab 814.38 ± 62.49ab 817.04 ± 67.53ab
0569 ± 0.0085bc 711.95 ± 128.62ab 709.41 ± 119.73ab
0408 ± 0.0116 cd 836.00 ± 128.35b 835.80 ± 125.15b
0363 ± 0.0054d 890.47 ± 104.68b 883.58 ± 108.47b

26⁎⁎ 2.29 2.28

olumn indicate significant differences at the P=0.05 level among the different treatments.



Fig. 1. Relative abundances on phylum level of a) bacteria and b) fungi under treatments: CK (no amendment), MF (compost plus NPK fertilizer), B (biochar), B1MF (biochar-based
fertilizer at half of the biochar amount in B), BMF (biochar-based fertilizer at B) and B4MF (biochar-based fertilizer at double the amount of biochar in B).
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(Fig. 2a, b). The total variance explained by the first two axes (PC1 and
PC2) were 47.51% and 47.16% of bacterial and fungal communities
under the six treatments sampled, respectively (Fig. 2). Based on the
Bray Curtis distance algorithm, hierarchical clustering trees on the OTU
level of all samples demonstrated that the bacterial and fungal commu-
nity structures could be classified into three groups, namely, the no-
biochar treated group (CK and MF), the low_carbon-biochar treated
group (B and B1MF), and the high_carbon-biochar treated group (BMF
and B4MF) (Fig. 3a, b). The bacterial and fungal PERMANOVA of the
Bray Curtis analysis demonstrated a significant difference between treat-
ments of soil bacterial and fungal samples (P < 0.01; Table S2), respec-
tively, and revealed a significant difference between treated groups of
soil bacterial and fungal samples, respectively (P < 0.01; Table S2).

3.4. Indicator microbes for each treated group

Indicator microbes are the specialized communities that represent
microbial communities with statistically significant differences (Huhe
et al., 2017). The LEfSe tool was employed to analyze the compositions
of bacterial and fungal communities. The taxa for each treated group
were displayed in the cladogram (Fig. 4a, b). The indicator bacteria of
the no-biochar (CK_MF) group were of the orders Blastocatellales
Fig. 2. The PCoA of a) bacterial community and b) fungal community. The PCoA plots were base
and fungal communities, respectively.
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(belonging to phylum Acidobacteria) and Solirubrobacterales (belonging
to phylum Actinobacteria) and the phylum Firmicutes (including class
Bacilli and family Bacillaceae). Those of the low_carbon-biochar
(B_B1MF) group were phyla Actinobacteria (including orders
Acidimicrobiales, Propionibacteriales, and Solirubrobacterales) and
Proteobacteria (including orders Rhizobiales and Rhodospirillales).
Those of the high_carbon-biochar (BMF_B4MF) group were phyla
Actinobacteria (including order Gaiellales), Bacteroidetes (including clas-
ses Flavobacteriia and Sphingobacteriia) and Proteobacteria (including
classesAlphaproteobacteria and BetaProteobacteria) (Fig. 4a). The indica-
tor fungi of the no-biochar groupwere the phylum Ascomycota (includ-
ing classes Dothideomycetes and Sordariomycetes), family Agaricaceae
(belonging to phylum Basidiomycota), and phylum Mortierellomycota
(including class Mortierellomycetes and family Mortierellaceae). Those
of the low_carbon-biochar group were phylum Ascomycota (including
classes Archaeorhizomycetes, Eurotiomycetes, Pezizomycetes, and
Sordariomycetes). Those of the high_carbon-biochar groupwere phylum
Ascomycota (including classes Eurotiomycetes and Sordariomycetes) and
class Agaricomycetes (belonging to phylum Basidiomycota) (Fig. 4b). The
indicator microbes with linear discriminant analysis (LDA) threshold at
3.5 in bacterial and fungal communities associated with each group are
presented in Fig. S2a and b, respectively.
d on the spearman_approx distance at the OTU level (97% sequence similarity) of bacterial



