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Abstract
Partial substitution of chemical fertilizers by organic amendments is essential for improving the soil quality without yield loss.
Fungi play an important role in soil quality because they decompose organic matter and cycle nutrients in the soil. However, there
is limited information regarding the effect of different organic substitution rates (OSRs) on the soil quality and fungal community.
This study investigated the relationship between the soil quality index and fungal community in a tea plantation under different
OSRs of N, from a single application of synthetic fertilizer (NPK) to 100% N substitution with organic fertilizer (OM100). The
OSRs were positively correlated with the soil physicochemical and biological soil quality index (SQI), but only the physico-
chemical SQI exhibited a significant relationship with tea production. The OSR also shifted the soil fungal community compo-
sition. Soil pH, soil organic C (SOC), microbial biomass C (MBC), and available potassium (AK) were the key characteristics
that were significantly correlated with the variation of soil fungal community. Network analysis indicated that additional organic
substitution can enhance the soil fungal network complexity, which also showed a positive correlation with the SQI. These results
confirmed the feasibility of organic substitution for soil quality improvement, and implied that the soil fungal network complexity
could be a new indicator for soil quality assessment.
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Introduction

Soil quality is crucial for plant productivity and environmental
quality sustainability (Karlen et al. 1997), and it is character-
ized by inherent and dynamic aspects, but only the latter can
be affected by management practices (Seybold et al. 1999).
Soil quality assessment is usually performed by selection of
some sensitive soil properties to build a linkage with crop
yield or other key functional traits. Soil microbes are the
drivers of soil functional processes, such as nutrient cycling,
C sequestration, and N fixation (Aryal et al. 2003; Allison
et al. 2007; Finzi et al. 2015). Thus, in addition to the physi-
cochemical properties, e.g., bulk density, pH, and soil organic
C (SOC), Schloter et al. (2018) reviewed several molecular
indicators for determining soil quality, such as microbial bio-
mass (Nannipieri et al. 2003), potential enzymatic activities
(Gil-Sotres et al. 2005), metabolic quotient (Nannipieri et al.
2003, 2018), and qPCR for soil microbial function genes.
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It is well known that the addition of organic fertilizer has
beneficial effects on soil quality, because it improves the soil
porosity, it increases the SOC content (Edmeades 2003;
Diacono and Montemurro 2011), and it contains all essential
nutrients which are slowly released (Chen 2006). Partial sub-
stitution of chemical nutrients by organic fertilizer, also named
organic substitution, is recommended, although ammonia loss
by volatilization may increase after manure application
(Ramanantenasoa et al. 2019). Proper organic substitution
not only can sustain the crop yield but also can mitigate the
impacts by the overuse of synthetic N fertilizer, such as
waterbody eutrophication, greenhouse gas emissions, and bio-
diversity losses (Evenson and Gollin 2003; Canfield et al.
2010; Pingali 2012; Smith et al. 2013; Steffen et al. 2015).

Soil fungi play important roles in organic matter turnover,
e.g., litter degradation, and SOC decomposition (Jones et al.
2011; Sun et al. 2016). In agricultural soils, farming practices
can influence the soil nutrient status, with effects on the soil
fungal community composition and function (Potthoff et al.
2006; Lauber et al. 2008). For example, the fungal community
shifted under different fertilization regimes (Cwalina-
Ambroziak and Bowszys 2009; Song et al. 2015; Zhou et al.
2016). N amendments increased the relative abundance of
Ascomycota (Sun et al. 2016), while large application rates
of chemical N fertilizer decreased the fungal community di-
versity (Zhou et al. 2016). Conversely, applied organic matter
may increase diversity of soil fungi (Sun et al. 2016). Zhang
et al. (2012) found that fungal richness significantly increased
after adding pig manure and straw to soils when compared
with adding chemical fertilizer. Nevertheless, most of the
abovementioned studies focused on a single organic substitu-
tion rate (OSR), while the influence of different substitution
rates is poorly known. Guenet et al. (2010) reported a nonlin-
ear relationship between the amount of organic matter input
and the mineralization rate of soil organic matter (SOM).

Although there have been some reports describing the re-
sponse of the yield to the OSR in annual crops, e.g., rice (Bi
et al. 2009) and corn (Huang et al. 2010), there are rare studies
on the effect of the OSR on perennial crops. Tea (Camellia
sinensis) is a perennial and an important cash crop in subtrop-
ical and tropical areas. Heavy applications of N fertilizer are
always required in tea plantations to obtain good yield of
harvested young shoots (Kamau et al. 2008; Ruan et al.
2010). To reduce the application and losses to leaching and
volatilization of excess synthetic N fertilizers, organic substi-
tution is considered as an important approach to sustain the
yield production. Therefore, understanding the effect of dif-
ferent OSRs on tea yield and soil quality can be useful for
fertilization strategy optimization.

