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Abstract Jiuzhaigou County is located at the southern tran-
sition zone of Sichuan Basin and the Qinghai–Tibet Plateau
and is the site of three famous nature reserves, namely, the
Jiuzhaigou Nature Reserve (JZNR), Baihe Nature Reserve
(BHNR) andWujiao Nature Reserve (WJNR). The soil fungal
diversity in this region has not yet been investigated. In this
study, we collected 25 soil samples from these three nature
reserves. Soil fungi were isolated using the soil dilution plate
technique and Rose Bengal agar medium. The culturable soil
fungal density based on analysis of the 25 samples ranged
from 2.18 log to 4.38 log CFU g−1 dry weight soil, with the
fungal density being highest in samples from JZNR and
lowest in those from BHNR. Based on morphological char-
acters and the results of phylogenetic analysis of the internal
transcribed spacer (ITS) of the rDNA operon, we identified 38
genera (two genera could not be identified) belonging to
Ascomycota, Zygomycota and Basidiomycota. The dominant
genera were Penicillium , Humicola , Aspergillus and
Trichoderma . The species richness index S , biodiversity in-
dex H′ and evenness index E of the 25 sampling sites were in
the range 10–29, 1.96–3.05 and 0.74–0.95, respectively. The
highest mean values of the S , H′ and E indices were in soil
samples from BHNR, where the values of these indices were
20.00, 2.66 and 0.90, respectively. These results indicate that
the diversity of culturable fungi in these three nature reserves
was high. Furthermore, a total 14 Trichoderma isolates were

tested for their antagonism activity against mycelium growth
of three pathogens: Bipolaris maydis , Curvularia lunata ,
Rhizoctonia solani . The results showed that six
Trichoderma isolates had good antagonistic effects on the
three pathogenic fungi.
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Introduction

It has been estimated that there are 712,000 extant fungal
species worldwide (Schmit and Mueller 2007). Soil is an
important fungal habitat, and the great majority of fungal
species spend at least some part of their life cycles in the soil
environment (Bridge and Spooner 2001). Fungi play a crucial
role in the terrestrial ecosystem, and they are responsible for
many key steps in the maintenance of ecosystem stability,
particularly by recycling the soil organic matter and mineral
elements (e.g. cellulose, lignin, carbon, nitrogen, phosphorus)
(Gadd 2007; Barrico et al. 2010; Hollister et al. 2010), and
their diversity and activity reflect soil health (Mueller et al.
2004;Wardle et al. 2006; Singh et al. 2007). Fungal functional
diversity is intimately related to the taxonomic community
structures (Zak and Visser 1996; Deacon et al. 2006). On the
one hand, the structure of soil fungal communities vary de-
pending on different ecological factors (Buee et al. 2011),
including altitude (Laganà et al. 1999; Pan et al. 2009), cli-
mate (Persiani et al. 1998; Satish et al. 2007; McGuire et al.
2012), species and age of the vegetation (West and Jones
2000; Dong et al. 2004; Curlevski et al. 2010; Nie et al.
2012), soil nutrients (Lejon et al. 2005; Kara and Asan
2007; Thoms et al. 2010) and human disturbances (Cabello
and Arambarri 2002; Bastias et al. 2006). On the other hand,
they are significantly affected by fertilizer (Schneider et al.
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2010; Jirout et al. 2011) and tillage management (Wu et al.
2007, 2008; Entry et al. 2008; Wang et al. 2010; Zhang et al.
2011) of agricultural land. These findings suggest that soil
fungal community structures are good tools for monitoring the
changes in environmental conditions (Grishkan et al. 2008;
Nie et al. 2012).

