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Ginkgo agroforestry practices alter the fungal community structures
at different soil depths in Eastern China
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Abstract
Agroforestry practices aim to achieve environmentally friendly land use. Fungi play a primarily role in soil organic carbon and
nutrient maintenance, while the response of the soil fungi community to land use changes is little explored. Here, a high-
throughput sequencing method was applied to understand the fungal community structure distinction in ginkgo agroforestry
systems and adjacent croplands and nurseries. Our results showed that the agroforestry systems achieved better soil fertility and
carbon contents. The agroforestry practices significantly altered the composition of soil fungal communities comparing with pure
gingko plantation, adjacent cropland, and nursery. The dominant fungal phyla were always Ascomycota and Basidiomycota. The
relative abundance of Ascomycota was correlated with the TN and AP, while the abundance of Basidiomycota was negatively
correlated with the TN and NN. The soil organic carbon, total nitrogen, and nitrate nitrogen explained 59.80% and 63.36% of the
total variance in the fungal community composition in the topsoil and subsoil, and the available phosphorus also played a key role
in the topsoil. Considering soil fertility maintenance and fungal community survival and stability, the agroforestry systems
achieved better results, and the ginkgo and wheat system was the best among the five planting systems we studied. In the ginkgo
and wheat system, applying readily available mineral nitrogen fertilizer either alone or in combination with organic amendments
will improve the soil quality and fertility.
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Introduction

Soil is the most important and complex ecosystem on Earth.
Soil microbes are important components of the soil ecosystem
and global biodiversity, contributing significantly to terrestrial
ecosystem functions by mediating carbon (C) and nitrogen
(N) pools and nutrient cycling (Daniel 2005; Bardgett and
van der Putten 2014; Delgado-Baquerizo et al. 2016).
Owing to their high abundance and the diversity and their
critical ecological roles, bacteria, fungi, and archaea are

receiving more and more attention (Liu et al. 2015b; Fierer
2017). Fungi are key components of soil biota, and they de-
liver key ecosystem services such as antagonizing pathogens,
stimulating decomposition processes, and improving plant nu-
trient acquisition (Buee et al. 2009; Ehrmann and Ritz 2014).
For example, ectomycorrhizal fungi infect plant roots and
form highly branched hyphae, thereby improving the ability
of plants to access nutrients and water (Dhilhon and Anderson
1993; Lehto and Zwiazek 2011). Arbuscular mycorrhizal fun-
gi are primarily involved in transporting nutrients to the plant
and availing themselves of carbon compounds to promote
their microbial activities (Smith and Read 2008). There is
evidence that fungi are the dominant degraders of refractory
organic matter and pollutants and they are mediators of slower
carbon cycling (Jeffries et al. 2003; Rinnan and Bååth 2009).
Soil fungi act as potentially valuable indicators and partici-
pants in soil fertility maintenance and plant productivity im-
provement (van der Heijden et al. 1998; Chen et al. 2017).
Moreover, fungi have certain positive and negative effects on
plant communities by improving the adaptability of certain
plant species through their ability to access nutrients, by
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deteriorating the adaptability of certain plants by causing plant
disease, or by altering resource allocation patterns (Rodriguez
et al. 2009).

Fungal richness and diversity are believed to be ecosystem-
dependent and plant-dependent because of the soil physical
and chemical properties and root exudate specificity; these
factors are vital for the survival of soil microbes (Schappe
et al. 2017). Recent studies have suggested that the commu-
nity composition of soil fungi is significantly correlated with
the plant species richness, mean annual temperature, water
availability, litter quality, soil pH, soil organic carbon (SOC),
nitrate, and total nitrogen (TN) in grassland ecosystems and
forest soils (Chen et al. 2017; Huhe et al. 2017). These studies
were primarily focused on fungal community composition
patterns across large geographical distances, and most of these
studies were focused on the surface soil (0–20 cm). Compared
with annual herbs, perennial plants customarily produce more
abundant resources through rhizodeposition, and they favor
larger populations of more diverse microbes. Studies have
shown that soil properties play key roles in the changes in soil
fungal communities, such as fungal communities that vary
with the soil depth (Prober et al. 2015) and soil nutrient con-
tents (Lin et al. 2012; Liu et al. 2012). Research by Kim et al.
(2015) indicated that nitrogen fertilizer applications signifi-
cant ly changed the fungal community structure.
Additionally, many studies have demonstrated that plant com-
munity characteristics and local climate were also key factors
(Peay et al. 2010; Li et al. 2018).