Fig. 3. Herarchical clustering trees of a) bacterial and b) fungal communities on OTU level (97% sequence similarity) under treatments of CK, MF, B, B1MF, BMF and B4MF.
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3.5. Relationship between microbial community structure and soil properties

The RDA of the relationship between microbial communities at the
phylum level and the soil physicochemical properties sufficiently
Fig. 4. LEfSe analysis of each treated group in a) bacterial community and b) fungal commu
associated with soils from the three treated groups.
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explained the changes in soil bacterial and fungal community struc-
tures. The first two axes of the RDA model accounted for 57.04% and
74.71% of the total variance in the bacterial and fungal communities,
respectively (Fig. 5a, b). According to the Mantel test (Table 3), SOC,
nity. Cladograms showed the phylogenetic distribution of bacterial and fungal lineages



Fig. 5. RDA analysis of the relationship between microbial communities at the phylum level and the soil physicochemical properties. a) bacterial community, b) fungal community.
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AN, and AP significantly influenced the bacterial community structure,
while the TC, TN, TP, SOC, AN, and AP significantly influenced the fungal
community structure. A Pearson's correlation analysis between the bac-
terial community and soil variables indicated that the relative abun-
dance of phylum Actinobacteria was significantly positively correlated
with the TP (P < 0.01), SOC (P < 0.01), AN (P < 0.05), and AP (P <
0.01), while the relative abundance of phylum Proteobacteriawas signif-
icantly positively correlated with the SOC (P < 0.05), AN (P < 0.05), AP
(P < 0.01), and AK (P < 0.05) (Fig. 6a). A Pearson's correlation analysis
between the fungal community and soil variables displayed that the rel-
ative abundance of phylum Ascomycotawas significantly positively cor-
related with the TC (P < 0.01), TN (P < 0.01), TP (P < 0.001), AN (P <
0.001), and AP (P < 0.01), while the relative abundance of phylum
Mortierellomycota was significantly positively correlated with the pH
(P < 0.05), TC (P < 0.01), TN (P < 0.001), TP (P < 0.05), SOC (P <
0.05), AN (P < 0.05), and AP (P < 0.01) (Fig. 6b).

3.6. Co-occurrence network structure of soil microbial communities

Based on dividing the treatments into three treated groups, three
networks were constructed, namely, the no-biochar network, the
low_carbon-biochar network, and the high_carbon-biochar network
(Fig. 7). The quantities of total nodes and total links in the
high_carbon-biochar network were higher than the two other net-
works, indicating that the high_carbon-biochar network was more
Table 3
Relationships betweenmicrobial community structure and environmental variables as re-
vealed by Mantel.

Soil variables Bacteria Fungi

Mantel r statistic P-value Mantel r statistic P-value

pH 0.068 0.093 0.291 0.065
TC 0.124 0.303 0.302⁎ 0.014
TN 0.210 0.101 0.163⁎⁎ 0.009
TP 0.086 0.579 0.091⁎ 0.036
TK 0.185 0.118 0.083 0.509
SOC 0.386⁎ 0.025 0.297⁎⁎ 0.001
AN 0.115⁎⁎ 0.006 0.339⁎⁎ 0.004
AP 0.263⁎ 0.017 0.128⁎ 0.041
AK 0.072 0.926 0.046 0.686

