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community closely linked to changes in soil organic C chemical
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Abstract
Aims Soil fungi play an important role in decomposing
soil organic matter and facilitating nutrient uptake by
plants, however, the relationship between fungal com-
munity and soil biogeochemical cycling during plant
invasion is poorly understood. The objective of this
study was to investigate the effects of Moso bamboo
(Phyllostachys edulis) invasion into broadleaf forests on
the soil organic C (SOC) chemical composition, fungal
community and mineral N production.
Methods We collected soil samples in evergreen broad-
leaf forests, mixed bamboo-broadleaf forests and

bamboo forests. Soil fungal community and SOC chem-
ical composition were determined.
Results Bamboo invasion decreased alkyl C but increased
O-alkyl C contents. Soil fungal abundance (18S rRNA)
was decreased, while their alpha diversity was increased
by bamboo invasion. Additionally, bamboo invasion en-
hanced net N mineralization rate but reduced gross nitri-
fication rate. The fungal community composition strongly
correlated with alkyl C content, and alkyl C content
explained 32% of the variation in the fungal abundance.
Fungal community composition correlated with gross
nitrification rate, with 43% of the variation in gross nitri-
fication rate attributable to soil fungal abundance.
Conclusions Changes in soil fungal community caused
by bamboo invasion into broadleaf forests were closely
linked to changed soil organic C chemical composition
and decelerated nitrate production.

Keywords Bamboo forest . 13CNMR . Fungal
community . Gross nitrification rate . IlluminaMiSeq
sequencing . Plant invasion

Introduction

Plant invasion has dramatic effects on plant and soil
microbial community compositions (Callaway et al.
2004; Hawkes et al. 2005). Through affecting litter
quality, root exudates, and nutrient uptake by plants,
plant invasion can alter the biogeochemical cycling of
C and soil supplied plant nutrients (Ushio et al. 2010).
Most soil organic C (SOC) is derived from root
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exudates, decomposition of plant litter and root turnover
(Kalbitz et al. 2003). The SOC chemical composition in
forest soils is strongly affected by the vegetation type at
a given site (Stewart et al. 2011). For example,
converting natural forests to hoop pine (Araucaria
cunninghamii) plantations decreased the proportion of
O-alkyl C (reflecting relatively labile C forms) and
increased the proportion of alkyl C (reflecting relatively
stable C forms) in SOC (Chen et al. 2004). The process
of plant invasion leads to accelerating the biogeochem-
ical cycling in forest ecosystems, due to the high de-
composition rate frequently invovled in invaded ecosys-
tems in a previous meta-analysis (Liao et al. 2008). The
chemical nature of organic compounds largely deter-
mines the intensity of decomposer activities and rates
of degradation (Fontaine et al. 2007). However, it re-
mains uncertain about how SOC chemical nature re-
sponds to plant invasion as the vegetation type is altered.

Moso bamboo (Phyllostachys edulis) is a fast-growing
species and can easily invade natural and secondary forests
throughout subtropical China (Li et al. 2013;Xu et al. 2015;
Song et al. 2016). Invasion of Moso bamboo into other
forest types imposes a serious threat on ecosystem function
and stability (Song et al. 2016). However, research on
changes in litter quality and decomposition associated with
SOC fraction after bamboo invasion is scarce and some-
times with contradictory results. For example, bamboo
invasion has been shown to increase the input of relatively
decomposable litter, and consequently the labile soil organ-
ic matter (SOM) fraction in the ecosystem increased
(Chang and Chiu 2015; Wang et al. 2016); others showed
that bamboo invasion decreased rates of litter decomposi-
tion and soil nitrogen (N) mineralization, and ultimately
retarded N cycling (Song et al. 2016).

Plant species composition plays a vital role in
governing soil microbial community composition
(Grayston et al. 2004). Previous studies found that
Bamboo invasion into a Japanese cedar (Cryptomeria
japonica) plantation caused significant changes in soil
microbial community structure and increased bacterial
diversity (Chang and Chiu 2015; Lin et al. 2014). Much
less attention has been paid to fungi except an isolated
study that reported that bamboo invasion into natural
evergreen broadleaf forests decreased the relative abun-
dance of fungi in the microbial community, resulting in
decreased fungal to bacterial (F/B) ratio (Xu et al. 2015).

Fungi play a dominant role in the decomposition of a
wide variety of complex and recalcitrant plant-derived
organic matter (Baptist et al. 2008; Hanson et al. 2008),

and addition of different types of organic matter would
markedly influence the structure and composition of the
soil fungal community (Sun et al. 2016). Native forests
invaded by Moso bamboo experienced a dramatic de-
cline in plant species richness and diversity (Bai et al.
2013), which would be expected to induce the shift of
soil fungal community due to the close relationship
between soil fungal community composition and plant
community diversity in forest ecosystems (Peay et al.
2013). Moso bamboo invasion into a Japanese cedar
plantation accelerated the degradation of SOM and de-
creased the ratio of recalcitrant C to SOC (Wang et al.
2016). However, the role of fungi on the change in the
SOC chemical nature caused byMoso bamboo invasion
is still unclear.