Pure agricultural systems are negatively affected by land
use pressure, climate deterioration, and water resource deple-
tion, which then threaten food production (Anderson and
Zerriffi 2012). Finding better solutions to achieve sustainable
development and environmentally friendly land use is of crit-
ical importance. Agroforestry is a practice that artificially in-
tegrates trees with crops and/or livestock to achieve diverse
benefits, such as conserving biodiversity, enhancing ecosys-
tem service provision, and counteracting resource degrada-
tion, making it a good candidate for addressing food security,
water security, sustainable livelihoods, and climate change
objectives (McNeely and Schroth 2006; Nair 2008;
Koohafkan et al. 2012). In addition, the trees and the inter-
crops utilize the available resources such as sunlight, under-
ground water, and soil nutrients more effectively, and
intercropping reduces the incidence of diseases and insect
pests (Yu et al. 2015). Changes in land use will lead to varia-
tions in the physical structure of the environment and to var-
iations in plants and herbs (e.g., convert cropland to grassland,
cropland to forest, and grassland to forest), causing variations
in the plant litter species and microenvironments; these varia-
tions will affect the soil microorganism biodiversity and cause
significant consequences for ecosystem functions (Loreau
et al. 2001; Meier and Bowman 2008; Poeplau and Don
2013). Despite the importance of its ecological benefit, there

is a lack of information on the effect of agroforestry practices
on the soil fungal community composition. As a whole, tree
and intercrop litter and root exudates provide important car-
bon resources for soil microbial growth, and changes in these
plant-derived organics affect soil microbial communities.
There is ample evidence to suggest that increased organic
content, improved litter quality and quantity, and improved
soil fertility in agroforestry systems were observed comparing
with cropland which will be beneficial for the soil enzyme
activity, which is closely related to fungal function (Caldwell
2005; Udawatta et al. 2009).

Ginkgo biloba L. is known as a Bliving fossil^ and is valu-
able for a wide variety of uses. Ginkgo is native to China and
has been introduced to many areas of the world because of its
broad environmental adaptability (Major 1967). In China, the
primary means of ginkgo cultivation is agroforestry. The ag-
roforestry practices are primarily to help diversify farm in-
comes, on one hand provide short-term gain through the
intercropping crops or landscape seedling products, and on
the other harvest ginkgo trees as ornamental trees or timber
products in the long run.We have little information about how
fungal communities respond to different intercropping strate-
gies, and previous studies have generally been restricted to the
primary rooting zone (0–20 cm). Therefore, this study at-
tempts to investigate the effect of agroforestry practices on
the soil fungi community α-diversity down to a soil depth of
40 cm. High-throughput sequencing methods were applied to
elucidate the fungal community composition and structure in
five planting systems and to explore their interactions with soil
physical and chemical properties. We hypothesized that (1)
agroforestry practices will modify the soil fungal community
composition and increase fungal diversity and that (2) the soil
properties would explain a considerable proportion of the var-
iations among the planting systems.

Materials and methods

Experimental sites and soil sampling

The study field site is in the Yellow Sea Forest Park in Dongtai
County, Jiangsu Province, China (32° 51′–32° 52′ N, 120°
48′–120° 50′ E). The study area is 5 m above sea level. It
has a northern subtropical monsoon climate with a mean an-
nual temperature and an annual rainfall of 15.0 °C and 1061.2
mm, respectively (Guo et al. 2016). The field soil was classi-
fied as a coastal sandy saline-alkali soil.