To investigate the effect of organic fertilizer substitution on
soil quality and fungal community of soil, a long-term field
trial with different OSRs applied to the tea plantation was set
up. The objectives of this research were to investigate (1) the

response of soil quality to different OSRs, (2) whether and
how OSRs shift the composition of soil fungal community,
and (3) the optimal OSR for the tea plantation. Soil quality
was evaluated as soil quality indices (SQI) calculated by phys-
icochemical, microbiological, and biochemical properties.

Materials and methods

Field site and experiment design

The long-term field experiment was established in 2007 at
Longhu Mountain, in Fu’an, a county in southeastern China
(119°34′ E, 27°14′ N). This area has a warm temperature and
subtropical monsoon climate with annualmean temperature of
19.3 °C and 1646mm of annual precipitation. The studied soil
was acidic red soil, developed from weathered granite materi-
al. Before the experiment, the soil properties were pH 4.15,
SOC 14.10 g kg−1, TN1.00 g kg−1, available P (AP)
18.43 mg kg−1, and available K (AK) 132.10 mg kg−1. The
experimental soil was formed by granite weathering, infertile,
and acidic.

The N, P, and K application rates in this study were
300 kg N ha−1, 32.75 kg P ha−1, and 62.23 kg K ha−1, respec-
tively. Organic substitution was calculated according to N
rate. The insufficient P and K in the organic substitution treat-
ments were supplemented by synthetic P and K fertilizers if
the total P and K was less than the demanded rate. Urea,
calcium superphosphate, and potassium sulfate were applied
as synthetic N, P, and K fertilizers, respectively. The applied
organic fertilizer was pig manure, and its nutrient information
have been detailed in Supplementary Table 1. There were two
100% synthetic treatments, NPK and PK without N, and then
25%, 50%, 75%, and 100% of the target N replaced with pig
manure. The quantity of the applied fertilizers for each plot is
reported in Table 1.

Organic fertilizer, calcium superphosphate, and 40% urea
and potassium sulfate were applied in late November as base
fertilizers. The remaining 60% urea and potassium sulfate
were divided into two even applications in early March and

Table 1 The quantity of the applied fertilizers for each plot (kg)

Treatment Manure Urea Potassium sulfate Calcium superphosphate

CK 0 0 0.79 3.28

NPK 0 1.71 0.79 3.28

OM25 14.80 1.28 0.59 2.46

OM50 29.59 0.86 0.39 1.64

OM75 44.39 0.43 0.20 0.82

OM100 59.18 0 0 0
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mid-August as top dressings. All fertilizers were applied in
field furrows so that they were approximately 10 cm in depth,
following the recommendation of good practice.

Each plot was 30 m2 in area, and had been planted with tea
trees (variety “purple peony”), with row spacing of 1.5 m and
plant spacing of 0.3 m. The young tea shoots (approximately
one bud with four leaves) were harvested using machinery in
early May and autumn early September.

Soil sampling and analysis

Soil samples were collected before fertilization in February
2017. For each plot, 10 soil cores (2 cm in diameter) were
collected to a depth of 10 cm by an auger sampler, and then
mixed as one sample. The collected fresh soil was sieved (<
2 mm) and separated into two parts; one was stored at − 80 °C
for DNA extraction, and the other was stored at − 4 °C for soil
chemical properties analysis.

Soil fungal community composition measurement

Total soil DNA was extracted from 0.25 g fresh soil by the
PowerSoil DNA Isolation Kit (MOBIO Laboratories,
Carlsbad, CA, USA) according to the product’s protocol.
The quality of the extracted DNA was then tested using a
spectrophotometer (ND2000, Thermo Scientific, USA).

ITS3-F (5′-GCATCGATGAAGAACGCAGC-3′) and
ITS4-R (5′-TCCTCCGCTTATTGATATGC-3′) were used as
the primers to amplify the ITS2 region (McKay et al. 1999).
The PCR reaction mixture contained 2.5 μL of 10× PCR
buffer (TaKaRa, Dalian, China), 1.5 mM Mg2+, 0.4 μM of
each deoxynucleoside triphosphate, 1.0 μM of each primer,
0.5 U of Ex Taq (TaKaRa, Dalian, China), and 10 ng DNA
template in a final volume of 25 μL. The following thermal
cycling conditions were used: an initial denaturation at 94 °C
for 3 min; 30 cycles at 94 °C for 40 s, 50 °C for 60 s, and 72 °C
for 60 s; and a final extension at 72 °C for 10 min.