The Mantel tests were conducted based on 9999 permutations between microbial com-
munity structure (Bray-Curtis distance) and soil variables (Euclidean distance). The sym-
bols * and ** represent statistically significant differences at the 0.05 level and 0.01 level,
respectively.
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complex than the two other networks (Fig. 7; Table 4). Additionally,
the high_carbon-biochar network had a higher average degree and av-
erage clustering coefficient than the other two networks, suggesting
that the high_carbon-biochar network was the most complex network
among the three networks (Table 4). According to the number of
links, average degree, and average clustering coefficient, the
low_carbon-biochar network was more complex than the no-biochar
network. The number of positive links in the no-biochar, low_carbon-
biochar, and high_carbon-biochar networks were 219, 253 and 283,
respectively, accounting for 62.9%, 69.3%, and 56.1% of the total number
of corresponding links, suggesting that positive co-occurrence patterns
predominated in the corresponding network (Fig. 7, Table 4). The num-
ber of negative links in the no-biochar, low_carbon-biochar, and
high_carbon-biochar networks were 129, 112 and 221, respectively, ac-
counting for 37.1%, 30.7%, and 43.8% of the total number of correspond-
ing links, indicating a more competitive correlation among microbes in
the high_carbon-biochar network (Fig. 7, Table 4). The no-biochar net-
work had a lower average path distance and modularity than the other
two networks, indicating that the no-biochar network was more sus-
ceptible to interference from the external environment than the other
two networks, while the high_carbon-biochar networkwasmore stable
than the other two networks (Table 4). There were 21 bacterial and
5 fungal keystone species in the no-biochar network, namely, 11 bacte-
rial keystone species from phylum Actinobacteria, 1 bacterial keystone
species from phylum Chloroflexi, 1 bacterial keystone species from phy-
lum Firmicutes, 1 bacterial keystone species from phylum Nitrospirae,
7 bacterial keystone species from phylum Proteobacteria, and 5 fungal
keystone species from phylum Ascomycota (Table S3). The
low_carbon-biochar network had a total of 23 bacterial and 6 fungal
keystone species, namely, 3 bacterial keystone species from phylum
Acidobacteria, 11 bacterial keystone species fromphylumActinobacteria,
1 bacterial keystone species from phylum Chloroflexi, 1 bacterial key-
stone species from phylum Firmicutes, 7 bacterial keystone species
from phylum Proteobacteria, 5 fungal keystone species from phylum As-
comycota, and 1 fungal keystone species fromphylumMortierellomycota
(Table S3). A total of 36 bacterial and 9 fungal keystone species were
contained in the high_carbon-biochar network, namely, 6 bacterial key-
stone species from phylum Acidobacteria, 12 bacterial keystone species
from phylum Actinobacteria, 1 bacterial keystone species from phylum
Bacteroidetes, 1 bacterial keystone species from phylum Nitrospirae, 15
bacterial keystone species from phylum Proteobacteria, 1 bacterial key-
stone species from phylum Verrucomicrobia, 8 fungal keystone species
from phylum Ascomycota, and 1 fungal keystone species from phylum
Mortierellomycota (Table S3).



Fig. 6. Pearson's correlation analysis between the microbial community and soil variables. a) bacterial community, b) fungal community. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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4. Discussion

4.1. Alterations in composition and structure of microbial community

The addition of biochar led to increased bacterial and fungal diver-
sity, which indicated that the microbial community diversity increased.
This change is mainly due to the high porosity of biochar, which pro-
vides habitats for microorganisms, protecting them from predators
and increasing niches that support more microbial diversity (Lehmann
et al., 2011). Themicrographs of scanning electronmicroscopy revealed
that bacteria and fungi could colonize the biochar pores (Lehmann et al.,
2011). In themanufacturing process of biochar, the pyrolysis of biomass
feedstock can convert several nutrients so that they can be used for mi-
crobial metabolism (Ameloot et al., 2013). Additionally, the biochar
pore structure makes biochar have a larger specific surface area,
allowing more chemical functional groups to adhere to the biochar,
thus increasing its physical and chemical adsorption of soil nutrients,
which in turn can be utilized by microorganisms (Hanzel et al., 2013).
Furthermore, the addition of biochar can improve the soil environment,
for example, by increasing soil nutrient content, cation exchange capac-
ity, and water holding capacity, which can indirectly affect the diversity
and structure of the soil microbial community (Yao et al., 2017). This
was evidenced by the increase in soil nutrients following the addition
of biochar to karst soil (Table 1). Generally, biochar containsmany recal-
citrant carbons that most microorganisms cannot utilize (Lehmann
et al., 2011). With its higher content of microbial organic resources,
compost can offer supplementalmetabolic nutrients to soilmicroorgan-
isms and support themodulation of soil microbial community structure
(Bei et al., 2018). Biochar plus compost and fertilizer (BMF and B4MF)
treated soils had significantly higher pH and nutrients than CK, MF
and B treated soils (P < 0.05; Table 1). This indicates that the combina-
tion of these three components has the potential to improve soil
properties.