In addition, fungi play an important role in soil N
cycling due to their ability to adapt to a wide range of
microsites and secrete exoenzymes that lead to the depo-
lymerization of N-containing compounds (Schimel and
Bennett 2004; Nemergut et al. 2008). It has been ob-
served that heterotrophic fungi, such as Absidia
cylindospora (zygomycetal saprotroph), possess the abil-
ity to produce nitrate (Stroo et al. 1986) and contribute to
nitrification in acidic forest soils (De Boer and
Kowalchuk 2001). Moso bamboo invasion of evergreen
broadleaf forests in subtropical China generally occurs in
the region with low capacity for the microbiological
oxidation of ammonium (NH4

+) to nitrate (NO3
−) due

to the high soil acidity (pH < 5) (Xu and Cai 2007; Zhang
et al. 2013b). Zhu et al. (2013) found that heterotrophic
nitrification may be an important N transformation path-
way in acidic subtropical forest ecosystems, and fungi are
likely to play an important role in heterotrophic nitrifica-
tion. The question remains, however, whether soil min-
eral N production will be affected by shifts in soil fungal
community caused by Moso bamboo invasion.

To address these questions, SOC chemical composi-
tion, fungal community and mineral N production were
examined in evergreen broadleaf forests (broadleaf for-
ests), mixed Moso bamboo-broadleaf forests (mix for-
ests; formed after Moso bamboo invasion) and Moso
bamboo forests (bamboo forests) in a natural ecosystem
located in Tianmushan National Nature Reserve,
Zhejiang Province, China. The objective of this study
was to investigate the impact of bamboo invasion into
broadleaf forests on the SOC chemical composition,
fungal community and mineral N production.
Specifically, we hypothesize that bamboo invasion into
broadleaf forests will result in (1) changes in soil C
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forms, with a decrease in alkyl C and an increase in O-
alkyl C; (2) changes in soil fungal community, with a
decrease in fungal abundance and an increase in fungal
diversity; (3) changes in the pattern of mineral N pro-
duction closely linked to shifts in composition and
abundance of soil fungal community caused by bamboo
invasion.

Materials and methods

Site description

The study site is located in Tianmushan National Nature
Reserve (30°18′30″-30°21′37″N, 119°24′11″-119°27′11″
E), in Zhejiang Province in southeastern China. The region
wherein this study was conducted has one of the greatest
plant species richness in subtropical ecosystems in China.
The Nature Reserve is a United Nations Educational
Scientific and Cultural Organization (UNESCO)
Biosphere Reserve under the UNESCO Man and the
Biosphere Program. This area has a typical central subtrop-
ical monsoon climate with an annual mean temperature of
15.8 °C during the period from 2004 to 2013. The precip-
itation and frost-free period per year are 1630 mm and
235 days, respectively, for the same period. The soil at the
experimental site was derived from a silt stone and was
classified as a Ferralsol in the FAOsoil classification system
(WRB 2006).

Our study site is located at an elevation of 300–
450 m, and the native evergreen broadleaf forest has
experienced invasion by Moso bamboo, which was
originally planted by local farmers in the 1970s (Xu
et al. 2015). Across the Tianmushan National Nature
Reserve, some patches of bamboo invasion have devel-
oped. In this study, one large (about 50 ha) and old (ca.
45 years) patch, which included broadleaf forests, mixed
forests and bamboo forests, was selected for the inves-
tigation. According to the records of the local land-use
history, the whole region was originally covered by
evergreen broadleaf forests before bamboo invasion.
Currently three distinct forest types of the broadleaf
forests, mixed forests and bamboo forests have been
developed.

Experimental design and soil sampling

In October 2014, we selected a large slope with a
gradient of 15°, including broadleaf forests, mixed

forests and bamboo forests, for sampling in this study.
Six transects along the invasion path from the bamboo
forests to the broadleaf forests, were set up, with >50 m
intervals between adjacent transects. All of the six tran-
sects are going parallel to the contour. Within each
transect, three plots (20 × 20 m), at least 30 m apart,
were established, with one plot in each of the three forest
types, resulting in a total of 18 plots. Along the slope,
these transects were separated by approximately 30 m in
elevation, i.e., at about 300, 330, 360, 390, 420 and
450 m elevation. Horizontally along the contour, plots
were separated at 30 m distance from each other.

In the broadleaf forest, the dominant tree species
wereCyclobalanopsis glauca, Castanopsis sclerophylla
and Schima superba with a mean tree density of 1284
culm ha−1, a height of 13.7 m, diameter at breast height
of 18.2 cm, with an overall canopy cover of 70%. The
main shrub species included Camellia fraterna,
Symplocos caudate and Rhododendron ovatum with a
mean height of 1.4 m and 85% ground cover. The
stocking density in the bamboo forest was ~4310 culm
ha−1, and the mean diameter at breast height of the
bamboo plants was 10.6 cm. Compared with broadleaf
forests and mixed forests, the bamboo forests were
unique in having no overstory species other than bam-
boo and a much lower diversity in the shrub and herb
layers, but had some dead bamboo plants in the stand.
The mixed forest approximately has a 1:1 ratio of bam-
boo plants to broadleaf trees.

