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1 Introduction

Fungi are important members of soil microbial communities,
as they secrete numerous enzymes that degrade organic
compounds. Fungi can decompose complex organic com-
pounds more efficiently than bacteria do and thus play an
important role in soil carbon cycling (Sun et al., 2016).
Moreover, fungi are highly associated with crops to form
mycorrhizae, which greatly facilitate plant growth andmaintain
the stability of agricultural ecosystems (Liu et al., 2015).

Biochar is usually applied as a soil amendment for improving
soil environment, increasing soil fertility and/or adsorbing soil
pollutants (Jia et al., 2018). Biochar is reported to influence
soil fungal biomass, community structures, functions, and
enzyme activities through both direct and indirect ways
(Steinbeiss et al., 2009; Durenkamp et al., 2010; Ameloot et
al., 2013). Direct mechanisms include: (i) biochar acts as
habitat for fungi (Lehmann et al., 2011), and (ii) biochar
contains nutrients that promote fungal growth (Yamato et al.,
2006). Indirect mechanisms include: (i) biochar changes soil
nutrient availability by affecting physical and chemical
environments, thereby indirectly influencing soil fungi (War-
nock et al., 2007), and (ii) biochar is beneficial to other
microbial populations, such as mycorrhization helper bacteria
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A B S T R A C T

Soil fungi have many important ecological functions, however, their life strategies and

interactions in manure fertilized soils are not well understood. The aim of this study was to

investigate the effects of biochar amendment on the fungal life strategies and species

interactions in ryegrass (Lolium perenne L.) rhizosphere soil by high-throughput sequencing.

Three soil treatments were evaluated: soil and pig manure mixture without planting ryegrass

and biochar application (bulk soil), mixture with ryegrass planting (rhizosphere soil (RS)), and

addition of 2% (w/w) biochar with ryegrass (RS + biochar). Our results indicated that temporal

turnover, defined as the slope of linear regression between community similarity and time, was

significantly higher in the biochar amendment (slope = -0.2689, p<0.0001) relative to the

rhizosphere soil. Following biochar addition, the percentage of species employing slow

acclimation ecological strategies decreased (from 27% to 17%) and the percentage of

sensitive species increased (from 40% to 50%) in comparison to the rhizosphere soil. Network

analysis indicated that fungal communities in the biochar amendment enhanced positive

correlations compared to the rhizosphere soil and bulk soil. Structural equation model

indicated that soil pH was the most important factor in altering fungal life strategies and

interactions in manure fertilized soils.
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and phosphate solubilizing bacteria, which then indirectly
affects fungal growth (Warnock et al., 2007). However, the
succession and the underlying mechanisms of fungal com-
munities (especially, the rhizosphere fungi) in response to
biochar addition have not been fully elucidated.

Life strategy is the combination of population character-
istics that correspond to the microbial living environment,
which reflects the ecological choice and strategy of the
population (Evans and Wallenstein, 2014). As was proposed
in 1977 for plant taxa (Grime, 1977), we can similarly divide
microbial taxa into broad categories on the basis of shared
life-history strategies. Using this framework to assess
variability in life strategies within soils, various microbial
community functions exhibiting complex structures can be
explored from an ecological perspective. Further, the richness
of soil nutrient content can be evaluated from a microbiolo-
gical point of view. By adopting this approach, we can then
predict key traits for major taxa and better understand
microbial influence on soil processes (Fierer, 2017). More-
over, in complex ecosystems like soil environments, the
interactions between populations are more important to the
function of the ecosystem than their richness and diversity
(Deng et al., 2012). Network analysis techniques can provide
insight into potential interactions within complex microbial
communities (Gilbert et al., 2012), and the topological
properties of the network can provide insight into the stability
and functional diversity of the community (Dickie et al., 2016).
Ecological network analysis methods have recently been
used to investigate interactions between species in large
microbial communities, and to identify microbial ecological
networks (Holland and Hastings, 2008; Fuhrman, 2009).
Here, these analytical methods are used to investigate the life
strategies and interactions among rhizosphere fungal com-
munities.

The current work focused on the responses and mechan-
isms underlying the diversity, life strategies, and interactions
of soil fungal populations and further assessed the relation-
ship between soil environments and fungal community. The
objectives of this study were as follows: (i) understand the
diversity and successive variation in rhizosphere fungal
communities with biochar amendment, (ii) investigate the
effects of biochar on the life strategies and interactions of
rhizosphere fungal populations, and (iii) identify the primary
factors that affect life strategies and interactions among
rhizosphere fungal populations.