Local farmers usually interplant ginkgo with crops and
seedlings; ginkgo plantations were established in 2002, and
agroforestry systems were applied in 2004. Before the ginkgo
agroforestry systems were applied, summer maize and winter
wheat rotation systems were applied prior to 2002. We select-
ed five popular planting systems for this study, namely, G (a
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pure ginkgo system),W (awheat (Triticum aestivumL.) field),
M (a pure Metasequoia (Metasequoia glyptostroboides Hu et
Cheng) seedling system), GW (a ginkgo and wheat system),
and GM (a ginkgo andMetasequoia system). TheW, GW, and
GM systems were in close proximity to each other. The G
system and M system were in close proximity to each other
and about 300 m from the other three systems. In order to
avoid their interaction and stand edge effect, the plots in each
planting system avoided the stand edge area. There were three
replicate plots (10 m × 10 m) for each planting system, which
were arrayed in a randomized block design. The ginkgo agro-
forestry systems were characterized by intra- and inter-row
spacings of 2 m × 8 m, and the Metasequoia seedlings in the
GM system were characterized by intra- and inter-row spac-
ings of 0.8 m × 0.8 m. The pure gingko system and the
Metasequoia seedling system were characterized by intra-
and inter-row spacings of 3 m × 3 m and 0.8 m × 0.8 m,
respectively. In the M and GM systems, metasequoias were
planted in 2010. Corn was planted as a rotation crop after
wheat. The farmers applied fertilizers twice per year (mid-
May and mid-October). The amount of fertilizer was approx-
imately 0.45 t ha−1 per application for a total of 0.9 t ha−1

year−1 (compound fertilizer with N:P2O5:K2O = 15:15:15).
No pesticides, bactericides, or herbicides were applied to the
systems.

Soil samples were collected on May 16, 2017. Within each
plot, five soil samples were randomly collected using a 2-cm-
diameter soil corer at depths of 0–20 cm and 20–40 cm,
representing the topsoil and subsoil, respectively. The samples
were mixed to generate a single soil sample for each layer (a
total of 30 samples). The samples were immediately placed on
ice in an icebox and were transported to the laboratory, where
they were passed through a 2.0-mm sieve. After the sieving,
one part was stored at 4 °C for soil physical and chemical
property analyses, and another part was stored at − 81 °C for
DNA extraction.

Basic physical and chemical properties of the soil

The soil pH was determined in a soil suspension with a
soil:water ratio of 1:2.5 (w/v) using a portable pH meter. The
SOC content was determined by digestion using the potassi-
um dichromate oxidation-external heating method (Fan et al.
2017). The soil TN was measured using the micro-Kjeldahl
method with digestion in H2SO4 followed by steam distilla-
tion. The soil ammonium-N (AN) and nitrate-N (NN) were
extracted with 2 M KCl and determined using UV spectro-
photometry (Shibata et al. 2011). The available P (AP) was
extracted with 0.5 M NaHCO3 and determined using the
molybdenum-blue method with an atomic absorption spectro-
photometer. The available K (AK) (extracted by 1 M
NH4OAc) concentrations were determined using a flame pho-
tometer (FP6450, Shanghai, China) (Lu 1999).

DNA extraction, PCR, and high-throughput
sequencing of 18S rRNA genes

To extract the total soil DNA, 0.5 g of soil from each sample
was extracted using the PowerSoil DNA Isolation Kit (Mo
Bio, Solana Beach, CA, USA) following the manufacturer’s
protocols. The final DNA concentration and purification were
determined using a NanoDrop 2000 UV-vis spectrophotome-
ter (Thermo Scientific, Wilmington, USA), and the DNA
quality was detected by 1% agarose gel electrophoresis.
Illumina sequencing was performed in triplicate using the
p r im e r s SSU081 7F ( 5 ′ - TTAGCATGGAATAA
TRRAATAGGA-3′) and 1196R (5′-TCTGGACCTGGTGA
GTTTCC-3′) in a thermocycler PCR system (GeneAmp
9700, ABI, USA); these 18S primers have been shown to be
fungal-specific, and they target a region of the 18S rRNA gene
that is variable between major taxa and can be aligned (Rousk
et al. 2010). Each PCR reaction was performed in triplicate in
a 20-μL mixture containing 4 μL of 5 × FastPfu Buffer, 2 μL
of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of
FastPfu Polymerase, and 10 ng of template DNA. The PCR
reactions were conducted using the following program: 3 min
of denaturation at 95 °C, 35 cycles of 30 s at 95 °C, 30 s for
annealing at 55 °C, 45 s for elongation at 72 °C, and a final
extension at 72 °C for 10 min. The resulting PCR products
were extracted from a 2% agarose gel and further purified
using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA), washed with Tris-HCl,
and quantified using QuantiFluor™-ST (Promega, USA) ac-
cording to the manufacturer’s protocol. The sequencing was
conducted by Shanghai Majorbio Bio-Pharm Technology
(Shanghai, China) using an Illumina MiSeq platform (San
Diego, CA, USA). The raw reads in this study were deposited
in the National Center for Biotechnology Information (NCBI)
Sequence Read Archive (SRA) database (accession number:
SRP124182).