In each plot, surface soil (0–20 cm) samples were
collected from five randomly selected points, and mixed
and homogenized to form a composite sample, with
roots and stones removed. Prior to the soil sampling,
the litter cover on the soil surface was removed. The
samples were placed on ice in a cooler and transported
to the laboratory on the same day, and were passed
through a 2.0 mm sieve. After sieving, a set of subsam-
ples was stored at 4 °C before soil chemical analysis and
another set of subsamples was stored at −80 °C before
DNA extraction. In addition, within each plot, a set of
six intact soil cores (5 cm diameter) were collected from
six randomly selected points for the determination of
soil gross nitrification rate.

Soil chemical and physical properties

A subsample of each soil was air-dried and analyzed for
chemical and physical properties. Soil pH was deter-
mined with a 1:2.5 (w:v) soil-to-water extract. The SOC
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and total N (TN) concentrations were measured using an
elemental analyzer (model CHN-O-RAPID, Heraeus
Co., Hanau, Germany). Available N was determined
using a diffusion method (Lu 1999). Briefly, 10 mL of
NaOH solution (1 mol L−1) was added into the soil
samples, and the NH3 released from the mixture was
absorbed by a H3BO3 solution. The amount of NH3 in
the H3BO3 solution was measured through a titration
method. Available N content was calculated by the
amount of NH3 released from the mixture of soil sample
and NaOH solution. Available phosphorus (P) was de-
termined by the Bray procedure (Bray and Kurtz 1945).
Available potassium (K) was determined by the flame
photometric method (extracted by 1 mol L−1 NH4OAc)
(Zhang et al. 2014). Samples were extracted with a
2 mol L−1 KCl solution. After being diluted, concentra-
tions of NH4

+-N and NO3
−-N in each extract were then

determined using a Dionex ICS 1500 ion chromato-
graph (Dionex Co., Sunnyvale, CA) (Zhang et al. 2014).

Solid-state 13C NMR spectroscopy analysis

For the NMR spectroscopy analysis, soil samples were
pretreated with 10% (v/v) hydrofluoric acid (HF) to
remove Fe3+ and Mn2+ from the soil to increase the
signal to noise ratio as described in Li et al. (2010).
The 13C cross polarization/total sideband suppression
(CP/TOSS) analysis was conducted on a Bruker
AVANCE 400 NMR spectrometer using 4-mm diameter
sample rotors, with using magic angle spinning (MAS).
Data acquisition conditions were as follows: spectrom-
eter frequency of 100 MHz for 13C, a spinning speed of
5 kHz, a CP time of 1 ms, a 1H 90° pulse-length of 4 μs,
and a recycle delay of 0.8 s. Four-pulse TOSS was
employed before detection, and two-pulse phase-modu-
lated (TPPM) decoupling was applied for optimum
resolution during detection (Mao et al. 2008). The ex-
ternal standard used for chemical shift determination
was hexamethylbenzene (methyl at 17.33 ppm). Based
on the literature (Huang et al. 2008; Zhang et al. 2013a),
eachNMR spectrumwas divided into the following four
regions representing the different chemical environ-
ments of a 13C nucleus: 0–46 ppm, alkyl C (lipids, cutin,
and suberin); 46–114 ppm, O-alkyl C (carbohydrates,
cellulose, hemicellulose, and methoxyl C); 114–
164 ppm, aromatic C (lignin, tannin, olefins, and aro-
matic compounds); and 164–220 ppm, carbonyl C (car-
boxylic acid, amide, and ketone groups). Through mea-
suring the area under the curve in each region, we

obtained the relative content of the different C fractions.
The ratio of alkyl C region intensity (0–46 ppm) to O-
alkyl C region intensity (46–114 ppm) (A/O-A) was
representing the extent of decomposition or substrate
quality for microbes, and used as an indicator of the
quality of SOC (Huang et al. 2008).

Measurements of soil net N mineralization and gross
nitrification rates

Soil net N mineralization was determined according to
the method of Wang et al. (2006) with minor modifica-
tions. Briefly, two fresh subsamples (10 g) were taken
from each soil sample. One was used to determine the
concentrations of NH4

+-N and NO3
−-N right away fol-

lowing extraction with 2 mol L−1 KCl. The other was
incubated in the laboratory at 25 °C in the dark with four
replicates for 21 days. During the incubation, the soil
water content was adjusted to 60% of water-holding
capacity. Soil net N mineralization was calculated by
the difference in NH4

+-N and NO3
−-N between the

incubated and initial sample (Wang et al. 2006).
The soil gross nitrification rate was determined using

the Barometric Process Separation (BaPS) technique
(Ingwersen et al. 1999; Breuer et al. 2002; Rosenkranz
et al. 2006), which is based on the dynamic determina-
tion of the total gas pressure during the soil incubation in
an isothermal and gas tight system. The basic principle
for BaPS technique is that in an isothermal and gas tight
space where the soil is incubated, the gas pressure is
changed mainly due to the dynamic changes in the
processes of soil respiration, nitrification and denitrifi-
cation. Therefore, the values of soil respiration, gross
nitrification rate and denitrification rate can be obtained
by the BaPS technique. The detailed principle and cal-
culation process are described in the literatures pub-
lished previously (Ingwersen et al. 1999; Breuer et al.
2002). A series of previously published experimental
data concerning the soil gross nitrification rate in forest
soils demonstrate that the data obtained by the BaPS
technique were in good agreement with the data obtain-
ed by the 15N pool dilution method (Ingwersen et al.
1999; Breuer et al. 2002; Rosenkranz et al. 2006). In
brief, for each soil sample, a set of six intact soil cores
were directly filled into the BaPS instrument and the
system was gas-tight closed and incubated at the same
temperature as the soil temperature measured in the
bamboo forest in this study. Determination of soil gross
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nitrification rate using the BaPS technique lasted for
24 h (Ingwersen et al. 1999).