2 Materials and methods

2.1 Experimental design and soil sampling

On the basis of a survey on antibiotic distribution in pig
manure and in soil samples in early stages of our experiment,
fresh pig manure samples were collected from a pig farm in
Changzhou, Jiangsu (31°44′N,119°45′E), and surface soil
samples (0–10 cm) without antibiotics were taken from the
experimental paddy field of the pig farm. The samples were

stored on ice and transported to the laboratory. Any visible
living plant materials (e.g., roots) were manually removed from
the soils in the laboratory. Soil and pig manure samples were
air-dried, sieved through a 2mmmesh, and then evenly mixed
(100:1 w/w soil:pig manure). Themixture was allowed to stand
for 24 h, stirred, and then allowed to stand again for another
24 h. Finally, the soils were placed in plastic pots at 3 kg$pot–1.

A total of 81 experimental pots were used in this
experiment, 27 pots with ryegrass planting, 27 pots with
ryegrass and 2% (w/w) biochar amendment, and 27 pots with
manure only as bulk soil. In general, 30 seeds were planted
per pot. At 0, 5, 10, 15, 20, 25, 30, 35, and 40 days after
germination, ryegrass was gently removed to separate the
root system. The shake-off method was then used to collect
rhizosphere soils. Triplicate pots were taken was replicates.
Lolium perenne seeds were obtained from the Forage
Research Institute of the Jiangsu Academy of Agricultural
Sciences. Biochar samples were prepared by pyrolysis and
carbonization of wheat stalks at 650°C under anoxic condi-
tions. The sample geochemical variables were measured per
sampling day, including: soil pH, nitrate (NO3

–-N), ammonium
nitrogen (NH4

+-N), available phosphorous, trace elements (Si,
Al, Fe, K, Ca, Ti, S, Zr, Mn, V, Sr, Zn, Cr, Rb, Y and Nb), soil
surface structural parameters (the surface area, micropore
area, external surface area and micropore volume), and
ryegrass root surface characteristics (the total length, total
diameter, total surface area, total cross-sectional area,
average length, average diameter, average surface area
and average cross-sectional area). In addition, since the large
amounts of residual antibiotics in manure fertilized soil can
alter the fungi activity and community structures in soils
(Hammesfahr et al., 2008), therefore, antibiotic concentrations
were also determined from the collected rhizosphere soils,
including chlortetracycline, doxycycline, tetracycline, sulfa-
methazine, enrofloxacin, lomefloxacin, ciprofloxacin and
norfloxacin (Liang et al., 2017).

2.2 Illumina sequencing analysis of ITS2 gene amplicons

The microbial genomic DNA was extracted from 2 g of well-
mixed soil for each sample by Power Soil DNA isolation kit
(MoBio Laboratories, Inc., Carlsbad, CA, U.S.A) according to
the manufacturer’s instructions. The extracted DNA quality
was determined using a Nanodrop 2000 (Thermo Fisher
Scientific, Wilmington, DE, U.S.A) according to the 260/280
nm and 260/230 nm absorbance ratios. All DNA was stored at
–80°C. The primers ITS3F (5′-GCATCGATGAAGAACG-
CAGC-3′) and ITS4R (5′-TCCTCCGCTTATTGATATGC-3′)
were used to amplify the ITS2 region, which is the universal
DNA barcode marker for the molecular identification of fungi
(Op De Beeck et al., 2014). Both forward and reverse primers
were tagged with adapter, pad and linker sequencing. A
unique barcode was added to the reverse primer to permit the
multiplexing of samples.

PCR amplification was performed in triplicate in a 20 µL
mixture for each reaction and included 1 reaction buffer (NEB
Q5TM), 2 mM Mg2+ , 0.2 mM dNTP, 0.1 µM of each primer, 1 U
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Q5TMDNA polymerase and 2 µL template DNA. Thermal
cycling conditions were as follows: an initial denaturation at
94°C for 2 min, followed by 25 cycles of 94°C for 30 s, 55°C for
30 s and 72°C for 1 min, with a final extension at 72°C for 10
min, paused at 4°C. To add sample-specific index sequence,
a 20 µL mixture for each reaction and included 1� reaction
buffer (NEB Q5TM), 0.3 mM dNTP, 0.25 µM of F primer, 0.25
µM of index primer, 1 U Q5TMDNA polymerase and 1 µL
diluted template. The cycling program started at 94°C for 2
min followed by 8 cycles of 94°C for 30 s, 55°C for 30 s, 72°C
for 1 min and final 72°C for 10 min, paused at 4°C. Illumina
libraries were constructed using the MiSeq Reagent Kit v2
according to manufacturer’s instructions. High-throughput,
paired-end sequencing was performed on the Illumina MiSeq
PE250 platform at Center for Genetic and Genomic Analysis,
Genesky Biotechnologies Inc., Shanghai, China, according to
standard protocols.