Bioinformatics and statistical analysis

Raw FASTQ files obtained by MiSeq sequencing were
demultiplexed, quality-filtered by Trimmomatic, and merged
by FLASH (Magoc and Salzberg 2011). The operational tax-
onomic units (OTUs) were clustered at a 97% similarity cutoff
using Usearch (version 7.1 http://drive5.com/uparse/). The
taxonomy of 18S rRNA gene sequence was analyzed with
the RDP Classifier algorithm (http://rdp.cme.msu.edu/)
against Silva (Release128 http://www.arb-silva.de) using a
confidence threshold of 70%. The alpha diversity was
estimated using mothur (version v.1.30.1). The rarefaction
curve was estimated using mothur (version v.1.30.1), and it
reflected the fungal diversity of different samples in different
sequencing numbers and was drawn using R software.
According to the principal of minimum sequence sample
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numbers, 28760 sequences per sample were selected to
analyze the structure of the fungal community. A
community column diagram was used to detect the
community composition at the phylum and class levels, and
Venn diagrams were used to detect unique and shared fungal
OTUs between different planting systems, as calculated using
R software (version 3.4.0, R Core Team 2017). The β-
diversity was examined by principal coordinate analysis
(PCoA) to estimate the fungal community structure using
spearman_approx dissimilarities. The relationships between
the soil fungal community structure and each soil property
were analyzed by RDA using CANOCO 5.0 software.
Pearson correlation analyses were calculated using R software
3.4.0 (vegan package, http://www.r-project.org).

SPSS (version 19.0, Chicago, IL, USA) was used to calcu-
late the means and standard deviations from three replicates.
The effects of the planting system and soil depth on the soil
properties and alpha diversity were analyzed by two-way anal-
ysis of variance (ANOVA), and Duncan’s multiple range test
was used to separate the means when a significant treatment
effect was found (P < 0.05). The effects of the planting system
on the soil properties and alpha diversity were analyzed by
one-way ANOVAwithin the same soil layer (P < 0.05). The
normality of the distribution and the homogeneity of the var-
iance were tested before performing the ANOVA.

Results

Soil properties

The major physical and chemical characteristics of the soil
from the five planting systems are summarized in Table 1.
The pH of the five planting systems were ranged from 7.94
to 8.16 in the topsoil and 8.15 to 8.39 in the subsoil, respec-
tively. The SOC (28.15 and 10.19 g kg−1) and TN (1.12 and
0.65 g kg−1) were highest in the GW system, both in the
topsoil and in the subsoil. The AN (10.97 mg kg−1) in the
GM system was significantly higher than that in the other
systems in the topsoil; the significantly higher AN (7.80 mg
kg−1) was observed in the G system. The relatively higher NN
contents were obtained in the GW and W systems. The two-
way ANOVA indicated that the planting system and soil depth
significantly affected the pH, SOC, AN, NN, AP, and AK (P <
0.01) (Table 1). Only the soil depth significantly affected the
TN (P < 0.01). The one-way ANOVAs conducted within the
same soil layer indicated that the SOC, AN, NN, and AKwere
significantly different within the five planting systems in both
the topsoil and the subsoil, while TN and AP only showed
significant differences in the topsoil (P < 0.05). The TN and
NN were significantly lower in the G system than those in the
other systems (P < 0.05).

Fungal α-diversity

The MiSeq platform was used to reveal the α-diversity of the
soil fungal communities in the different planting systems. A
total of 556443 and 561702 quality-filtered and optimized
18S rRNA gene sequences were obtained from the topsoil
and subsoil, respectively (Table S1). Four hundred and fifty
fungal OTUs were obtained from the topsoil and subsoil. A
Venn diagram analysis of the OTUs at 97% sequence similar-
ity showed that all the systems shared 93 and 77 OTUs and
that these OTUs accounted for 20.67 and 17.11% of the total
OTUs observed in the topsoil and subsoil, respectively
(Supplementary Fig. 1). The richness index values (ACE
and Chao1; α-diversity) and the diversity (Shannon; α-
diversity) index values were compared in the fungal commu-
nity among the different systems within the same soil layer
(Table 2). The Chao1 and ACE estimators indicated that the G
system exhibited a significantly lower fungal OTU number
than the M and GW systems in the topsoil (P < 0.05). The
higher Shannon index of the M and GW systems resulted in
greater fungal diversity than those in the G and W systems in
the subsoil (P < 0.05). When considering the α-diversity in-
dices between the topsoil and subsoil within the same planting
systems, only the OTUs, Chao1, and ACE in GW system and
Shannon index in GM systemwere significantly different (P <
0.05); significantly higher values were obtained in the topsoil.
The coverage indexes were always greater than 0.999, which
reflected sequencing results large enough to represent the ac-
tual situation of each soil sample (Table 2). Additionally, the
rarefaction curves and the Shannon-Wiener index of the fun-
gal communities supported the idea that the sequencing data
represented the actual situation of each soil sample
(Supplementary Fig. 2).