However, it is still difficult to isolate all soil fungi due to the
limitations in available culture methods. The soil dilution plate
method is a relatively reliable and widely employed approach
by which to characterize the communities of culturable soil
fungi (West and Jones 2000; Cabello and Arambarri 2002;
Grishkan et al. 2006, 2009; Nesci et al. 2006; Pan et al. 2009;
Wang et al. 2010; Arenz et al. 2011; Arenz and Blanchette
2011). Traditional fungal identification is mainly based on
morphological criteria. However, some fungi do not form
spores or fruiting body when cultured on/in an artificial sub-
strate (Lim et al. 2005), causing great difficulties for identifi-
cation purposes. Developments in biotechnology have result-
ed in new and improved methods for identifying fungi, in-
cluding; these include the use of the internal transcribed spacer
(ITS) of the rDNA operon, beta-tubulin gene and translation
elongation factor 1 alpha gene (Alves et al. 2008; Phillips et al.
2008; Tanaka et al. 2009). The ITS region is widely used for
identifying fungi and is regarded as the most powerful and
reliable tool for the accurate identification of fungi (Henry
et al. 2000; Anderson et al. 2003; Anderson and Parkin 2007;
Ortega et al. 2008; Wang et al. 2008). However, nucleotide
databases do not cover all fungal taxa, especially when the
fungal sequences show only low similarity with sequences in
nucleotide databases, thereby hampering the application of
molecular identification techniques (Lim et al. 2005). It would
therefore appear that the use of morphological characteristics
coupled with molecular analysis can provide a more accurate
identification of fungi.

The Jiuzhaigou Nature Reserve, Baihe Nature Reserve and
Wujiao Nature Reserve are located in Jiuzhaigou County, at
the southern edge of Sichuan Basin and the Qinghai-Tibet
Plateau transition zone, China. Newly explored and
unexplored habitats are important potential sites for
discovering new fungal species (Hawksworth and Rossman
1997), and the soil fungal diversity in this region is notewor-
thy. Given that this area is characterized by its geo-
graphical location and low human disturbance, we have
investigated the diversity of culturable soil fungi in the
three nature reserves.

Materials and methods

Study site and soil sample collection

Jiuzhaigou County (area 5,290 km2) is located at the southern
edge of Sichuan Basin and the Qinghai–Tibet Plateau

transition zone, China. Average temperature changes range
between −3.7 °C and 16.8 °C (annual average 7.3 °C). Total
annual rainfall is approximately 700–800 mm, with most
precipitation occurring between May and September. Many
of the sites are covered with forest, with an altitudinal varia-
tion ranging from mixed forest through coniferous forest to
alpine meadows. The Jiuzhaigou Nature Reserve (hereinafter
referred to as JZNR), Baihe Nature Reserve (hereinafter re-
ferred to as BHNR) and Wujiao Nature Reserve (hereinafter
referred to as WJNR) are located in the southwest, northwest,
and southeast parts of Jiuzhaigou County, respectively. JZNR
is national nature reserve and famous for its State 4A-level
scenery and its designations as a World Natural Heritage site
and World Bio-sphere Reserve site. BHNR and WJNR are
provincial nature reserves. All three nature reserves located far
from industrial centers and human impact is low.

Soil samples were collected in July 2007 across the range
of soil types, vegetation and altitudes of the three nature
reserves. Global Posit ioning System technology
(GPSMap76; Garmin Ltd., USA) was used to determine the
sampling locations. We collected 25 soil samples in total (8
from JZNR, 8 from BHNR and 9 from WJNR). For each
sample, five soil sub-samples were collected from the topsoil
(depth 0–15 cm) from random positions of approximately
1.0 m2 in size; these were then mixed to make up one sample
for analysis.

After the removal of vegetation debris, approximately
300 g of the soil sampled from each sample site was
immediately collected in sterile plastic bags, kept in the
icebox, transported to the laboratory within 48 h and
then stored at 4 °C. Details on the 25 soil sample sites are
given in Table 1.

Fungal isolation and morphological identification

Soil fungi were isolated using the suspension plating method
(Mueller et al. 2004). In brief, 10 g soil of each sample was
added to 90 ml sterilized water, producing a soil slurry of 10−1

(w/v); this soil suspension was shaken for 15 min and diluted
to final concentrations of 10−2 and 10−3. Suspensions (1 ml) of
different concentrations (10−1, 10−2 and 10−3) were placed in
90-mm diameter petri plate, and then the Rose Bengal agar
medium (approximately 40 °C) was added and mixed evenly
with the suspension. Sterilized water was used as the controls.
The plates were kept in the dark at 25 °C for 5–7 days. Only
plates containing 10–100 colony forming units (CFU) were
used for counting CFU g−1 dry weight (DW) soil (Nesci et al.
2006; Wang et al. 2010). Three replicates were made for each
concentration.