The PCR products were then purified with a QIAquick Gel
Extraction Kit (Qiagen, CA, USA). The purified PCR prod-
ucts were sequenced using the Illumina MiSeq PE250 plat-
form (Illumina, San Diego, CA, USA). Sequencing data were
processed using the QIIME software package (version 1.9.0)
(Caporaso et al. 2010). Briefly, forward and reverse reads
were joined using fastq-join with a minimum of 10 bp overlap.
Low quality sequences (Phred quality score Q < 20 or se-
quences shorter than 200 bp) were discarded, and chimeras
were filtered by the UCHIME algorithm (Edgar et al. 2011) in
the USEARCH tool (Edgar 2010). High-quality sequences
were assigned to OTUs using UCLUST with a similarity
threshold of 97% (Edgar 2010). The taxonomic classification
of representative sequences from individual OTUs was per-
formed with the UNITE database (Abarenkov et al. 2010).
Singletons and non-fungal OTUs were removed and all

samples were rarefied to 42,351 sequences per sample for
further analysis. Sequence data was deposited in the
National Center for Biotechnology Information (NCBI) data-
base with accession number SAMN08891279.

Soil quality index

Soil quality integrates soil physical, chemical, and microbio-
logical properties and is often defined as a comprehensive
indicator of soil fertility (Doran and Parkin 1994). The soil
chemical properties included the soil pH, TC, TN, AP, AK,
mineral N (exchangeable NH4

+ and NO3
−); exchangeable Ca,

Mg, Fe,Mn, Cu, and Zn; and heavymetals As, Cr, Pb, and Cu.
The soil biochemical and microbiological properties included
the activity of urease, acid phosphomonoesterase, catalase,
nitratase, arylsuphatase, leucine aminopeptidase, polyphenol
oxidase, β-glucosidase, N-acetyl-β-D- glucosaminidase and
invertase, and MBC and MBN. These enzymes are involved
in C, N, P, and S cycling in the soil, which indicates the ability
of soil nutrition supply. All the methods and the references for
measuring soil properties mentioned above are presented in
Supplementary materials and methods, as well as the SQI
calculation. In this study, the minimum data set (MDS) meth-
od was selected to calculate the SQI. Two different SQI values
were calculated, with one representing the soil physicochem-
ical properties and the other representing the soil biochemical
and microbiological properties. The MDS for the soil physi-
cochemical and biochemical and microbiological properties
are displayed in Supplementary Files 1 and 2.

Network analysis

The co-occurrence network was inferred based on the
Spearman correlation matrix to explore the co-occurrence pat-
terns between microbial taxa in complex communities. Before
we constructed the network, we preprocessed the data set. CK
and NPK, OM25 and OM50, and OM75 and OM100 were
summarized as no organic fertilizer (NOF) input, low organic
fertilizer (LOF) input, and high organic fertilizer (HOF) input
treatments, because the CK and NPK treatments had no or-
ganic fertilizer, the OM25 and OM50 had a lower rate of
organic substitution, and the OM75 and OM100 had a higher
rate of organic substitution. OTUs with relative abundance
less than 0.01% and frequency of occurrence lower than 4
within 6 data columns were removed to reduce rare OTUs in
the data set. Then, the psych and igraph packages in the R
software (version 3.5.1) were used to analyze the preprocessed
data and calculate the Spearman correlation and the network
properties. Only the results with a cut-off at an absolute r value
greater than 0.6 and a p value below 0.05 after adjusting by
Benjamini–Hochberg’s false discovery rate were retained for
further network visualization using the “gephi” software (ver-
sion 0.9.2; https://gephi.org/) (Benjamini and Hochberg
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1995). Further analysis for co-occurrence network was de-
scribed in the Supplementary materials and methods.

Statistical analysis

The SQI under different OSRs treatments was evaluated by
one-way ANOVA at p < 0.05, as well as the difference in the
yield of tea leaves. The SQI of physicochemical and biochem-
ical and microbiological properties under the NOF (CK and
NPK), LOF (OM25 and OM50), and HOF (OM75 and
OM100) groups was evaluated by Kruskal–Wallis test at
p < 0.05. The soil fungal α-diversity indices and the relative
abundance at different taxonomy levels were compared by
one-way ANOVA and Fisher’s LSD multiple comparison test
with a significance level at p < 0.05.