Fungal community composition

Our results showed that Ascomycota (accounting for averages
of 63.88% and 52.41% of the fungal sequences in the topsoil
and subsoil, respectively) was the most dominant phylum,
followed by Basidiomycota (accounting for averages of
11.18% and 10.94% of the fungal sequences in the topsoil
and subsoil, respectively). These trends were largely consis-
tent among the five planting systems (Fig. 1). However, dif-
ferences in the relative abundances among the five planting
systems were observed in the same soil layer (P < 0.05,
Supplementary Fig. 3). At the class level, Sordariomycetes
was the most abundant class (40.87% of fungal sequences in
the topsoil), although it accounted for a relatively smaller per-
c en t age in the subso i l (27 .64%) , fo l l owed by
Dothideomycetes (Supplementary Fig. 4). The PCoA clearly
distinguished among the fungal communities in the subsoil
according to the five planting systems, while the GM and M
systems did not differ from one another in the topsoil (Fig. 2a
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and b). The total variance explained by the first two axes (PC1
and PC2) were 43.05 and 42.09% of the fungal communities
in the topsoil and subsoil in the five planting systems sampled,
respectively (Fig. 2).

Relationship between the fungal community
structure and soil characteristics

Differences in the fungal community structures and environ-
mental characteristics were observed among the five planting
systems. Therefore, to investigate whether the fungal commu-
nity structure and soil physical and chemical characteristics
are related in both the topsoil and the subsoil, the primary soil
physical and chemical characteristics (including the pH, SOC,
TN, AN, NN, AP, and AK) were included in the redundancy
analysis (RDA). The RDA of the MiSeq data and the soil
physical and chemical characteristics revealed that the TN (P
< 0.01), NN (P < 0.05), and AP (P < 0.01) explained the
significant changes in the fungal community composition in
the topsoil, while the TN (P < 0.01) and NN (P < 0.01) ex-
plained the variation in the subsoil. The first two axes of the
RDA accounted for 59.80% and 63.36% of the total variance
in the fungal community composition in the topsoil and sub-
soil, respectively (Fig. 3). A Pearson correlation analysis was
conducted, and the results showed that the relative abundance
of Ascomycota was significantly correlated with the TN and
AP (P < 0.01, r = 0.680, and P < 0.01, r = 0.769), while the

abundance of Basidiomycota was negatively correlated with
the TN and NN (P < 0.01, r = − 0.728, and P < 0.01, r = −
0.68) (Fig. 4).

Discussion

Soil physical and chemical properties have always received
the most attention from foresters who wish to assess site con-
ditions and enhance stand productivity (Schoenholtz et al.
2000). In this study, significant differences were found in all
the selected soil physical and chemical characteristics, except
for TN, among the five planting systems. Higher SOC, TN,
and NO3–N contents were observed in the GW system and a
higher NH4–N content was observed in the GM system.
Agroforestry systems are both structurally and functionally
more complicated than arable land and forests, resulting in
better nutrient cycles and increased carbon sequestration
(Nair 2007; Torralba et al. 2016). Soil preparation before sow-
ing (litter turned over to the subsoil and litter decomposition)
and the abundant resources produced by perennial plants
(ginkgo) may contribute to the significantly higher SOC con-
tent in the subsoil within the GW system (Liang et al. 2012).
In addition, all the selected basic soil properties were signifi-
cantly depth-dependent. The significantly higher SOC and TN
contents in the topsoil may be caused by the relatively higher
plant litter and crop residue input on the soil surface, their

Table 1. Soil chemical and physical characteristics in different soil layers of the five planting systems.