Single fungal colonies were transferred onto potato dex-
trose agar medium (PDA) for purification and then kept in
tube slants of PDA for further taxonomic identification. All
isolates were sub-cultured and initially grouped into

1276 Ann Microbiol (2014) 64:1275–1290



morphotypes based on morphological characters. Those fungi
which could produce fruiting bodies on PDA or sporulation
induction media (such as Czapek’s medium, Sabouraud’s
medium, Oat medium, water agar, etc.) were first identified
to genus or species level based on the morphological charac-
teristics reported in original taxonomic papers and relevant
taxonomic keys (Wei 1979; Barnett and Hunter 1987;
Bissett 1984, 1991a, b, c; Qi 1997; Zhang 2003; Domsch
et al. 2007; Kong 2007; Visagie 2008; Jaklitsch 2009, 2011;
Samson et al. 2011; Li et al. 2012; Jurjevic et al. 2012). The
remaining non-sporulating isolates were identified based
only on ITS sequence comparison.

DNA extraction, PCR amplification and sequencing
analysis

Genomic DNA of the representative isolates of 111
morphotypes was extracted from pure cultures as described
by Barnes et al. (2001). The fungal ITS region was amplified

using the primers ITS1 and ITS4 (Tanaka et al. 2009). The
PCR reaction mixtures (50 μl) contained 1 μl of genomic
DNA (about 100 ng), 1 μl of each primer (10 mM), 22 μl of
sterile deionized water, 25 μl of 2×Taq PCRMastermix (0.05
U/μl Taq DNA polymerase, recombinant); 4 mM MgCl2;
0.4 mM dNTPs) (Sangon Biotech, China). The PCR amplifi-
cation program consisted of 94 °C for 3 min, followed by
35 cycles of 94 °C for 45 s, 58 °C for 45 s and 72 °C for 1 min,
with a final extension of 72 °C for 10 min. The PCR products
were sequenced by Sangon Biotech on an ABI-PRISM3730
automated sequencer (Applied Biosystems, USA).

The obtained ITS sequences were compared by BLASTon
GenBank of NCBI. The sequences of all samples and their
closest matches were aligned by ClustalX (ver. 1.7) with some
other reference ITS sequences (Wang et al. 2007), but ambig-
uous regions on both sides were excluded from the analysis.
The phylogenetic tree was inferred from the neighbor–joining
algorithm byMEGA5with 1,000 bootstrap replicates (Tanaka
et al. 2009; Tamura et al. 2011).

Table 1 The characteristics, biodiversity indices and density of 25 sampling sites

Sitesa Geographical location Altitude
(m a.s.l.)

Vegetation type Index (S) Index (H′) Index (E) CFUb

JZNR1 33°02'59.47'', 103°56'07.20'' 3,052 Shrub 23 2.96 0.94 3.33±0.03

JZNR2 33°03'01.09'', 103°56'44.58'' 3,232 Mixed forest 20 2.53 0.84 3.49±0.03

JZNR3 33°03'44.17'', 103°52'04.86'' 3,177 Mixed forest 28 3.03 0.91 3.51±0.02

JZNR4 33°03'56.46'', 103°51'55.14'' 3,096 Mixed forest 13 2.25 0.88 4.34±0.06

JZNR5 33°04'03.92'', 103°51'46.86'' 3,058 Mixed forest 12 1.96 0.79 4.37±0.04

JZNR6 33°07'14.90'', 103°52'05.34'' 2,702 Grassland 26 2.83 0.87 3.66±0.02

JZNR7 33°07'17.65'', 103°51'54.54'' 2,759 Grassland 15 2.20 0.81 3.60±0.04

JZNR8 33°07'23.70'', 103°51'47.94'' 2,849 Mixed forest 18 2.55 0.89 4.38±0.04

BHNR1 33°13'59.01'', 104°07'29.80'' 2,197 Mixed forest 18 2.71 0.94 3.51±0.04

BHNR2 33°14'07.40'', 104°06'56.20'' 2,402 Mixed forest 15 2.43 0.90 3.47±0.04

BHNR3 33°14'11.17'', 104°07'19.17'' 2,159 Mixed forest 29 2.99 0.89 2.82±0.03

BHNR4 33°14'21.44'', 104°07'02.20'' 2,176 Broadleaf forest 28 3.05 0.92 3.64±0.03