The relative bacterial abundance of the phylum Actinobacteria was
higher than the other phyla in each treatment (Fig. 1a). Furthermore,
the relative abundances of the phylum Actinobacteria significantly
increased in the BMF and B4MF compared to the other treatments
(P < 0.05; Fig. S1a). Members of the phylum Actinobacteria are suitable
for managing a large variety of carbon sources, and played an important
role in the biogeochemical cycling of soil carbon, particularly in the
presence of recalcitrant biochar (Lehmann et al., 2011). This may be
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why the indicator bacteria in the three treated groups (CK_MF,
B_B1MF, and BMF_B4MF) all contained members of the phylum
Actinobacteria (Fig. 4a). Moreover, this sufficiently explained why the
soil organic carbon contents under BMF and B4MF treatments were sig-
nificantly higher than other treatments (Table 1). The phylum
Proteobacteria was also among the dominant bacterial species under
each treatment (Fig. 1a). Additionally, it was the indicator bacteria of
both the low_carbon-biochar group and high_carbon-biochar group
(Fig. 4a). The members of Proteobacteria have been reported to play an
important role in the circulation of soil nutrients in organic matter-
rich environments (Ren et al., 2018). They could play a dominant role
in organic phosphate solubilization and soil nitrogen fixation (Long
et al., 2018), which could help solubilize the rich organic matter intro-
duced by biochar and compost in the BMF and B4MF treatments. Thus,
the contents of available nitrogen and available phosphorous in BMF-
and B4MF-treated soils were significantly higher than those in other
treated soils (Table 1).

The phylum Ascomycota was the most abundant fungal community
in each treatment, and its members were the indicator fungi in each
group (CK_MF, B_B1MF, and BMF_B4MF) (Figs. 1b; 4b). This result
was consistent with Chen et al. (2017), who found that the fungal com-
munity was often predominated by Ascomycota under the environmen-
tal stress with drought and lack of nutrients or carbon. As we generally
know, the environmental stress of the karst mountainous ecosystem in
southwestern China is mainly due to the seasonal drought and barren
karst soils (Liu et al., 2015a, 2015b; Gu et al., 2015).Meanwhile,Ascomy-
cota played an important role in the degradation of compost (Yu et al.,
2015; Duan et al., 2019). Compost application combined with biochar
can change the relative abundance of Ascomycota, while raising the
ratio of biochar in themixture of compost and biochar can gradually in-
crease the abundance of Ascomycota (Duan et al., 2019; Li et al., 2020a,
2020b). This finding sufficiently explained why the treatments in de-
scending order of Ascomycota abundance were B4MF, BMF, B1MF, and
MF (Figs. 1b; S1b). In contrast, the relative abundance of the phylum Ba-
sidiomycota gradually decreased in the order of no-biochar,
low_carbon-biochar and high_carbon-biochar groups (Fig. 1b). This
may be due to phyla Basidiomycota responding in contrasting ways to
environmental stress (Sterkenburg et al., 2015; Tedersoo et al., 2016).
As aerobic fungi, Basidiomycota can survive in anaerobic conditions (Li
et al., 2020a, 2020b). Compost without biochar addition (CK_MF)
formed many anaerobic pockets to proliferate a larger quantity of