DNA extraction, Illumina MiSeq sequencing
and real-time quantative PCR

Soil DNAwas extracted from 0.5 g of soil sample using a
PowerSoil Total DNA Isolation Kit (MoBio Labs, Solana
Beach, CA) according to the manufacturer’s instruction.
DNA concentration and quality were checked using a
NanoDrop spectrophotometer. Extracted DNAwas diluted
to 10 ng μL−1 and stored at −40 °C for downstream use.

The primer pair ITS3_KYO2 (5′- GATGAAGA
ACGYAGYRAA-3′) and reverse primer ITS4 (5′-
TCCTCCGCTTATTGATATGC-3′) with unique 12 nt
barcode was used to amplify the ITS2 region (Toju et al.
2012). The average lengths of fragments amplified were
327 ± 40 bp. The PCR reaction mixture contained
2.5 μL of 10 × PCR buffer, 1.5 mM MgCl2, 0.4 μM
of each deoxynucleoside triphosphate, 1.0 μM of each
primer, 0.5 U of Ex Taq (TaKaRa Inc., Dalian, China)
and 10 ng DNA template in a final volume of 25 μL.
The PCR amplification program included initial dena-
turation at 94 °C for 3 min, followed by 30 cycles of
94 °C for 40 s, 50 °C for 60 s, and 72 °C for 60 s, and a
final extension at 72 °C for 10min. Three PCR reactions
were conduct for each sample, and they were combined
after PCR amplification. The PCR products were sub-
ject to electrophoresis using 1.0% agarose gel. The band
with a correct size was excised and purified using
TaKaRa MiniBEST Agarose Gel DNA Extraction Kit
(TaKaRa Inc., Dalian, China) and quantified with
Nanodrop spectrophotometer. All samples were pooled
together with equal molar amount from each sample.
The sequencing samples were prepared using TruSeq
DNA kit according to the manufacturer’s instruction.
The purified library was diluted, denatured, re-diluted,
mixed with PhiX (equal to 30% of final DNA amount)
as described in the Illumina library preparation proto-
cols, and then applied to an Illumina Miseq system for
sequencing with the Reagent Kit v2 2 × 250 bp as
described in the manual. Sequencing data were deposit-
ed in the DNA Data Bank of Japan (DDBJ) under the
accession number DRA005308.

The gene copy numbers of fungal 18S rRNA were
detected in triplicates using primers NS1-F/FungR (May
et al. 2001). Each PCR reaction contained 25 μL of
SYBR® Premix Ex Taq™ (2×) (Takara Bio Inc., Shiga,
Japan), 0.2 μM of each primer, 1 μL of ROX Reference

Dye, and 1 μL diluted DNA (1–10 ng) template in a final
volume of 50 µL. Real-time PCR was conducted using an
ABI7100 (Applied Biosystem, Foster City, CA) in the
following thermal profile for amplification: 2 min at
50 °C; 2 min at 95 °C; 40 cycles of 15 s at 95 °C, 30 s at
55 °C. Product specificity was checked by melt curve
analysis at the end of the PCR runs and visualization by
agarose gel electrophoresis. Copy numbers of the 18S
rRNA gene in soil samples were determined using a stan-
dard curve generated using purified template plasmid DNA
with a log-linear effect of target concentration (R2 = 0.99).

Sequencing data processing

Processing of the raw sequences obtained through
Illumina sequencing was performed using the
Quantitative Insights into Microbial Ecology (QIIME)
pipeline (Caporaso et al. 2010). We assembled paired-
end reads using FLASH (Magoč and Salzberg 2011).
Reads with average quality score lower than 20, ambig-
uous bases and improper primers were discarded before
clustering. The resultant high-quality sequences were
then clustered into operational taxonomic units
(OTUs) at 97% similarity using UPARSE algorithm
(Edgar 2013). Simultaneously, chimeras were checked
and eliminated during clustering. Taxonomic classifica-
tion of representative sequences from individual OTU
was performed by BLASTing against the QIIME-
compatible versions of the UNITE ITS database. In
order to compare relative differences between samples,
a subset of 8200 sequences per sample was randomly
selected for down-stream analyses.