Linear regression was also carried to evaluate the relation-
ship between OSRs and yield of tea leaves, and other param-
eters, i.e., SQI, and α-diversity indices. The relationship be-
tween the SQI and yield of fresh tea leaves was also explored
by linear regression.

The Pearson correlation analysis was performed for evalu-
ating the relationship between the SQI and soil fungal index
(i.e., fungal α-diversity indices, fungal β-diversity, and net-
work modularity), and the Spearman correlation analysis was
performed for SQI and eigengenes in each module of net-
works. Nonmetric multidimensional scaling (NMDS) plots
were used to estimate the overall differences in the fungal
community composition, based on the Bray–Curtis distances.

Analysis of similarities (ANOSIM) was used to test the
significance of the treatment effect on the soil fungal

community composition. Distance-based redundancy analysis
(dbRDA) was carried out to test the effect of environmental
factors on fungal community composition. The ANOVA for
dbRDAwas performed by “term” in the R software (version
3.5.1).

Simultaneously, variance inflation (VIFs) were computed
to confirm the presence of collinearities among environmental
properties, and the environmental properties were removed
until all the VIFs were less than 10 (Supplementary
Table 2). In addition, we also performed variance decomposi-
tion to test the effect of environmental factors on fungal com-
munity composition. All analyses mentioned in this paragraph
were performed in R software using the “vegan package”.

Results

Soil quality index and tea yield change
under different OSRs

In the present study, the SQI values of physicochemical and
biochemical and microbiological properties ranged from 0.31
to 0.75 and 0.31 to 0.77, respectively. The OM100 showed the
highest value in the SQI of physicochemical and biochemical
and microbiological properties. The CK treatment showed the
lowest physicochemical SQI, and the NPK treatment showed
the lowest biochemical and microbiological SQI (Fig. 1).
Additionally, significant positive correlations were found be-
tween the OSRs and physicochemical (R2 = 0.44, p < 0.01)
and biochemical and microbiological (R2 = 0.77, p < 0.001)

Fig. 1 The SQI boxplot of (a) physicochemical and (b) biochemical and microbiological properties under different treatments. The top left value of each
plot indicates the result of the ANOVA at a significance level of p < 0.05
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SQI (Supplementary Fig. 1). The Fisher’s LSD multiple com-
parison testing showed no difference in physicochemical and
biochemical and microbiological SQI values between CK and
NPK treatments, and values of physicochemical and biochem-
ical and microbiological SQI in high OSRs OM75 and
OM100 were significantly higher than CK and NPK treatment
(data not shown).

Compared with CK, tea yields were all higher under fertil-
ization during both spring and autumn seasons. The spring
yield was generally higher than that in autumn. With the
OSR increase, the spring tea yield did not show significant
change, but the autumn tea yield decreased. The annual total
yield slightly decreased with the OSRs, but OM100 showed a
significant decrease if compared with low substitution treat-
ments, e.g., NPK and OM25 (Fig. 2a).

The soil physicochemical SQI exhibited a significant qua-
dratic relationship with the spring tea yield (R2 = 0.50,
p < 0.01), autumn tea yield (R2 = 0.36, p < 0.05), and the total

tea yield (R2 = 0.43, p < 0.05) (Fig. 2b). However, we did not
observe any significant linear relationship between the yields
and soil biological SQI (Fig. 2c).

Soil fungal diversity change under different OSRs

For the soil fungal α-diversity, the (richness) Chao1 (R2 =
0.42, p < 0.01) and the (diversity) Shannon (R2 = 0.48,
p < 0.01) indices displayed a positive correlation with the
OSRs (Supplementary Fig. 2). Compared with CK and
NPK, only high OSR treatments (OM75 and OM100) showed
a significantly higher Chao1 index than the other treatments
(p < 0.05), while low OSR treatments (OM25 and OM50) did
not show any significant change (Supplementary Fig. 2a). The
Shannon index exhibited a slight increase with the OSR, but it
was insignificant among OSR treatments. The NPK treatment
showed the lowest Shannon index (p < 0.05) (Supplementary
Fig. 2b).

Fig. 2 The linear regression analysis between (a) the tea yield and the
OSRs, (b) the tea yield and the soil physicochemical SQI, and (c) the tea
yield and the biochemical and microbiological SQI. The different letters
in a plot (a) represent the yield difference under different OSRs. The red

triangle, green inverted triangle, and blank dot represent the spring tea
yield, autumn tea yield, and total annual yield, respectively. The curves
represent the relationships between two variables, and a p value less than
0.05 in the equation indicates significant correlation

Biol Fertil Soils (2020) 56:633–646 637



Under the long-term different fertilization regimes, the
soil fungal community composition was well separated by
Bray–Curtis distance-based NMDS (stress = 0.09). The
ANOSIM analysis confirmed that fungal communities of
each treatment was significantly different (R = 0.79, p =
0.001) (Supplementary Fig. 3).