The raw data obtained from Illumina sequencing were
analyzed as follows: (i) removed any low quality or ambiguous
reads (reads with lengths < 200 bp, ambiguous bases, primer
mismatches, or average quality scores <15); (ii) OTUs were
defined as sequences at the 97% similarity level; (iii)
taxonomy assignment of fungal OTUs was conducted in
Mothur (version 1.39.3) using the command “classify.seqs.”
(https://www.mothur.org/wiki/Classify.seqs) with a bootstrap
support of 60% against UNITE version 7.1 reference
databases (https://unite.ut.ee/); (iv) the ITS2 gene sequence
was subjected to a similarity search one by one against the
GenBank nucleotide database (nt) provided by NCBI using
the BLASTN algorithm (http://www.ncbi.nlm.nih.gov); and (v)
calculated alpha-diversity indices (Chao, Ace, Simpson and
Shannon) to assess the internal (within-sample) complexity of
individual microbial populations.

2.3 Statistical analysis

Regular analysis of variance (ANOVA) was implemented to
measure the differences among treatments. Alpha diversity
was calculated using Shannon index. The number of OTUs
shared by or specific to the various treatments was conducted
with a Venn diagram using the website Venny (Venny 2.1.0).
The fungal distribution patterns of different treatments were
determined by nonmetric multidimensional scaling (NMDS),
and estimated by a permutation analysis of variance
(PERMANOVA). This was performed in the R software
package (version 3.2.5) using the vegan library. The time-
decay relationship was plotted as ln(community similarity)
against ln(time) and a linear regression performed to obtain
the slope. The beta diversity of soil fungal communities was
analyzed using the Bray-Curtis distance method by vegan in
R (Korhonen et al., 2010). To examine the significance of time-
decay relationship curves, we tested whether those slopes
were significantly less than zero with two-tailed test by
bivariate correlations in the SPSS software packages (version
20.0). Also, the significance of slopes among three treatments
was tested by same method. Heat map was drawn using
pheatmap in R.

Network analysis was used to investigate changes in the
associations among fungal communities in soil. All statistical
methods for the network analysis were conducted using the
Co-occurrence Network inference (CoNet) plugin for Cytos-
cape (version 3.4.0). The fungal OTUs data matrix of three
treatments and an OTU annotation file were prepared in the
formats as guided in the CoNet. The OTUs were filtered by
setting 15 as the minimum occurrence value across 27
samples for each treatment. Then, we selected four measures
to calculated network relationships: Pearson correlation,
Spearman correlation, Bray-Curtis similarity and Kullback-
Leibler divergence. The initial positive and negative edge
numbers were set at 1000. For each measure and edge, 1000
renormalized permutation and 1000 bootstrap scores were
computed to mitigate compositionality bias. The measure-
specific p-value was computed first and then merged with
Brown’s method. Edges with merged p-values below 0.05
were kept after multiple testing using the Benjamini-Hochberg
procedure (Xiao et al., 2017). The final network was obtained
after the permutations as the null distribution and the
bootstraps as the random distribution. NetworkAnalyzer was
used to analyze the resulting network in terms of topological
parameters. The network was visualized and customized
based on the type of relationships between OTUs and
topological network parameters. Key nodes were classified
by their topological properties implemented in the extreme-
values package in R. The functional group (guild) of the OTUs
was inferred using FUNGuild v1.0, an open annotation tool for
parsing fungal community data sets by ecological guild
independent of sequencing platform (Nguyen et al., 2016).

The Mantel and partial Mantel tests were used to calculate
the correlations between environmental factors and the soil
fungal community, which were implemented by R package
ecodist. Structural equation model (SEM) was carried out to
evaluate the direct and indirect relationships between
ryegrass root, soil pH, trace element, soil structure, antibiotics,
fungal life strategies and interactions in AMOS 22.0.0 using
maximum likelihood.