Statistical analysis

All soil properties were expressed on an oven-dry
weight basis. The forest type effect on the soil
physical and chemical properties, and parameters
of soil fungal community were analyzed by a one-
way analysis of variance (ANOVA) and the least
significant difference (LSD) test was used to sep-
arate the means when a significant treatment effect
was found. Before performing ANOVA, the nor-
mality of distribution and homogeneity of the var-
iance were tested, and the data were log-
transformed if the assumption of homogeneity
was violated. Correlation analyses were carried
out with the Spearman’s correlation method. All
of the above statistical analyses were performed
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using SPSS version 18.0 (SPSS, Chicago, IL). The
downstream analysis of the sequence data was
performed in QIIME and R (Team 2013). Alpha
diversity indices, including the Shannon index
(Shannon 1948), Faith’s phylogenetic diversity
(PD) (Faith 1992) and Chao1 index (Chao 1984),
were calculated. Significance tests of the effects of
bamboo invasion on the overall fungal community
composition with multi-response permutation pro-
cedures (MRPP) were carried out using the R
package vegan (Oksanen et al. 2007). Principal
coordinates analysis (PCoA) was used to analyze
beta diversity across three forest types based on
the Bray-Curtis distance matrix (Sun et al. 2016).
To identify fungal OTUs that are specifically as-
sociated with three forest types, indicator species
were determined by the Dufrene-Legendre indica-
tor species analysis method (Dufrene and Legendre
1997) using the R package labdsv (Roberts 2007),
and visualized using the Cytoscape software
(Version 3.2.1) (Shannon et al. 2003). Mantel tests
were used to determine environmental factors sig-
nificantly correlated with beta diversity of soil
fungal community, which were used to construct
the soil property matrix for canonical correspon-
dence analysis (CCA) in the vegan package (Sun
et al. 2015). The statistical significance was deter-
mined at the 5% level.

Results

Soil properties, SOC chemical composition and mineral
N production

The soil pH, SOC, C/N ratio, NH4
+-N and available P

were significantly (P < 0.05) higher by 13.4, 33.5, 52.9,
58.6 and 140.4%, respectively, in the bamboo forest
compared to the broadleaf forest. The NO3

−-N and
available K concentrations were lower by 14.1 and
26.3%, respectively, in the bamboo forest compared to
the broadleaf forest (Table 1). Total N concentrations
were 24.5% lower (P < 0.05) in the mixed forest than in
the broadleaf forest, but were similar between the broad-
leaf and bamboo forests. Soil net N mineralization rate
was higher by 21.3%, and soil gross nitrification rate
was lower by 32.9% in the bamboo forest, compared to
the broadleaf forest (Table 1).

The O-alkyl C (47.4–52.0%) dominated among the
four C fractions regardless of the forest type, followed
by alkyl C (23.3–26.0%) (Table 2). The O-alkyl C
content in the bamboo forest soil was higher than that
in the broadleaf forest soil, whereas the alkyl C content
and A/O-A ratio in the bamboo forest soil were lower
than that in the broadleaf-associated (broadleaf forest
and mixed forest) soils (P < 0.05) (Table 2), indicating
that the chemical composition of SOC was substantially
changed by bamboo invasion.

Table 1 Selected soil chemical and physical properties in the three different forest types

Soil property Broadleaf forest Mixed forest† Bamboo forest

pH 4.41(0.34) b‡ 4.44(0.34) b 5.00(0.21) a

Soil organic C (g kg−1) 23.13(3.69) b 25.2(3.29) ab 30.87(7.31) a

Total N (g kg−1) 2.37(0.34) a 1.79(0.35) b 2.11(0.49) ab

C/N ratio 9.91(2.06) b 14.42(3.12) a 15.15(4.24) a

NH4
+-N (mg kg−1) 9.13(2.87) b 10.43(2.89) ab 14.48(4.64) a

NO3
−-N (mg kg−1) 19.19(1.33) a 17.58(1.77) ab 16.48(0.97) b

Available N (mg kg−1) 110.25(17.69) a 121.62(10.77) a 125.77(21.31) a

Available P (mg kg−1) 13.08(3.33) c 18.99(4.78) b 31.44(8.40) a

Available K (mg kg−1) 61.33(13.28) a 39.17(4.17) b 45.20(10.26) b

Net N mineralization (μg N g−1 d−1) 3.28(0.38) b 3.42(0.44) b 3.98(0.47) a

Gross nitrification (μg N g−1 d−1) 3.43(0.28) a 2.82(0.23) b 2.30(0.22) c

Data were presented as means of six replicates with standard deviation in the brackets
†Mixed forest: mixed bamboo-broadleaf forest
‡Different letters within a row indicate significant differences among the different forest types at the P = 0.05 level
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Soil fungal community abundance and composition

The 18S rRNA gene copy number in the bamboo forest
soil was lower by 59.9% (P < 0.01) as compared to
broadleaf forest soil, while it was similar between the
bamboo and mixed forest soils (Table 3). Fungal OTU
numbers (P < 0.01), the Shannon Index, Chao1 and PD
indices in bamboo and mixed forest soils were higher
(P < 0.05) than those in the broadleaf forest (Fig. 1a;
Table 3). The three axes in the PCoA explained 42.6%
of the observed variance in total, and fungal community
from the same forest stand tended to cluster together
(Fig. 1b). PCoA showed that samples in broadleaf forest
were separated from those in bamboo and mixed forests
along the PC1 accounting for 18.3% of the variation,
while samples in the mixed forest were separated from
those in bamboo forest along the PC2 accounting for
15.0%. The result of MRPP confirmed significant ef-
fects of forest type on the overall fungal community
composition (bamboo forest vs mixed forests:
δ = 0.74, P = 0.005; bamboo forest vs broadleaf forest:
δ = 0.65, P = 0.001; mixed forests vs broadleaf forest:
δ = 0.69, P = 0.003).