Distance-based RDA found that the first two compo-
nents accounted for 46.31% of the variation in the fungal
community (Fig. 3a). The soil pH (F = 6.5156, p = 0.001),
SOC (F = 2.4006, p = 0.034), MBC (F = 2.2803, p =
0.046), and AK (F = 2.3778, p = 0.049) had a significant
impact on the composition of the fungal community in the
dbRDA model (Table 2). Variance decomposition showed
that 62.64% of the variance could be explained by soil
pH, SOC, MBC, and available nutrients (Fig. 3b).

Soil fungal community and its co-occurrence pattern

The soil fungal communities were dominated by
Ascomycota, Zygomycota, and Basidiomycota at the phy-
lum level, which accounted for approximately 90% of the
relative abundance in all samples (Supplementary
Table 3). NPK showed the highest (76.53%), and CK
(43.56%) the lowest relative abundance of the phylum
Ascomycota, which gradually decreased by increasing
OSR (Supplementary Table 3). Conversely, with respect
to the relative abundance of the phylum Zygomycota, CK
showed the highest value (40.94%), while NPK showed
the lowest value (10.94%), and the relative abundance
increased with the OSRs. The relative abundance of
Basidiomycota ranged from 6.59 (OM100) to 15.35%

(OM75), and did not exhibit any linear relationship with
the OSR (Supplementary Table 3).

The co-occurrence network of NOF, LOF, and HOF was
distinctly different (Fig. 4). Compared with NOF, LOF and
HOF increased the number of nodes (from 28 to 56/59) and
edges (from 69 to 140/143), respectively (Table 3).
Furthermore, the number of negative correlation edges in-
creased with the OSRs (Table 3). The ratio of negative edges
accounted for approximately 2.90% in NOF, approximately
4.29% in LOF, and approximately 30.77% in HOF.

Seven, 13, and 9 keystone species were identified in
the fungal co-occurrence network of NOF, LOF, and HOF,
respectively (Fig. 4 and Supplementary File 3). Most key-
stone species in the three networks were from the phylum

Fig. 3 Distance-based (distance = bray) redundancy analysis (dbRDA)
(a) depicting the correlation between fungal communities and soil prop-
erties, and (b) variance decomposition, with the percentages of variance

explained by soil properties. Available nutrients include nitrate, ex-
changeable NH4

+-N, available P, and available K. SOC, soil organic C;
MBC, microbial biomass C

Table 2 Results of ANOVA dbRDA model

Environmental factors F p

pH 6.5156 0.001

SOC 2.4006 0.034

AP 0.8292 0.512

AK 2.3778 0.049

Exchangeable NH4
+-N 1.2348 0.271

NO3
−-N 1.1296 0.350

MBC 2.2803 0.046

Variance inflation factors (VIFs) were computed to check the presence of
collinearities among environmental factors before ANOVA analysis. p-
values based on 999 permutations

SOC, soil organic C; AP, available P; AK, available K; MBC, microbial
biomass C
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Fig. 4 The fungal co-occurrence networks under the NOF (CK and
NPK), LOF (OM25 and OM50), and HOF (OM75 and OM100) treat-
ments based on Spearman correlations. The (a, d) NOF, (b, e) LOF, and
(c, f) HOF networks are colored by the fungal phyla and modules. The
size of each node is proportional to the number of connections (degree),

and the thickness of each edge is proportional to the value of Spearman’s
correlation coefficients. The blue edges indicate negative interactions
between two bacterial nodes, while red edges indicate positive
interactions
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Ascomycota. NOF and LOF shared four keystone species,
i.e., OTU16, OTU48, OTU74, and OTU90, while HOF
did not share any keystone species with NOF or LOF
(Fig. 5). All 16 keystone species in the NOF and LOF
network belonged to three classes, i.e., Sordariomycetes,
Agaricomycetes, and Eurotiomycetes (Fig. 5a, b). In con-
t ras t , HOF keys tone species belonged to c lass
Leotiomycetes, Sordariomycetes, Eurotiomycetes,
Dothideomycetes, and Agaricomycetes (Fig. 5c). With re-
spect to their functions, four and six keystone species in
the NOF and LOF networks, respectively, were identified
as potential pathogens. However, keystone species of the
HOF network exhibited more diverse functions, e.g., pro-
ducing enzymes and decomposing wood material, but no
function related to pathogenicity (Supplementary File 3).