Fig. 7.Molecular ecological networks of bacterial and fungal communitieswithin three treated groups. a) no-biochar network, b) low_carbon-biochar network and c)high_carbon-biochar
network. Squares and circles are sized according to the connectivity degree of the nodes. Node colors represent the OTU taxa at the phylum level.
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Basidiomycota (Li et al., 2020a, 2020b). This also resulted in Basidiomy-
cota becoming an indicator fungus in the CK_MF group (Fig. 4b). More-
over, the BMF_B4MF group had Basidiomycota as an indicator fungus
(Fig. 4b). It was reported that Basidiomycota could degrade organic pol-
lutants (Weiland-Bräuer et al., 2017). The BMF_B4MF group contained
the maximum number of organic pollutants (Sheng and Zhu, 2018),
such as polycyclic aromatic hydrocarbons (PAHs), which were intro-
duced by a larger quantity of biochar, resulting in Basidiomycota as an
indicator fungus existing in this group. Additionally, the relative abun-
dance of Mortierellomycota was increased by soil amendments
(Fig. 1b). With the addition of soil amendments, the soil became rich
in nutrients, providing suitable habitat for Mortierellomycota (Zhao
et al., 2016; Cong et al., 2020). Morever, as saprophytic fungi, members
Table 4
Main properties of the co-occurrence network along with treatments of the no-biochar
group (CK and MF), low_carbon-biochar group (B and B1MF) and high_carbon-biochar
group (BMF and B4MF).

Network indexes No-biochar Low_carbon-biochar High_carbon-biochar

Total nodes 104 104 106
Total links 348 365 504
Positive links 219 253 283
Negative links 129 112 221
Average degree 6.69⁎ 7.14⁎ 9.51⁎

Average clustering
coefficient

0.42⁎ 0.475⁎ 0.529⁎

Average path distance 2.96⁎ 3.81⁎ 4.60⁎

Modularity 0.404⁎ 0.506⁎ 0.548⁎

The symbol * represents a statistically significant difference (0.05 level) between the three
networks.
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of the phylum Mortierellomycota could benefit from the compost addi-
tion. This was confirmed by Cong et al. (2020). Furthermore, these find-
ings sufficiently explained why the phylum Mortierellomycota was the
indicator fungus of the CK_MF group. Additionally, the B_B1MF and
BMF_B4MF groups did not contain the indicator Mortierellomycota
(Fig. 4b). This may be due to the addition of biochar, which introduced
several toxic compounds such as PAHs that inhibited the activity of
Mortierellomycota (Qian and Chen, 2014; Sheng and Zhu, 2018).

4.2. Correlations between microbial community structure and soil
properties

The RDA results revealed that soil properties contributed more than
50% of the alterations in the composition of the microbial community
(Fig. 5), suggesting that these soil environmental factors played a dom-
inant role in constructing the structure of the microbial community.
This result was confirmed by numerous studies (Zhang et al., 2016;
Guo et al., 2019). According to Pearson's correlation analysis, several
soil variables such as soil organic carbon and available nutrients demon-
strated significant positive correlationswith the predominantmicrobial
communities (including Actinobacteria, Proteobacteria, Ascomycota, and
Mortierellomycota) (Fig. 6). It was reported that these dominant micro-
bial communities were responsible for soil carbon and nutrient cycling
(Read and Perez-Moreno, 2003; Li et al., 2019a, 2019b; Li et al., 2020a,
2020b).

Phyla Actinobacteria and Proteobacteria were significantly and posi-
tively correlated with SOC, AN, and AP (Fig. 6a). Actinobacteria and
Proteobacteria were reported to be involved in soil organic matter de-
composition, N-cycling, and P-cycling (Ibrahim et al., 2020; Xue et al.,
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2020). Additionally, phyla Ascomycota and Mortierellomycota, as sapro-
phytic fungi, played dominant roles in the decomposition of soil organic
matter (Li et al., 2019a, 2019b; Guo et al., 2019; Cong et al., 2020).
Meanwhile, Ascomycota andMortierellomycota had strong relationships
with soil C, N and P fractions (Fig. 6b), which indicated that they played
important roles in soil C-, N- and P-cycling. Furthermore, large quanti-
ties of organic matter and nutrients were introduced into the soil via
soil amendments. Therefore, the soil nutrient status was improved by
the biochar and compost addition (Table 1). Our study elucidated that
the dominant microbial communities were positively correlated with
several soil nutrients (AN and AP) and were sensitive to soil C fractions
(TC or SOC) (Figs. 5; 6). Therefore, under the combined application of
biochar plus organic manure and chemical fertilizer, the dominant bac-
teria and fungi thrived and played important roles in improving karst
soils. However, to further determine the direct effects of soil environ-
mental variables on microbial communities, a trait-based approach
should be considered for future research (Rath et al., 2019; Wei et al.,
2020). For example, the distributions of soil physicochemical traits
within the microbial communities can be quantified through dose-
response relationships between the soil variables andmicrobial growth.