2.4 Accession number

The Illumina sequence reads were deposited in the Sequence
Read Archive (SRA) at the NCBI under accession number
PRJNA392841.

3 Results

3.1 Fungal community patterns

A total of 75 fungi communities were assessed with sequen-
cing and the number of sequences obtained per sample
ranged from 44941 to 98 438. To minimize the impact of read
count variation among samples, samples were rarefied based
on the sample with the lowest read count (44 941 per sample).
The DNA contents revealed no significant differences among
treatments except on day 35 (Fig. S1(a)). The number of
OTUs per sample ranged from 373 to 591 in the bulk soil, from
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375 to 595 in the rhizosphere soil (RS), and from 341 to 591 in
the RS + biochar (Fig. S1(b)). We did observe that species
richness varied over time. RS + biochar exhibited higher
fungal richness compared to bulk soil, with the exception of
day 10. Fungal α-diversity (as indicated by the Shannon
index) increased with time (Fig. S1(c)). The number of OTUs
that were detected also varied across the three treatments, as
indicated by a Venn diagram (Fig. S1(d)). Fifty-seven OTUs
were shared among the three treatments. The relative
abundance of dominant taxa changed distinctly in the different
treatments (Fig. S2).

A non-metric multidimensional scaling ordination plot was
used to analyze changes in fungal community structure over
time (Fig. 1). The close clustering of samples from the
beginning of the experiments reflected the similar origins for
the soils and consequently, similar fungal community compo-
sitions. Fungal community compositions were significantly
different among treatments (PERMANOVA, pseudo-F =
4.558, p<0.001).

3.2 Temporal turnover of fungal communities

We evaluated the decay of fungal community similarities over
time (time-decay) by ln-linear regression modeling (Fig. 2).
The rate of temporal change in fungal community structure is
the slope of the model, and the slope is thus a measure of
fungal community turnover (Shade et al., 2013). To assess
time-decay in these fungal communities, we used a similar
approach as Shade et al. (2013). A significant time-decay
relationship was observed for the fungal communities within
all three treatment groups, which exhibited negative slopes of:
–0.2042 (p<0.0001) for the bulk soil, –0.1161 (p<0.0001) for
the RS and –0.2689 (p<0.0001) for the RS + biochar. The

slope of the biochar amendment was significantly (p<0.0001)
steeper than the rhizosphere soil.

The fungal time-decay relationships among taxonomic
divisions were also estimated (Table 1). Considerable varia-
tion in slope values were observed for different phyla. In
addition, the Ascomycota and Chytridiomycota phyla exhib-
ited significantly (p<0.0001) steeper slopes in the RS +
biochar compared to the bulk soil. These results indicate that
the biochar amendment accelerated the temporal turnover (β-
diversity) of rhizosphere fungal communities at the phylum
level.

3.3 Shifts in fungal life strategies

The species in the bulk soil, RS and RS + biochar were
divided into three life strategy groups on the basis of different
response patterns among treatments (Fig. 3). The three life
strategies were identified as follows: i) slow acclimating
(exhibiting low relative abundances in the earlier stage (0–
10 d), low after the middle stage (15–25 d), and high after the
later stage (30–40 d)), ii) fast acclimating (low, high, and high,
in each experimental stage, respectively), and iii) sensitive
(high, low, and low, in each experimental stage, respectively).
After filtering the OTU data set to exclude rare and low-
abundance sequences, a total of 1 581, 1 678, and 1 743
OTUs were identified from the bulk soil, RS, and RS + biochar,
respectively. In addition, we identified 590, 591, and 611
species in the three treatments, respectively (Fig. S3).

Compared to the bulk soil, the percentage of species
employing sensitive strategies was only 40% in the RS (from
44% in the bulk soil), while the percentage of fast acclimating
species increased from 29% in the bulk soil to 33% in the RS.
However, the percentage of species employing slow acclima-

Fig. 1 Non-metric multidimensional scaling (NMDS) analysis of the soil sample. Error bars represent the standard deviation and the color

from deep to shallow represents the fungal community succession from the beginning to the end of the experiment (40 days).
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tion strategies dropped to 17% in the RS + biochar (from 27%
in the RS), while the percentage of sensitive species
increased from 40% in the RS to 50% in the RS + biochar
(Fig. 3). In addition, life strategies varied among the dominant
phyla, while some phyla exhibited similar distributions under
the three treatments (Fig. 4).