The relationship between the SQI and soil fungal
indices

The physicochemical SQI was more related with soil fungal
species richness, while the biochemical and microbiological
SQI was more related with soil fungal species diversity. The
physicochemical SQI showed a stronger positive correlation
with the Chao1 index (R = 0.72, p < 0.01) than the Shannon
index (R = 0.53, p < 0.05), while the biological SQI exhibited
a stronger positive correlation with the Shannon index (R =
0.84, p < 0.001) than the Chao1 index (R = 0.68, p < 0.01)
(Table 4). In addition, soil fungal β-diversity also exhibited
a significantly positive correlation with both the SQI (R =
0.78, p < 0.01, R = 0.87, p < 0.001) (Table 4).

In the network analysis, the modularity of the soil fungal
network showed a strong positive correlation with the physi-
cochemical SQI (R = 0.79, p < 0.01) and biochemical and

microbiological SQI (R = 0.91, p < 0.001) (Table 4). The mod-
ularity of each network also increased with the addition of
more organic fertilizer (from 0.420 to 0.579) and showed a
significant positive correlation with physicochemical (R =
0.79, p < 0.01) and biochemical and microbiological (R =
0.91, p < 0.001) SQI (Table 4). However, the module
eigengene of each network did not show any significant cor-
relation with both physicochemical and biochemical and mi-
crobiological SQI (Table 5).

Discussion

The effect of OSRs on fungal communities

Fertilization with organic amendments usually alters the fun-
gal communities, such as richness, diversity, and community
composition (Lucheta et al. 2016; Yao et al. 2017). This can be
confirmed by the current study, which demonstrated that both
soil fungal α-diversity and community composition were sig-
nificantly changed with the OSRs (Supplementary Fig. 2 and
Fig. 3). Most previous studies found that soil pH, SOM, and
MBC are the key factors in explaining fungal community
differences (Sun et al. 2016; Tao et al. 2016) and diversity
changes (Sterner and Elser 2002; Chen and Xu 2005). In the
current study, soil pH, MBC, and MBN were significantly

Table 3 Network properties in
different treatments Network properties and SQI Treatment

NOF LOF HOF

Node 28 56 59

Edge 69 140 143

Modularity 0.420 0.495 0.579

Module 5 9 4

Positive edge 67 134 99

Negative edge 2 6 44

Keystone species* 7 12 9

Biochemical and microbiological SQI 0.35 ± 0.04 c 0.46 ± 0.05 b 0.60 ± 0.09 a

Physicochemical SQI 0.36 ± 0.06 c 0.48 ± 0.06 ab 0.60 ± 0.11 a

The SQI values (mean ± sd) were tested by using Kruskal Wallis test, different letters represented significant
difference between treatments. NOF is no organic fertilizer (CK and NPK treatments) input, LOF is low organic
fertilizer (OM25 and OM50 treatments) input, and HOF is high organic fertilizer (OM75 and OM100 treatments)
input
* Keystone species means node with more than 7 edges

�Fig. 5 Phylogenetic tree for active nonorganic fertilizer (CK and NPK)
OTUs, low-organic fertilizer (OM25 andOM50) OTUs, and high-organic
fertilizer (OM75 and OM100) OTUs in networks. Shared OTUs in the
network were bolded. The scale bars represent sequence divergence, and
bootstrap values (> 50%) are shown at branch points
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correlated with the fungal α-diversity (Supplementary
Table 4), while pH, SOC, MBC, and available nutrients ex-
plained > 60% of the community composition variance in the
dbRDA (Fig. 3).

During the last two decades, a pH-driven microbial diver-
sity pattern has been widely detected (Lentendu et al. 2011;
Bardgett and van der Putten 2014;Wang et al. 2015). Tao et al.
(2016) proposed that soil pH is a key factor in shaping the soil
fungal community composition. It was found that in the same
field, with an increase in the OSR and the addition of organic
matter, the soil pH was significantly increased (Ji et al. 2018).
Thus, this implied that organic substitutionmitigated soil acid-
ification and led to an increase in the soil fungal richness,
because less fungal taxa could survive at lower pH values
(Rousk et al. 2010).

Organic amendments will usually improve the soil nutrient
and organic C content (Maeder et al. 2002; Chang et al. 2007;
Liang et al. 2012), which consequently results in a change in
fungal communities (Lucheta et al. 2016; Yao et al. 2017).
Moreover, soil fungal community alteration may also depend
on different types of C sources. Hoppe et al. (2016) found
significantly different fungal community composition in the

deadwood of different tree species. Deacon et al. (2006) found
that there were distinct differences in the resource use of fun-
gal isolates from grassland. However, in the current study,
only a sole C source condition was created, because only sole
organic fertilizer was applied in the field, albeit with different
amounts.