Planting System pH SOCa

g·kg-1
TN mg·kg-1 AN mg·kg-1 NN mg·kg-1 AP mg·kg-1 AK mg·kg-1

0-20 cm

G 8.02 (0.05) ab 17.35 (1.42) bc 0.26 (0.14) c 7.48 (0.64) b 4.33 (0.61) b 10.20 (1.43) c 47.36 (2.92) b

W 8.16 (0.05) a 15.78 (1.74) bc 0.75 (0.13) b 3.42 (0.80) c 11.68 (5.11) a 14.53 (4.70) c 33.12 (8.33) c

M 7.94 (0.09) a 14.05 (1.77) c 0.79 (0.17) b 5.66 (1.37) bc 11.55 (2.60) a 29.25 (1.23) a 65.30 (2.98) a

GW 7.96 (0.09) a 28.15 (2.50) a 1.12 (0.10) a 6.55 (2.43) b 14.17 (0.73) a 21.49 (2.97) b 34.07 (1.02) c

GM 8.02 (0.26) a 18.75 (2.24) b 0.75 (0.07) b 10.97 (2.15) a 8.82 (2.45) ab 24.06 (5.68) ab 42.27 (7.88) bc

20-40 cm

G 8.39 (0.13) a 4.23 (0.77) b 0.18 (0.15) a 7.80 (2.35) a 2.58 (0.26) b 12.51 (5.43) a 40.15 (1.30) a

W 8.26 (0.07) a 3.84 (0.97) b 0.50 (0.38) a 2.62 (0.99) b 8.61 (3.00) a 9.32 (2.90) a 31.92 (1.94) bc

M 8.15 (0.12) a 5.52 (3.82) b 0.31 (0.05) a 3.11 (0.89) b 6.08 (2.35) a 10.64 (2.93) a 46.22 (3.00) a

GW 8.29 (0.06) a 10.19 (1.67) a 0.65 (0.15) a 4.08 (1.00) b 8.39 (0.91) a 14.45 (8.08) a 28.42 (0.77) c

GM 8.29 (0.23) a 6.29 (1.64) b 0.21 (0.08) a 5.01 (0.55) b 5.23 (1.18) ab 14.55 (6.86) a 38.49 (8.48) ab

F value

Planting Systems 12.644** 22.623** 1.440 12.276** 9.915** 4.548** 24.866**

Depth 35.973** 299.111** 26.976** 17.846** 20.395** 19.242** 17.282**

The data are the means of three replicates, and the standard deviations are presented inside the parentheses.

* and ** are statistically significant at P = 0.05 and P = 0.01, respectively, according to Duncan’s test.
a SOC, soil organic carbon; TN, total nitrogen; AN, ammonium nitrogen; NN, nitrate nitrogen; AP, available phosphorus; and AK, available potassium.
bDifferent lowercase letters within a column indicate significant differences at the P = 0.05 level among the different planting systems within the same
soil layer.
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gradual decomposition, and wheat rhizodeposition (Müller
et al. 2016), and the lower TN content in the subsoil may be
explained by higher rates of N losses (Gu et al. 2017;
Mushinski et al. 2017). In accordance with previous studies,
the NH4–N and NO3–N decreased with the depth in forest
soils in which ammonification typically occurs (Liu et al.
2015a; Tanner et al. 2016). Considering the low solubility of
phosphorus in slightly alkaline soil, the AP in the topsoil was
higher than that in the subsoil (El-Baruni and Olsen 1979).
Additionally, agroforestry systems can potentially improve
the P cycling relative to pure plantations by producing much
more stable P fractions (Wang et al. 2017a). The relatively
lower AK contents in the subsoil might have been due to the
high mobility of K in the soil. In our study, the basic soil
properties were system-dependent and depth-dependent.

The fungal diversities in the topsoil and subsoil showed
similar variation patterns and were also similar to the variation
patterns in soil nutrients within the five systems. In accor-
dance with previous studies, this result showed that the soil
nutrient content plays a key role in the soil microbial survival,
species composition, and metabolism (Kerfahi et al. 2016;
Zhang et al. 2016). Comparing with pure planting systems,
clearly, the interplanting crops or seedlings that supplied extra
available substrate that was exuded by roots will be beneficial
for fungal growth. Different plant species will cause different
rhizosphere nutrient availability and thus lead to different fun-
gal phylogenetic compositions (Wang et al. 2017b). In addi-
tion, Wang et al. (2017a) confirmed that agroforestry systems
behaved more like natural forests than pure plantations. The
plant and fungal richness were positively correlated in most