3.4 Network analysis of fungal communities

We explored fungal co-occurrence patterns among the three
different treatments using network analyses based on
significant (p<0.05) correlations of abundances. Due to the
complexity of the networks, only a very limited number of key
nodes with higher connectivities were considered. Key nodes
fundamentally structure networks, and networks would look
significantly different without their presence (Agler et al.,
2016). The positions of the key nodes within the networks
according to our criteria (Fig. 5) are indicated in Fig. 6(A)-1,
(B)-1, and (C)-1. The heat map highlights trends in the
abundances of taxa representing key nodes (Fig. 6(A)-2, (B)-2
and (C)-2). Based on the reconstructed networks, detailed

network topological analyses were then performed (Table 2).
Notably, there were more positive than negative correlations
in all sub-networks, regardless of treatments. Additionally,
analysis of network topological properties indicated that the
RS + biochar increased the number of positive correlations
among key nodes. Although many of the fungi that were
identified in this study could not be identified taxonomically,
the key nodes representing fungal OTUs belonged to some
identifiable functional guilds (Table S1). Of these fungi, the
abundance of a dung saprotroph in the genus Schizothecium
(OTU138) increased over time. However, many of the
unidentified fungi (e.g., OTU120, OTU217, OTU266, OTU-
327, OTU335, OTU338, OTU404, OTU405) were key nodes
in the networks of each treatment. Further BLAST-based
identifications are provided for key nodes in Table S2, and
were used to calculate a consistency index.

3.5 Relationship between fungal communities and
environmental variables

Mantel and partial Mantel tests were performed to determine

Fig. 2 Time-decay curves for the soil fungal communities, the slopes of all the lines are significantly less than zero.

Table 1 Temporal turnover (slope values) of the fungal communities among different phylogenetic groups.

Bulk soil Rhizosphere soil (RS) RS + biochar

Slope R2 p Slope R2 p Slope R2 p

ITS all -0.2042 0.4739 <0.0001 -0.1161 0.1218 <0.0001 -0.2689 0.485 <0.0001

Ascomycota -0.0034 0.0027 0.354 0.0012 0.0002 0.796 -0.033 0.1103 <0.0001

Basidiomycota 0.0163 0.0048 0.216 -0.0246 0.0018 0.445 -0.0435 0.0119 0.050

Chytridiomycota -0.2859 0.1246 <0.0001 -0.1487 0.0353 0.001 -0.3132 0.1013 <0.0001

Zygomycota -0.0391 0.013 0.041 0.0581 0.0126 0.043 -0.0319 0.0022 0.401

Unclassified_fungi -0.0869 0.035 0.001 -0.1328 0.0796 <0.0001 -0.3578 0.2479 <0.0001

No_rank -0.0998 0.0476 <0.0001 -0.099 0.0354 0.001 -0.1423 0.05 <0.0001
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how environmental factors including the soil geochemical
variables (pH, NO3

–-N, NH4
+-N, available phosphorous, trace

elements, and soil surface structural parameters), ryegrass
roots, and antibiotics affected fungal community composition
during the 40-day experiment (Table S3). Soil geochemical
variables were the most important factors related to differ-
ences in fungal β-diversity among all samples, and especially
during the earlier stages of the experiment (rm = 0.334,
p <0.01). Furthermore, we found that fungal community
composition in the RS was primarily affected by soil
geochemical variables, whereas community composition in
the RS + biochar samples was mostly influenced by ryegrass
roots. Furthermore, correlation analysis between antibiotics
and fungal taxa indicated that lomefloxacin, ciprofloxacin, and
norfloxacin were negatively correlated with unclassified fungal
abundances (p<0.01), but positively associated with Asco-

mycota abundances (p < 0.05; Table S4). OTU richness
overall was negatively correlated with quinolones (enroflox-
acin, lomefloxacin, ciprofloxacin, and norfloxacin), and Basi-
diomycota abundances were significantly negatively
correlated to sulfamethazine concentrations (p<0.05).