The phyla Basid iomycota (16.8–36.8%),
Ascomycota (7.7–33.6%) and Zygomycota (6.4–
23.0%) dominated the assigned fungal phyla of all

OTU sequences (Fig. 2). The Archaeorhizomycetales,
Eurotiales, Helotiales, Hypocreales, Sordariales
(Ascomycota), Agaricales, Russulales (Basidiomycota)
and Mortierellales (Zygomycota) were the most abun-
dant orders with average relative abundance >1% across
three forest types soils (Fig. 2). The relative abundance
of Hypocreales and Sordariales was higher but that of
Mortierellales was lower after bamboo invasion
(P < 0.05). The relative abundance of Ascomycota
was higher in bamboo (27.1%) and mixed forest
(33.6%) soils as compare to broadleaf (7.7%) forest soil.
The proport ions of other members, such as
G l om e r om y c o t a , C h y t r i d i om y c o t a a n d
Blastocladiomycota, were relative low (<1%) regardless
of the forest type.

Indicator species were surveyed to identify fungal
OTUs specifically associated with the different forest
types (Fig. 3). The most abundant indicator species in
the broadleaf forest were OTU186 (8.3%) and OTU33
(3.1%), which were closely related to Mortierella elon-
gate and Hygrocybe intermedia, respectively. The most
abundant indicator species in the mixed forest were
OTU60 (0.9%) and OTU69 (0.8%), followed by
OTU99 (0.7%) closely related to Clitopilus prunulus.
Fo r bamboo fo r e s t , OTU22 be long ing to
Agaricomycetes with a relative abundance of 2.0%

Table 2 Distribution (percent) of different chemical shift ranges in total signal intensity in 13C NMR spectra, as well as alkyl C toO-alkyl C
ratio (A/O-A), in soils of the three forest types

Forest type Alkyl C O-alkyl C Aromatic C Carbonyl C A/O-A

Broadleaf forest 26.0 (1.5) a‡ 47.4 (3.0) b 15.1 (2.6) a 11.5 (1.5) a 54.9 (4.6) a

Mixed forest† 25.4 (0.9) a 49.6 (2.0) ab 13.6 (1.4) a 11.4 (0.8) a 51.2 (3.4) a

Bamboo forest 23.3 (1.1) b 52.0 (1.6) a 14.0 (1.3) a 10.7 (0.9) a 44.8 (2.1) b

Data were presented as means of six replicates with standard deviations in the brackets
†Mixed forest: mixed bamboo-broadleaf forest
‡Different letters within a column indicate significant differences between the different forest types at the P = 0.05 level

Table 3 Diversity and abundance of soil fungal community in the soils of three forest types

No. of OTUs The Shannon Index Chao1 Phylogenetic diversity (PD) Abundance
(107 copies g−1 soil)

Broadleaf forest 360 (123.0) b‡ 3.68 (0.6) b 549 (158.9) b 67.0 (20.9) b 4.07 (1.19) a

Mixed forest† 722 (99.7) a 5.91 (1.0) a 963 (117.0) a 157.5 (28.4) a 2.18 (0.64) b

Moso bamboo forest 639 (100.3) a 5.63 (0.9) a 894 (163.5) a 134.9 (26.7) a 1.63 (0.47) b

Data were presented as means of six replicates with standard deviations in the brackets
†Mixed forest: mixed bamboo-broadleaf forest
‡Different letters within a column indicate significant differences between the different forest types at the P = 0.05 level
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was the most abundant indicator species, which had no
close match in these databases and as such may repre-
sent a novel fungal taxon. In addition, indicator species
OTU61 closely related to Hygrocybe intermedia

showed a relative abundance of 1.8% in the bamboo
forest soil, which was significantly lower than that of
OTU33 (3.1%), also closely related to Hygrocybe
intermedia, in the broadleaf forest soil.

Fig. 1 (a) Rarefaction curves of the number of OTUs against the
total number of sequence reads and (b) PCoA ordination based on
Bray-curtis distances showing the changes in fungal community

composition in the soils of three forest types. Mixed forest: mixed
bamboo-broadleaf forest. Error bars are standard deviations (n = 6)
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Fig. 2 Fungal community
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Fig. 3 Indicator species
associated with three different
forest types. Circles represent
OTUs, and the other shapes
represent the different forest
types. The size of each circle
represents its relative abundance
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Linkage between fungal community composition
and soil properties

Across all treatments, we found that the Shannon Index
(r = −0.51, P = 0.032) and Chao1 (r = −0.48, P = 0.042)
were negatively correlated with the A/O-A ratio. In
addition, total number of OTU (r = −0.47, P = 0.049),
the Shannon Index (r = −0.57, P = 0.013) and PD
(r = −0.49, P = 0.035) were negatively correlated with
the gross nitrification rate (Table S1).

Fungal abundance was positively correlated with the
alkyl C content (r = 0.52, P = 0.028), A/O-A ratio
(r = 0.67, P = 0.003) and gross rate of nitrification
(r = 0.71, P = 0.001), but negatively correlated with
theO-alkyl C content (r = −0.68, P = 0.002) and net rate

of N mineralization (r = −0.55, P = 0.017) (Table S1).
Linear regression analysis showed that the content of
alkyl C explained 32% of the variation in the fungal
abundance (P < 0.05) (Fig. 4a), and the abundance of
fungi explained 43% of the variation in the gross nitri-
fication rate (P < 0.01) (Fig. 4b).