BHNR5 33°14'22.72'', 104°07'18.01'' 2,123 Broadleaf forest 16 2.48 0.89 2.53±0.03

BHNR6 33°14'44.54'', 104°07'26.72'' 2,042 Mixed forest 20 2.65 0.88 3.49±0.03

BHNR7 33°15'05.41'', 104°07'53.10'' 1,907 Broadleaf forest 10 1.97 0.86 3.61±0.03

BHNR8 33°15'24.20'', 104°08'06.30'' 1,855 Broadleaf forest 24 3.01 0.95 3.72±0.02

WJNR1 32°54'06.60'', 104°14'54.90'' 2,772 Broadleaf forest 19 2.17 0.74 3.83±0.04

WJNR2 32°58'17.23'', 104°12'50.32'' 2,242 Mixed forest 12 2.17 0.87 3.33±0.03

WJNR3 32°58'32.21'', 104°13'02.80'' 2,172 Broadleaf forest 19 2.71 0.92 3.46±0.03

WJNR4 32°59'19.40'', 104°10'04.30'' 2,361 Broadleaf forest 14 2.37 0.90 3.58±0.03

WJNR5 32°59'28.31'', 104°09'55.00'' 2,445 Grassland 21 2.89 0.95 3.69±0.01

WJNR6 32°59'42.00'', 104°09'35.10'' 2,551 Broadleaf forest 17 2.48 0.88 2.38±0.05

WJNR7 33°00'06.59'', 104°11'06.65'' 2,177 Mixed forest 14 2.28 0.86 2.18±0.04

WJNR8 33°02'54.34'', 104°05'26.86'' 2,127 Broadleaf forest 21 2.86 0.94 4.37±0.04

WJNR9 33°03'07.60'', 104°04'57.70'' 2,160 Broadleaf forest 26 2.51 0.77 3.77±0.03

S Species richness index, H′ the biodiversity (Shannon–Wiener) index, E Pielou’s evenness index
a JZNR, Jiuzhaigou Nature Reserve; BHNR, Baihe Nature Reserve; WJNR, Wujiao Nature Reserve
b CFU: Log CFU g−1 dry weight (DW) soil ± standard error (SE)
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Soil fungal diversity analysis

The density of soil fungi was denoted in units of CFU g−1 DW
soil (here expressed in log CFU) (Wang et al. 2010). The
following diversity indices were calculated at the species
level: (1) species richness (S , the number of different species
in a soil sample); (2) the biodiversity index (Shannon–Wiener)

(H 0 ¼ − ∑
I¼1

s

pilnpi , where pi is the proportion of total species

I in a soil sample); (3) the Pielou’s evenness index (E=H' /
Hmax, H'max = lnS ); (4) relative abundance, which is the
number of species (or genus)×100/number of total species
(or genus).

Measure of the Trichoderma antagonism

To measure the inhibitory effect of dual culture, we tested 14
Trichoderma isolates (JZ-8, JZ-25, JZ-66, JZ-67, JZ-69, JZ-
77, JZ-82, JZ-90, JZ-129, JZ-132, JZ-149, JZ-161, JZ-165,
JZ-179) for antagonism activity against three pathogens,
namely, Bipolaris maydis , Curvularia lunata and
Rhizoctonia solani , which were provided by the Department
of Plant Pathology, Sichuan Agricultural University, China.
The experiment was carried out according to the method
described by Patil et al. (2012) with some minor modifica-
tions. A 5-day-old mycelial disc (diameter 5 mm) was cut out
from the margin of actively growing cultures, including path-
ogens and Trichoderma spp. The mycelial discs of
Trichoderma strain and pathogen were placed opposite to
each other at a distance of approximately 4.5 cm on a PDA
petri plate. The plate with only pathogen was used as the
control. Experiments were repeated at least three times. All
plates were incubated at 26 °C, and the mycelial growth of
pathogens was measured after 6 days or the growth of control
treatment covered the petri plate, whichever came first. The
percentage inhibition of mycelial growth was calculated ac-
cording to the formula:

D %ð Þ ¼ L1−L2ð Þ=L1½ � � 100%

where D = the percentage of growth inhibition; L1 = the
radial growth measurement of pathogen in the control plate;
L2 = the radial growth of the pathogen in the presence of
Trichoderma spp.