4.3. Shifts of structure in co-occurrence network

In natural habitats, species cannot survive on their own; they form
complex network systems through interactions between species (Liu
et al., 2015a, 2015b). The concept of ecological networkswas developed
and widely used in studies of the food web, pollination network, and
protein metabolism network (Krause et al., 2003; Guimera and
Amaral, 2005; Olesen et al., 2008). In recent years, researchers have dis-
covered that the secretion of metabolites by microorganisms can pro-
mote or inhibit the growth of other microorganisms (Marx, 2009),
and this interaction between microorganisms is also consistent with
the ecological network model (Peura et al., 2015).

Biochar-based fertilizer addition increased the complexity of micro-
bial co-occurrence networks (Fig. 7; Table 4). This was reflected in the
increased numbers of nodes, links, average degree and average cluster-
ing coefficient due to the addition of biochar-based fertilizer (Banerjee
et al., 2019). Additionally, modularity was crucial for microbial commu-
nity stability and resilience because it represented themicrobial interac-
tions, such as resource partitioning, habitat heterogeneity, phylogenetic
correlations, or niche overlap (Olesen et al., 2007). Therefore, with the
addition of biochar-based fertilizer, the increase of modularity implied
higher microbial diversity (Yu et al., 2018). This was consistent with
our results (Table 2). The increase of negative links indicated that the
competition between microorganisms was more intense (Shi et al.,
2016). This may be due to the higher quantity of organic matter that
was introduced by more biochar, which promoted microorganisms to
be more active, and produce more metabolites that inhibited the activ-
ity of othermicroorganisms, resulting inmore competition betweenmi-
croorganisms (Hu et al., 2017).

The keystone taxa from modules within the soil microbial network
usually represented the functional microbial communities responsible
for nutrient cycling (Zhou et al., 2010). Because keystone taxa played
specific roles in the circulation of different substances in the soil, the ad-
dition of biochar could lead to greater network complexity by providing
more complex organic matters to soil microorganisms. (Yu et al., 2018)
have found that the microbial community complexity increased after
applying biochar to crop soils. High mean degree nodes, network
hubs, connectors, andmodule hubswere the critical factors inmicrobial
community function and network stability (Deng et al., 2012; Berry and
Widder, 2014), and they were identified as the keystone taxa in a net-
work (Shi et al., 2016). Once keystone taxa disappear, the original net-
work topology structure would be decomposed (Faust and Raes,
2012). Meanwhile, based on the free scale property of the soil microbial
network, this structure would be easily damaged due to soil environ-
mental shifts (Steele et al., 2011). We speculate that the number of
10
keystone taxawas positively correlatedwith the stability of thenetwork
structure. Due to the incremental numbers of keystone taxa, the net-
work stability gradually increased in the order of low_carbon-biochar
and high_carbon-biochar networks compared to the no-biochar net-
work (Fig. 7, Table S3). To summarize, the higher microbial community
diversity andmore developedmicrobial co-occurrence network implied
the increased soil ecosystem functions related to C- and nutrient-
cycling. This has also been suggested by Wagg et al. (2019).

5. Conclusions

Soil amendments significantly changed the composition and struc-
ture of the soil microbial community in the karst mountainous area.
The addition of biochar and biochar-based fertilizer to karst soil ex-
panded the scale and complexity of the soil microbial network. Further-
more, biochar-based fertilizer addition enabled keystone taxa in the
network topology structure to actively participate in soil carbon re-
source management and soil nutrient cycling. The contents of organic
carbon and available nutrients were the highest in BMF- and B4MF-
treated soils, indicating that the combined application of biochar plus
organic manure and chemical fertilizer could perform better in the
karst mountainous area.
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