Results of the Mantel test revealed that fungal com-
munity composition was positively correlated with
gross nitrification rate, NO3

−-N, alkyl C (P < 0.01)
and pH (P < 0.05) (Table S2). Then, factors significantly
correlated with the fungal community composition were
selected to perform CCA, which showed that gross
nitrification rate (P = 0.01) and NO3

−-N (P = 0.07)
had stronger effects on fungal community composition
by permutation test (Fig. 5). The first two axes of the
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CCA accounted for 60.5% of the total variance in fungal
community composition, with the first axe accounting
for 36.2% of the variance.

Regression analysis showed that the proportion of
Zygomycota (R2 = 0.35, P < 0.01) increased exponen-
tially with content of alkyl C, while the proportion of
Ascomycota (R2 = 0.32, P < 0.05) and Basidiomycota
(R2 = 0.31, P < 0.05) increased exponentially with
content of O-alkyl C (Fig. S1). The gross nitrification
rate was significantly correlated with the relative abun-
dance of Mortierellales (R2 = 0.42, P < 0.01) and
Filobasidiales (R2 = 0.44, P < 0.01) (Fig. S2).

Discussion

Bamboo invasion altered SOC chemical composition

Moso bamboo invasion into neighboring forests can
affect plant biodiversity (Bai et al. 2013), decrease litter
quality (Song et al. 2016), and consequently alter SOC
chemical composition in forest soils (Wang et al. 2016).
In this study, the result of higher O-alkyl C content but
lower alkyl C content and A/O-A ratio in the bamboo
than in the broadleaf forest soil (Table 2), is consistent
with the result ofWang et al. (2016), supporting our first
hypothesis. Chang and Chiu (2015) previously assumed
that concentration of labile organic C in the bamboo
forest soil was higher than that in the neighboring forest

soil. This assumption was verified by our results, since
O-alkyl C compounds (such as carbohydrates) are more
labile than alkyl C chains in lipid structure (Baldock
et al. 1992; Chen et al. 2004). Plant fine roots provide
important C inputs to soil (Mathers et al. 2007), and
changes in its chemical characterisitc during vegetation
succession can markedly alter the chemical compositon
of SOC (Crow et al. 2009; Wang et al. 2010; Wang et al.
2015). Fine root biomass of bamboo forests was found
to be much larger than that of bamboo-broadleaf mixed
forests and broadleaf forests, and both growth and turn-
over rates of bamboo fine roots were faster than that of
broadleaf trees (Liu et al. 2013). Since the majority of
the carbohydrate in all fine roots are attributable to
cellulose and hemicelluloses (Mathers et al. 2007), the
increased O-alkyl C content in the bamboo forest soil in
this study (Table 2) could be attributed to much larger
biomass of bamboo fine roots as well as faster rates of its
growth and turnover than that of broadleaf trees (Liu
et al. 2013).

Shifts in fungal community associated with changes
in vegetation types and SOC chemistry

The composition and abundance of soil fungal communi-
ties in bamboo forests and mixed forests clearly differed
from those in broadleaf forests (Fig. 1b; Table 3). Bamboo
invasion significantly led to higher soil fungal diversity
(Fig. 1a; Table 3) but lower A/O-A ratio (Table 2), and

Fig. 5 Canonical
correspondence analysis (CCA)
of soil fungal community with
soil pH, NO3

−-N, gross nitrifica-
tion rate and alkyl C in three for-
est types
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A/O-A ratio was negatively correlated to the Shannon
Index and Chao1 indices (Table S1). Those findings sup-
ported our second hypothesis, and also suggested that
fungal diversity increases with the increase in the ratio
of relatively easily biodegradable C to SOC, due to lower
A/O-A ratio indicating that SOC is relatively easy to
biodegrade (Baldock et al. 1992; Zhang et al. 2013a).
Result of Kubartová et al. (2009) revealed that fungal
diversity increases as substrate supply rises because more
species met their minimum requirements at low resource
availability. Here, we have also demonstrated the signifi-
cant correlation between fungal community composition
and alkyl C content by Mantel test (Table S2), and fungal
abundance, as determined by the 18S rRNA gene copy
numbers, showed positive correlation to alkyl C content
(Fig. 4a). Since changes in content of SOC fraction were
closely associated with changes in soil fungal community
composition (Li et al. 2017), lower alkyl C content in
bamboo invasion sites (Table 2) may partially contribute
to alterations in the composition and function of soil
fungal community in this study.

The fungal community within the classified OTU
group in the broadleaf forest soil was dominated by
Zygomycota (Fig. 2; Fig. 3), most of which are consid-
ered to be primary colonizers in the earlier stage of litter
decomposition and they are ineffective in breaking
down recalcitrant organic matter (Hanson et al. 2008).
The regression analysis in this study also showed that
the proportion of Zygomycota increased exponentially
with the alkyl C content (Fig. S1), confirming the close
relationship between soil fungal community and rela-
tively stable C forms reported in the previous studies
(Ng et al. 2014; Li et al. 2017). After bamboo invasion,
the rela t ive abundance of Ascomycota and
Basidiomycota significantly increased in bamboo-
associated soils compare to the broadleaf forest soil
(Fig. 2; Fig. 3). Both the proportion of Ascomycota
and Basidiomycota increased with O-alkyl C content
(Fig. S1), consistent with the finding that cellulose (a
type of O-alkyl C compound) decomposition by fungi
was mainly carried out by Ascomycota and
Basidiomycota (Štursová et al. 2012).