The method of Galletti et al. (2008) was used to measure
the inhibitory effect of the Trichoderma culture filtrates.
Briefly, Seven 5-day-old mycelial discs (diameter 5 mm) of
Trichoderma were inoculated into 100-ml sterilized potato
dextrose broth and cultured for 9 days in the dark at 26 °C
with shaking (180 rpm. The liquid cultures were then centri-
fuged at 3,500 rpm for 10 min and passed through a filter
membrane (pore size 0.45 μm); 4 ml sterilized culture filtrate
was then added to 16 ml PDA (final concentration of culture

filtrate 20 %, v/v) and poured into a 9-cm-diameter petri plate.
After the agar had solidified, an approximately 5-day-old
mycelial disc (diameter 5 mm) of pathogen was placed on
the center of the dish and the dish incubated at 26 °C. PDA
plates with only pathogen were used as the control, and there
were three replicates for each treatment and control. The
mycelial growth of pathogens was measured after 6 days or
the growth of control treatment covered the petri plate, which-
ever came first. The percentage inhibition was calculated
using the following formula:

F %ð Þ ¼ L1−L2ð Þ=L1½ � � 100%

where F = percentage of growth inhibition; L1 = colony
growth on the control plate; L2 = colony growth on the
treatment plate.

Results

Abundance of soil fungi

There were obvious differences in fungal density in 25 sam-
pling sites of Jiuzaigou County, ranging from 2.18 log to 4.38
log CFU g−1 DW soil (Table 1; Fig. 1); the mean fungal
density of the 25 sampling sites was 3.52±0.57 log CFU g−1

DW soil (Table 2). The highest and lowest values were found
in site JZNR8 and site WJNR7, respectively (Table 1). The
mean densities of soil fungi in the three nature reserves was
ordered as follows: JZNR (3.84±0.45 log CFU g−1 DW soil)
> WJNR (3.40±0.70 log CFU g−1 DW soil) > BHNR (3.35±
0.43 log CFU g−1 DW soil) (Table 2).

Identification and phylogenetic analysis

A total of 2,143 fungal isolates were obtained from top soils in
three nature reserves. We grouped all isolates into 111 differ-
ent morphotypes and then selected 111 representative isolates
from the 111 morphotypes for morphological and molecular
characterization. Based on their morphological characters and
ITS sequences, 109 morphotypes were identified as 38 known
genera. The other two morphotypes (representative isolates
JZ-13, JZ-72) were non-spore forming types, and their closest
BLASTN sequences were from unidentified fungi.
Phylogenetic analysis of the ITS sequences demonstrated that
JZ-13 and JZ-72 were classified into different genera of
Ascomycota (Fig. 2). Therefore, a total of 40 genera (73
species) were obtained from the topsoil in Jiuzhaigou
County (Tables 3, 4).

The phylogenetic relationships of the 111 isolates with their
closest BLASTN matches and other reference nucleotide se-
quences were inferred from the neighbor-joining analysis. In
Fig. 2, these ITS sequences are classified into three groups
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(Ascomycota, Basidiomycota, Zygomycota). Except for JZ-
70, all experimental sequences had strong affinities to their
closest BLASTN sequences, which indicated that the phylo-
genetic tree coincided with the results based onmorphological
identification. Although the branch length of JZ-70 with
Absidia repens (FJ849793) was >0.05 (Fig. 2), the morpho-
logical characteristics revealed that JZ-70 belonged to genus
Absidia and that Absidia glauca (AY944880) also had a long-
distance (>0.05) relationship with Absidia repens (FJ849793).

A high diversity of ITS sequences occurred in Penicillium
and Trichoderma (Hypocrea ), and the close phylogenetic
relationship between the experimental and reference se-
quences indicated that these Penicillium and Trichoderma
(Hypocrea) isolates were correctly distinguished or identified.
However, the ITS variation was low between Penicillium
griseofulvum , P. turbatum and P. chrysogenum (Fig. 2),
which is in agreement with previously reported results

(Skouboe et al. 1999). Isolates JZ-10, JZ-11, JZ-43 and JZ-
53 had a strong affinity to described species. However, the
four Penicillium isolates were not clearly identified based on
phenotype. As we know, the asexual state of all Hypocrea is
Trichoderma (Chaverri et al. 2001), and this point was also
supported by our molecular data. Surprisingly, JZ-27 and JZ-
28 did not form sexual and asexual spores, and they showed
no Trichoderma morphological characters; therefore the two
isolates were identified using ITS sequences and termed as
Hypocrea sp. (Fig. 2).