We conducted structural equation model (SEM) in order to
determine the effects of ryegrass roots, soil pH, soil trace
elements, soil structure and antibiotics on fungal life strategies
(i.e., OTU abundances) and interactions (positive/total net-
work edges of the key nodes) (Fig. 7). The SEM demonstrated
that the influence of ryegrass roots on fungal life strategies
and interactions in the RS was mediated by soil pH (r =
-0.374, p = 0.004), soil structure (r = 0.625, p<0.001), and
antibiotics (r = -0.596, p<0.001). As the same time, ryegrass
roots had positive direct impacts on fungal life strategies (r =
0.212, p = 0.047) and interactions (r = 0.241, p = 0.039). In

Fig. 3 Heat maps showing the relative abundance of each fungal operational taxonomic unit (OTU) (rows) at three time points (earlier stage

(0–10 d), middle stage (15–25 d), and later stage (30–40 d)) in different treatments. The responses over time were classified into life strategies

(the given labels in the center) using cluster analysis dendrograms, as shown on the outside of each heat map. The proportion of species that

employed each life strategy (coloured bars, white percentage) differed in the fungal communities from different treatments. (A) The heat map

on the left is the bulk soil and the one on the right is the rhizosphere soil (RS); (B) the heat map on the left is the rhizosphere soil (RS), the one

on the right is the RS + biochar.
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addition, the strongest relationship observed in the SEM
analysis was between soil pH and fungal life strategies (r =
0.753, p<0.001). For the RS + biochar, the positive impact of
ryegrass roots on soil trace elements (r = 0.893, p<0.001)
and soil structure (r = 0.966, p<0.001) were stronger in the
RS + biochar than in RS, but the direct impact on fungal
interactions (r = -0.048, p = 0.731) was decreased. Moreover,
the impact of soil pH on antibiotics and fungal interactions
significantly increased (p<0.01), but the impact on fungal life
strategies significantly decreased (r = 0.194, p = 0.262). Soil

pH was the most significant positive parameter associated
with fungal life strategies and interactions, as indicated by the
standardized total effects from the SEM.

4 Discussion

4.1 Faster temporal turnover of fungal communities

Temporal turnover, as measured by time-decay relationships,
is an important indicator of the successional dynamics of

Fig. 5 Criteria for defining key nodes in fungal species interaction networks. The red dots represented the key nodes. (A) The bulk soil; (B)

the rhizosphere soil (RS); and (C) the RS + biochar.

Fig. 4 Pie charts showing the distribution of life strategy within the most dominant phyla among three treatments.
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Fig. 6 The network and heat map of the key nodes in the bulk soil (A), rhizosphere soil (RS) (B) and RS + biochar (C). Identifiable functional

guilds were labelled. Each node indicates the OTU of the fungi. The size of each node is proportional to the number of connections (that is, the

degree). The edge between two nodes indicates the positive (solid) or negative (dash) interactions.
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Table 2 Statistics and topological parameters for the key nodes from fungal networks.

Bulk soil Rhizosphere soil (RS) RS + biochar

Number of nodes 16 17 16

Number of co-presences 48 38 56

Number of mutual-exclusions 14 16 9

Mean number of neighbors 7.75 6.353 8.125

Clustering coefficient 0.629 0.604 0.621

Network density 0.517 0.397 0.542

Network heterogeneity 0.409 0.529 0.399

Connected components 1 2 1

Network centralization 0.324 0.258 0.295

Fig. 7 Structural equation models of the ryegrass roots, soil pH, soil trace elements, soil structure and antibiotics as predictors of fungal life

strategies and interactions in the rhizosphere soil (RS) (A) and RS + biochar (B). Solid red arrows represent positive paths (p< 0.05), solid

black arrows represent negative paths (p<0.05) and dotted grey arrows represent non-significant paths (p > 0.05). The line width is

proportional to the r value.
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biological communities (Liang et al., 2015). Species temporal
turnover is defined as the number of species that are
eliminated and replaced per unit time (Hatosy et al., 2013),
and the slope of a linear regression model of logarithmically
transformed community similarity and time can be used as a
measure of temporal turnover (Nekola and White, 1999;
Korhonen et al., 2010). Here, we showed that similarity in
fungal community composition significantly declines linearly
over time in bulk soil, RS, and RS + biochar (p<0.0001;
Fig. 2). These results strongly supported the time-decay
relationship in ecological theory (Liang et al., 2015).