Bamboo invasion alters soil mineral N production
in association with shifts in soil fungal community

The change in soil N transformation caused by plant
invasion has been reported in forests (Song et al. 2016)
and grasslands (Hawkes et al. 2005). The increase in soil

net mineralization rate after bamboo invasion (Table 1)
is inconsistent with a previous study where soil net
mineralization rates were much lower in a bamboo
dominant forest than that in a broadleaf forest (Song
et al. 2016). Increased soil pH caused by bamboo inva-
sion in this study is consistent with previous studies in
the same region (Wu et al. 2008; Xu et al. 2015), which
might be explained by changes in some chemical char-
acteristics such as cation exchange capacity or root
exudates induced by the process of bamboo invasion
(Chang and Chiu 2015). The increase of soil pH by
bamboo invasion can enhance soil microbial biomass
and activity (Xu et al. 2015), resulting in increase in the
net mineralization rate, which was documented in a
previous study showing that net mineralization rate
increased when soil pH increased from 4 to 8 in crop-
residue-treated soils (Fu et al. 1987).

In this study, the gross nitrification rate decreased
with increasing soil pH, paralleled with fungal abun-
dance decreased and fungal community composition
altered after bamboo invasion (Table 1; Table 3;
Fig. 2). Soil fungi are considered to play an important
role on the soil N transformation in the acidic forest soil
(Cheng et al. 2013; Aciego Pietri and Brookes 2009),
specially, the process of heterotrophic nitrification me-
diated by fungi is not inhibited even at pH 3 (De Boer
and Kowalchuk 2001; Hayatsu et al. 2008). The CCA
result showed that the positive relationships between
soil fungal community composition and gross nitrifica-
tion rate and NO3

−-N content were only observed in the
broadleaf forest (Fig. 5), suggesting that heterotrophic
nitrification might be driven by soil fungi in the broad-
leaf forests with lower soil pH. Furthermore, we found
that gross nitrification rate was significantly correlated
with the relative abundance of Mortierellales and
Filobasidiales, respectively (P < 0.01) (Fig. S2).
Notably, the order of Mortierellales contains mostly
saprobic species capable of diverse functions such as
cellulose and lignin degradation (Kjøller and Struwe
2002; Wagner et al. 2013), and fungal nitrification,
which is linked to degradation of lignin or acetate, can
frequently occur in the acidic forest soil (De Boer and
Kowalchuk 2001). This finding implied that shifts in
composition and abundance of soil fungal community
caused by bamboo invasion could alter the relative
abundance of fungal species, such as Mortierellales
and Filobasidiales, which ultimately change the pattern
of mineral N production, supporting our third
hypothesis.
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The higher net mineralization rate and lower
gross nitrification rate in the bamboo forest soil,
as compared to the broadleaf forest (Table 1), had
the potential to decelerate NO3

−-N production and
accelerate NH4

+-N production. A previous study
reported that slow nitrification in the bamboo
dominant forest could be likely related to the
nutrient habit of NH4

+-N preference for Moso
bamboo because of shoot emergence (Song et al.
2013). Therefore, changes in soil mineral N pro-
duction pattern (mineralization/nitrification) in-
duced by the shifts in soil fungal community and
pH would have positive feedback to bamboo inva-
sion by helping maintain fast-growing shoots. In
addition, bacteria members have been generally
considered as the dominant contributors to the N
cycle (Hayatsu et al. 2008), and the gross N min-
eralization rate has been found to be correlated
negatively with F/B ratios in boreal forests soil
(Högberg et al. 2007). Bamboo invasion of native
broadleaf forests significantly decreased F/B ratio
as indicated by Xu et al. (2015), it remains to be
tested in further study whether bacteria plays a
major role in the N mineralization with increased
soil pH in the bamboo forest soil.

Conclusions

The results from this study revealed that Moso bamboo
invasion into broadleaf forests markedly altered compo-
sition and abundance of soil fungal community, which
was closely linked to decreased soil relatively stable C
(alkyl C) fraction and nitrification rate, providing valu-
able insights into the close linkage of fungal community
to soil C and N transformations. Generally, the change
of soil N transformation caused by plant invasion will
affect the growth of native and exotic plants due to their
different nutrient preference to NH4

+-N or NO3
−-N.

Therefore, whether the alteration of soil N transforma-
tion will in turn promote or inhibit the invasion process
and associated mechanisms needs to be elucidated in the
future. Additionally, in situ phenotypic traits for most
soil fungi are often scarce or inconsistent, rendering it
important to analyze fungal abundance or composition.
This work revealed close linkages between fungi abun-
dance or composition traits and soil C and N properties,
highlighting the potential for using fungal abundance
and composition information to begin building a trait-

based understanding of fungi in regulating soil C and N
transformations during bamboo invasion.
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