regions at a fine scale, because different planting systems di-
rectly provided different quantities and qualities of organic
matter and indirectly changed the soil properties, thus affect-
ing the soil fungal communities (Tedersoo et al. 2014a; Zhou
et al. 2017). These correlations will be overridden at a broader
spatial scale by differences in environmental factors (Tedersoo
et al. 2014b). We also found that the Shannon index showed a
decreasing trend with the increasing soil depth in three of the
systems. This decrease could be explained by the limited nu-
trient resources in the subsoil, resulting in lower nutrient
source chemical heterogeneity, with a consequent decrease
in the fungal alpha diversity (Voříšková et al. 2014). The C
and N availability was the primary factor determining the
microbial community abundance (Yoshitake et al. 2013).

Fungi are commonly involved in the cellulose decomposi-
tion process, and the saprotrophic Ascomycota and
Basidiomycota are the key participants (Baldrian et al.
2012). The higher abundance of Ascomycota obtained in
our study was similar to that of previous studies, which were
conducted in semi-arid grasslands (Porras-Alfaro et al. 2011),
temperate grasslands (Prober et al. 2015), and global dry lands
(Maestre et al. 2015). However, our results differed from a
recent global soil survey that showed a relatively higher abun-
dance of Basidiomycota (55.7%) and lower abundance of
Ascomycota (31.3%) in natural terrestrial ecosystems
(Tedersoo et al. 2014a). As described by Chen et al. (2017),
Ascomycota may be capable of tolerating stressful conditions
and achieving a more efficient resource use in challenging
environments (Hannula et al. 2012; Chen et al. 2017). The
proportion of Ascomycota decreased with the increasing soil

Table 2. Estimated numbers of
observed richness, diversity and
coverage for the different soil
samples of different layers.

Planting Systems OTUs CHAO1 ACE Shannon Coverage

0-20 cm

G 109 (40) c 119 (37) c 119 (39) c 2.86 (0.92) a 0.9996 (0.0003) a

W 166 (12) ab 176 (12) ab 176 (14) ab 3.33 (0.11) a 0.9996 (0.0001) a

M 132 (8) bc 142 (13) bc 140 (14) bc 2.95 (0.17) a 0.9996 (0.0001) a

GW 187 (21) a 201 (18) a 197 (18) a 3.08 (0.66) a 0.9995 (0.0001) a

GM 146 (8) abc 161 (10) ab 155 (3) abc 3.18 (0.07) a 0.9997 (0.0001) a

20-40 cm

G 88 (8) a 95 (11) a 98 (17) a 2.66 (0.28) bc 0.9997 (0.0010) a

W 149 (29) a 159 (33) a 161 (36) a 3.26 (0.14) a 0.9994 (0.0003) a

M 134 (41) a 144 (46) a 142 (44) a 2.95 (0.39) ab 0.9995 (0.0002) a

GW 127 (6) a 133 (6) a 135 (6) a 3.36 (0.16) a 0.9996 (0.0000) a

GM 113 (26) a 131 (22) a 132 (33) a 2.30 (0.26) c 0.9995 (0.0001) a

F values

Planting Systems 5.948** 5.475** 5.134** 2.104 0.740

Depth 8.680** 8.513** 7.046* 1.226 0.285

The data are the means of three replicates, and the standard deviations are presented in the parentheses.

* and ** are statistically significant at P = 0.05 and P = 0.01, respectively, with Duncan’s test.

Different lowercase letters within a column indicate significant differences at the P = 0.05 level among the
different planting systems within the same soil layer.
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depth. By contrast, the proportion of Basidiomycota was low-
er in the topsoil than in the subsoil in most planting systems,
which is consistent with previous studies (Clemmensen et al.
2013; Voříšková et al. 2014). The predominant phylum of the
fungal communities was generally consistent, but the specific
ratio of different fungal phyla varied across the five planting
systems. When considering the class level, a majority of
Sordariomycetes species are saprotrophic, and the lower pro-
portion in the G system was most likely due to the lower litter
input and plant diversity. Additionally, Sordariomycetes (or-
der Sordariales) are also considered to be primarily straw res-
idue decomposers (Ma et al. 2013). The accumulated evidence
indicates that many of the Dothideomycetes contribute to a
tolerance to extreme environmental conditions, and some spe-
cies produce enzymes that help degrade rocks (Ohm et al.
2012; Qin et al. 2014; Treseder and Lennon 2015). Notably,
the relative dominance of saprotrophic fungi was beneficial
for the allocation of photosynthetic products between above-
ground and underground portions in forests (Högberg et al.
2003). Overall, the fungal composition structures in the soils
of the agroforestry systems were probably driven by tree leaf
litter and intercrop residue decomposition processes.