We further observed that biochar addition promoted the
succession of fungal communities (p<0.0001). One explana-
tion for this effect could be that the biochar addition modulates
environmental conditions, thereby affecting the composition
and structure of the fungal communities (Fig. 1 and Fig. S1).
Biochar accelerates the growth and proliferation of soil fungi
and affects the structure and function of soil fungal commu-
nities by altering soil physical and chemical properties, such
as soil resource reserves (e.g., available carbon, nutrient
substances, moisture) and physicochemical components
(e.g., pH, cation exchange capacity) (Zhu et al., 2017). In
support of this explanation, significant positive correlations
have been reported between fungal α-diversity and β-
diversity, which indicates compositional and structural varia-
tions in fungal communities that directly affects their succes-
sion rates (Pereira e Silva et al., 2012). An alternative
explanation for our observations is that biochar addition
boosts the growth of ryegrass roots. After biochar addition,
ryegrass roots became the primary factor that affects fungal
communities (r = 0.428, p<0.05; Table S3). It has been
observed that biochar addition benefits the growth of ryegrass
in antibiotic-contaminated soils (Liang et al., 2017), and this
stimulation may result from complex ecological interactions.
For instance, biochar can modify the relationship between
inter-rhizosphere microbes and plants and also affect
competition between beneficial soil microbes and soil-
transmitted pathogens, which then triggers plant system
defenses against soil-transmitted pathogens. Elad et al.
(2010) found that the application of biochar successfully
induced resistance to two foliar fungal pathogens (Botrytis
cinerea and Leveillula taurica) in both pepper and tomato
plants. The stimulation of these defenses could be mediated
by either enhanced interaction between plant roots and
rhizosphere fungi that promote plant growth or, alternatively,
by direct toxic effects of biochar components on microbial
pathogens. Graber et al. (2010) demonstrated that some
compounds in biochar, like volatile organic compounds, are
microbial inhibitors that can induce toxicity directly to soil
microbial pathogens, thereby benefitting plant growth. In
addition to the above mechanisms, ryegrass roots indirectly
affect successional rates of fungal communities via root
secretion of compounds (Song et al., 2016). The dependence
of all the above temporal changes on particular environmental
stresses or rather, whether they change randomly with
succession, requires further investigation.

4.2 Alternation of soil fungi life strategies

We found that more significant changes occurred in the life
strategies of soil fungi in RS + biochar than compared to soils
with the RS (Fig. 3). Based on variation in the relative richness
of fungal groups, three life strategies were determined: slow
acclimating, fast acclimating, and sensitive. This conceptual
framework helps predict key lifestyle traits for major taxa and
also better understand microbial influence on soil processes
(Fierer, 2017). The proportion of sensitive fungi increased and
the proportion of slow acclimating fungi decreased in RS +
biochar. These differences may be due to different physiologic
characteristics of fungi in the two treatments and differences in
their sensitivity toward environmental variation induced by the
treatments. Consequently, these results suggested that the
fungal community in RS + biochar may be more sensitive to
environmental changes than those within the bulk soil or RS.
Paz-Ferreiro et al. (2013) demonstrated that some compo-
nents in biochar may affect the activities of fungi and reshape
soil fungal communities, indicating that soils added with
biochar promote the growth of some fungal groups. Addition-
ally, the shift in life strategies may be partially due to a within-
species change in ecological strategy (Table S5). Evans and
Wallenstein (2014) noted that changes in the distribution of a
community’s ecological strategies may occur through a
structural shift in the community (such as colonization by
new species, increase in abundances, or out compete other
species) or through physiologic shifts in individual species. In
contrast, Wang et al. (2011) suggested that shifts in ecological
strategies may be independent of variation in community
composition, and could occur at different rates, indicating that
variation in ecological characteristics controlled by different
factors. Thus, whether the shift in ecological strategies
observed here is caused by shifts in species composition or
by other factors remains unclear. Further studies are needed
to evaluate the processes that are involved in within-species
changes in ecological strategies in addition to phylum-level
responses.

Fungi are more capable of easily degrading refractory
carbon within biochar and that fungi can grow more effectively
in biochar pores and utilize additional resources than bacteria
(Lehmann et al., 2011). Consequently, biochar addition could
improve fungal richness and increase the fungal/bacteria ratio
of soils. Warnock et al. (2007) demonstrated that biochar
addition to soils enhances the ability of fungi to proliferate in
the roots of crops and changes microbial community. More-
over, fungal communities are regulated by the type and
availability of resources (Moll et al., 2015). One comprehen-
sive study showed that fungal community diversity is
significantly correlated with the distribution of several enriched
fungal groups and the carbon content of soils (Liu et al., 2015).
Fungal groups differ in their abilities to utilize resources, and
some of them target specific organic compounds (Sun et al.,
2016), which results in the occupation of different niches
according to available carbon sources. In the unique rhizo-
sphere environment, plant roots constantly secrete consider-
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able amounts of organic substances into the soils to form
rhizosphere sediments. Plants thus regulate the type and
quantity of soil fungi that surround roots by modifying the
nutrition and energy sources to rhizosphere fungi and also
regulate the interactions in the rhizosphere between plants
and fungi (Singh and Mukerji, 2006). As demonstrated here,
the abilities of fungi to utilize resources differs and contributes
to an inherent balance in resource distribution among different
treatments. Thus, variations in fungal life strategies are
affected by biochar addition.