In the studied soil, the fungal community mainly consisted
of Ascomycota, Basidiomycota, and Zygomycota
(Supplementary Table 3), which confirms what was found
by Sun et al. (2016). However, the relative abundance of
Ascomycota and Zygomycota exhibited different growth
strategies with organic fertilizer application (Supplementary
Table 3). Similar result was also found in the study by Dai
et al. (2018). This may be due to the Zygomycota saprotroph
exhibiting increased sensitivity to C sources than the
Ascomycota saprotroph. In addition, five fungal functional
groups (i.e., arbuscular mycorrhizal fungi, ectomycorrhizal
fungi, ericoid mycorrhizal fungi, plant pathogens, and
saprotrophs) were identified according to FUNGuild (http://
www.stbates.org/guilds/app.php) (Nguyen et al. 2016; Guo
et al. 2019). Our results showed that saprotroph fungi and
plant pathogen fungi were the dominant function fungi and

Table 4 Pearson correlation
between biochemical and
microbiological index

Soil fungal index Soil quality index

Physicochemical Biochemical and microbiological

Chao1 0.72** 0.68**

Shannon 0.53* 0.84***

β-diversity 0.78** 0.87***

Fungal network modularity 0.79** 0.91***

The first axis of NMDSwas used to represent the fungalβ-diversity. “*,” “**,” and “***” represent the significant
code at the level of p < 0.05, p < 0.01, and p < 0.001, respectively

Table 5 Spearman correlation
between the SQI and eigengenes
in each modules

Treatments Eigengenes Soil quality index

Physicochemical Biochemical and microbiological

NOF Module I 0.20 ns − 0.14 ns

Module II − 0.77 ns 0.49 ns

Module III 0.66 ns − 0.60 ns

LOF Module I 0.66 ns 0.26 ns

Module II 0.49 ns 0.71 ns

Module III − 0.14 ns 0.43 ns

HOF Module I 0.20 ns 0.54 ns

Module II 0.43 ns − 0.26 ns

Module III − 0.60 ns − 0.77 ns

The eigengene in the each module was the first principle component of the scaled relative abundance of the nodes
in eachmodules. “ns” represents no significance between the eigengenes and the SQI. NOF is no organic fertilizer
(CK and NPK treatments) input, LOF is low organic fertilizer (OM25 and OM50 treatments) input, and HOF is
high organic fertilizer (OM75 and OM100 treatments) input
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account for ~ 90% of the whole community, and plant patho-
gen fungi increased with the OSRs (Supplementary Fig. 4),
which indicated a risk of plant disease. Nevertheless, results
on fungal diversity depend on the used primers and database.
Indeed, Xue et al. (2019) reported that the choice of genetic
marker and classification database resulted in different relative
abundances among the 30 most abundant fungal groups,
which had a great impact on the next analysis, such as the
level of particular taxa or for defining potential indicator spe-
cies. Besides, due to the missing sequencing data at the begin-
ning of this study, the difference of fungal community com-
position also might be attributed to the spatial heterogeneity of
soils. In addition, soil samples collected from 0 to 10 cm depth
may not take into account the root effect as affected by fertil-
ization. Indeed, tea plant can influence soil microbial commu-
nities because of the root architectures and metabolisms (Chen
et al. 2006).

The effect of OSRs on fungal co-occurrence networks

Previous studies showed that when organic fertilizer was
added to soils, a more complex co-occurrence network devel-
oped than that due to the addition of inorganic fertilizer (Ling
et al. 2016; Wang et al. 2017). A similar result was found in
our study, where the fungal network modularity and negative
edges increased with the OSRs (Fig. 4 and Table 3).

In the present study, a greater addition of organic matter
(higher OSR) increased C, and this caused an increase in the
soil pH; this change increased the niche width (Dundore-Arias
et al. 2019) and niche differentiation (Dumbrell et al. 2010),
respectively, and the results might have been diversity with
beneficial coexistence of species in the soil habitat. This may
also explain why there were more nodes and edges in the co-
occurrence networks of LOF and HOF than those in the NOF
(Fig. 4 and Table 3). This also partly supports the previous
findings that applying organic fertilizer increases the degree of
cooperation and exchange events within the soil ecosystem
(Chaffron et al. 2010; Faust and Raes 2012). Furthermore,
increasing the C input into soil may also enhance the micro-
bial competition for the C source due to the niche overlap
(Dundore-Arias et al. 2019). Chen et al. (2019) reported that
biochar amendments induced competitive interactions in co-
occurrence networks. Thus, the increase in negative edges in
HOF was mainly due to the greater C input (Fig. 4 and
Table 3). Overall, we presumed that the amount of C input
might be a key factor in determining the complexity of the
fungal co-occurrence network.