The importance of soil properties in determining the
soil microbial abundance and composition has been

reported in numerous studies (Kerfahi et al. 2016; Zhang
et al. 2016). This importance can be explained by the key
roles fungi have played in soil carbon and nitrogen cy-
cling (Read and Perez-Moreno 2003). In the present
study, the RDA analysis showed that the major soil prop-
erties contributed over 50% of the shift in the fungal
community, indicating that these factors were essential
in constructing the fungal community composition, which
was in accordance with our hypothesis. Significant direct
relationships between fungal community structures and
soil TN and NO3–N supported previous findings by
Huhe et al. (2017). Additionally, in the study of Schmidt
et al. (2014), the fungal survival relies more on C and N
sources than bacteria and archaea. In this study, wheat
straw that was returned to the field was a source of C
and N, which is necessary for the survival of plants and
microbes, and it increased the organic matter. For exam-
ple, wheat straw is supplied in agroforestry systems as an
organic substrate, although it is characterized as having a
relatively low quality because it has a relatively high C:N
ratio (~ 85:1) (Guo et al. 2018). Positive correlations be-
tween the C:N ratio and fungal community abundance and
composition were reported by Schlatter et al. (2017).
Fungal communities are thought to respond more rapidly
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Fig. 1 Relative abundances of the primary soil fungal phyla in the topsoil (a) and subsoil (b) in the five planting systems
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to the existence of wheat residues when a higher N con-
tent is also available (Kerfahi et al. 2016). Additionally,
we also found that AP was significantly related to the
variations in the soil fungal community structure in the
topsoil. This result was consistent with a previous study
showing that the soil fungal diversity was closely related
to different P fractions (labile P, moderate labile P, and Ca
P) (Wang et al. 2017a). A Pearson correlation analysis
was conducted, and it showed the positive correlation be-
tween the relative abundance of Ascomycota and TN and
AP, while the abundance of Basidiomycota was negative-
ly correlated with TN and NO3–N. Together, the soil
properties have lasting effects on the soil fungal commu-
nities, and soil N and P play key roles in the construction
of soil fungal communities. Similar results have been re-
ported, showing that fungal communities are inextricably
bound up with the soil C, N, and P cycling (Li et al.

2018). According to previous studies, the litter with dif-
ferent properties and the root exudates should be respon-
sible for the different fungal community composition in
the topsoil and subsoil, respectively (Du et al. 2017).
Taken together, our study elucidated that different agro-
forestry practices have certain impact on the soil nutrient
contents as well as the composition of fungal community
both in the topsoil and in the subsoil. Agroforestry sys-
tems achieved better soil nutrients contents, and the GW
system was the best planting system. The soil properties
played key roles in fungal community survival, while the
plant species and soil microbial community interactions
should be taken into account during future studies.
Besides, identification of keystone species of fungal com-
munity involved in the soil nutrient cycling will deepen
our understanding and will have important directive to
production practices.
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Conclusions

In conclusion, we explored the changes in the soil physical and
chemical properties and the distribution patterns of soil fungal
communities in both the top- and subsoil in ginkgo agrofor-
estry systems and adjacent croplands and nurseries. Our re-
sults suggest that most soil properties are system-dependent
and depth-dependent. The agroforestry systems achieved bet-
ter soil fertility and carbon stocks, and the GW system was the
best one among these systems. Our results indicated that
Ascomycota and Basidiomycota were the most dominant phy-
la and that Sordariomycetes and Dothideomycetes were the
most dominant classes. The soil C, N, and P played key roles
in the variations in soil fungal communities. In addition, sig-
nificant direct relationships between the fungal community
structures and soil TN and NO3–N were elucidated in the
present study. Considering the soil fertility and fungal com-
munity structure and diversity, agroforestry systems achieved
better results, and the GW system was the best. Additionally,
applying nitrogen fertilizer either alone or in combination with
organic amendments may drive the shifts in soil fungal com-
munities. Further work is needed to characterize the seasonal
variations in fungal community abundance and composition
with the litter layer included.
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