4.3 Increased interactions among soil fungi

We constructed a molecular ecological network to assess
interactions among soil fungi in three different treatments. Key
nodes that are determined by connectedness are considered
to be species that play important roles in their communities
(Wang et al., 2017). The absence of these nodes leads to a
lack of network connectivity, and greatly affects the topological
structure of the whole community network. Most of the key
nodes identified here are saprophytic fungi belonging to
Ascomycota and Basidiomycota phyla, which is consistent
with results from Rudnick et al. (2015). Saprophytic fungi,
which inhabit the rhizosphere, are largely distributed in three
phyla: Zygomycota, Ascomycota, and Basidiomycota. Sapro-
phytic fungi can control the cycling rate of nutrients in
agricultural ecosystems and promote the decomposition of
organic matrices (Toju et al., 2016). Solaiman et al. (2010)
found that saprophytic fungi are convenient to grow in biochar
due to their hyphal structures and highly active exoenzymes.
Further, biochar provides protection for saprophytic fungi,
promotes the symbiosis of fungi and roots, and promotes the
growth of fungal mycorrhizae.

Biochar amendment increased the active relationships
between populations while reducing passive relationships,
as compared to the bulk soil and RS (Table 2). This
phenomenon may be related to the porosity and surface
characteristics of biochar that provide a good habitat for the
growth and proliferation of soil fungi and also reduces
competition between fungi (Lehmann et al., 2011). Quilliam
et al. (2013) demonstrated that biochar pores can effectively
protect fungi against competitors. Further, Abel et al. (2013)
indicated that biochar can improve the habitat for microbes by
improving the physical properties of soils, and promote
cooperative relationships among microorganisms, that then
allow for good utilization of soil resources (Toju et al., 2016). In
addition to soil pH was found to significantly influence fungal
interactions in RS + biochar (p<0.001; Fig. 7). Changes in
environmental properties like pH and temperature alter
microbial ecological networks (Deng et al., 2012; Shi et al.,
2016). However, the specific contribution of various factors to
the overall interaction network still requires further experi-
mental verification (Jiang et al., 2017).

4.4 Alternative mechanisms influencing fungal life strategies
and interactions

We used structural equation models to assess the contribu-
tions of various factors to the fungal community compositions
(Fig. 7). Results from these analyses indicated that ryegrass
roots affect the life strategies and interactions of fungi through
their own direct and indirect effects on soil pH, trace elements,
soil structures, and antibiotics. Biochar addition enhanced the
positive effect of soil pH in deceasing antibiotic concentrations
(p< 0.01), indicating that pH variation may promote the
degradation of antibiotics (Liang et al., 2017). Liang et al.
(2017) found that a combination of biochar and ryegrass
treatment mitigates the effects of antibiotics more effectively
than with ryegrass planting alone. Following these observa-
tion, the rapid mitigation of antibiotics in the RS + biochar
treatment significantly enhanced fungal inter-specific relation-
ships and increased the number of positive correlations
among fungal taxa abundances. In addition, Mantel and
partial Mantel tests suggested that the physical and chemical
properties of soil and ryegrass roots are the primary
parameters affecting fungal communities in RS + biochar
(Table S3). Our findings coincide with previous research,
which show that soil pH and nutrient levels are the best
predictive factors of soil fungal community properties (Lauber
et al., 2008; Rousk et al., 2010). Variation of microbial diversity
in soil may be regulated through the supply of organic matter
nutrients (Cookson et al., 2005; Housman et al., 2007). The
secretions of plant roots can also affect microbial communities
through the provision of available carbon sources (Song et al.,
2016).

The mechanisms underlying how plants and soil amend-
ments impact bacterial and fungal diversity have been
proposed recently (Xu et al., 2014; Ducey et al., 2015). The
current study provided a significant step forward in improving
our understanding of the factors that influence rhizosphere
fungal communities in manure fertilized soils. It should be
noted that our laboratory-based experiments may not
necessarily reflect what would happen under field conditions.
Consequently, further experiments are needed in the field.
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