The effect of OSR on soil quality and yield

Under organic fertilizer addition, both the physicochemical
and biochemistry and microbiological SQI were significantly
increased with the OSR (Fig. 1), which indicated the

beneficial effect of OSR on soil quality. This confirmed results
by Liu et al. (2017), who found that application of NPK plus
pig manure enhanced the soil physicochemical properties and
microbiological properties when compared with NPK or no
fertilization.

It has been reported that about 30% organic substitution
significantly increased soil fertility and quality (Zhao et al.
2016; Li et al. 2017). However, most of these studies de-
scribed experiments characterized by only one or two substi-
tution rates.

In the current study, although the soil physicochemical
properties increased by increasing OSRs (Supplementary
File 3), the application of OM25 resulted in the maximum
yield (Fig. 2a). Therefore, the pattern of the improvement in
the soil quality differed from that of the tea yield, because the
tea yield had a significant quadratic relationship with the soil
physicochemical quality (Fig. 2b). Whereby, the positive ef-
fect of the OM25 may be attributed to the improvement in the
soil quality (Saleque et al. 2004; Jiang et al. 2006), while the
negative effect by the OM 75 and OM100 could be due to the
insufficient mineral N supply before the harvest, which can
also cause yield loss (Ladha et al. 2003; Bi et al. 2009).
Moreover, the fertilization strategy may also be an important
reason for the negative effect of high OSR on yield. In order to
meet the nutritional demand of the tea plants, it was necessary
to split three times the application of synthetic N fertilizer.
Therefore, the high OSR treatments did not supply sufficient
mineral N for the young shoot growth before the harvest, thus
reducing the autumn yield compared with the spring yield in
treatments with high OSR (Fig. 2a).

Generally, the application of organic fertilizer has positive
effects on plant disease suppression and nutrient cycling
(Termorshuizen et al. 2006; Lang et al. 2011; Zhao et al.
2016). Li et al. (2017) reported that the addition of organic
fertilizer had a greater suppressive effect on Fusarium and
Verticillium dahlia. Tao et al. (2015) also found that partial
substitution of mineral NPK with organic matter suppressed
soil-borne pathogens by increasing the Bacillus abundance in
cotton fields. Our results confirmed these findings because the
treatment with high OSR (HOF) resulted in less pathogenic
species than with NOF and LOF treatments, as shown by the
Supplementary File 3. In addition, more species related to
degradation were found in HOF co-occurrence networks
(Supplementary File 3), likely due to the increased availability
of SOC and nutrients (Scotti et al. 2016).

Relationship between soil quality index and fungal
network

Both physicochemical and biochemical and microbiological
SQI showed positive relationships with soil fungalα-diversity
and β-diversity, which indicated that SQI improvement
changed the composition of soil fungal community. This
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may be related to the enhancement of the competition between
microbes (Fontaine et al. 2003) and the maintenance of mi-
crobial α-diversity (Siciliano et al. 2014).

The soil fungal network modularity was significantly cor-
related with both physicochemical and biochemical and mi-
crobiological SQI (Table 4). This indicated the possibility of
using network modularity in the fungal co-occurrence net-
work analysis as an indicator for SQI assessment. This may
save both time and labor costs if automated high throughput
sequencing (HTS) is used, compared with traditional physico-
chemical and biochemical and microbiological SQI assess-
ment, which requires the measurements of several properties,
such as pH, SOC, TN, AP, AK, MBC, MBN, and enzymatic
activities (Doran and Parkin 1994; Liu et al. 2013; Schloter
et al. 2018).

Conclusions

Our study investigated the soil quality and the changes in the
composition of fungal community alteration under different
OSRs over a 10-year period in a mono-cultured tea plantation.
Both the soil physicochemical and biochemical and microbi-
ological SQI had a strongly positive relationship with the
OSRs. However, after taking into consideration the yield and
the benefit of soil quality, 25% OSR should be recommended
for practice for tea plantations’ fertilizer treatment. An in-
crease in the OSR resulted in a more complex fungal co-
occurrence network. The fungal network complexity was pos-
itively correlated with SQI, which indicated the possibility of
using fungal network complexity in the SQI assessment.
However, additional investigations with other soils are re-
quired to verify the accuracy of using fungal networks for
SQI assessment.
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