Based on observable morphological characters (e.g. the
color of colonies or other cultural characteristics, conidia
shape and their formation), we classified the ten Aspergillus
isolates into three different species and the 11 Humicola
isolates into three different species. The ITS sequences of
the Aspergillus and Humicola isolates identified in our study
formed six and four groups in the phylogenetic tree,
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Fig. 1 Density of soil fungi in 25
soil samples taken from sampling
sites at different altitudes (m a.sl.).
CFU Colony forming units

Table 2 The biodiversity indices
and density of soil fungi in the
three nature reserves

SD, Standard deviation; Max,
maximum; Min, minimum
aCFU: Log CFU g−1 dry weight
soil
b Total: Jiuzhaigou County as a
whole (25 soil samples)

Region Index (S) Index (H') Index (E) CFUa

JZNR Mean 19.38 Mean 2.54 Mean 0.87 Mean 3.84

Min 12 Min 1.96 Min 0.79 Min 3.33

Max 28 Max 3.03 Max 0.94 Max 4.38

SD 5.95 SD 0.38 Std. dev 0.05 SD 0.45

BHNR Mean 20 Mean 2.66 Mean 0.90 Mean 3.35

Min 10 Min 1.97 Min 0.86 Min 2.53

Max 29 Max 3.05 Max 0.95 Max 3.72

SD 6.61 SD 0.37 Std. dev 0.03 SD 0.43

WJNR Mean 18.11 Mean 2.49 Mean 0.87 Mean 3.40

Min 12 Min 2.17 Min 0.74 Min 2.18

Max 26 Max 2.89 Max 0.95 Max 4.37

SS 4.37 SD 0.28 Std. dev 0.07 SD 0.70

Totalb Mean 19.12 Mean 2.56 Mean 0.88 Mean 3.52

Min 10 Min 1.96 Min 0.74 Min 2.18

Max 29 Max 3.05 Max 0.95 Max 4.38

SD 5.49 SD 0.34 Std. dev 0.06 SD 0.57
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Fig. 2 Phylogenetic tree of 111 strains (bold font) with their closest
BLASTNmatches and other related taxa based on the internal transcribed
spacer (ITS) sequence. Numbers on branching points ≥50 % bootstrap

values of a bootstrap test of 1,000 runs, number after species names
GenBank (ITS) accession number
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Fig. 2 (continued)
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Fig. 2 (continued)
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Table 3 The identification, closest BLASTN matches and relative abundance of isolated fungi

Representative
isolates

Closest BLASTN matches Sequence
similarity
(%)

Sequence
coverage
(%)

Species Accession
code

Relative abundance
(%)

JZNR BHNR WJNR

JZ-73 Nectria mauritiicola (AJ558115) 99 97 Nectria mauritiicola HQ637271 0.38 0.37 0.63

JZ-133 Nectria mauritiicola (FJ654435) 100 96 Nectria mauritiicola HQ637272 0 0.86 0.38

JZ-170 Stachybotrys chartarum (AF081469) 99 98 Stachybotrys sp. HQ637273 0 0.74 0.75

JZ-131 Scopulariopsis brevicaulis (EU436681) 98 97 Scopulariopsis sp. HQ637274 0 1.36 2.25

JZ-45 Uncultured fungus (GU722059) 98 97 Myrothecium sp. HQ637275 3.38 0.62 1.38

JZ-44 Myrothecium roridum (JX867215) 99 98 Myrothecium roridum HQ637276 0 0.74 3.13

JZ-155 Myrothecium roridum (AJ608978) 99 98 Myrothecium roridum HQ637277 0.75 0 1.88

JZ-151 Gliomastix murorum (AB540557) 99 98 Gliomastix murorum HQ637278 1.88 2.22 0

JZ-85 Gliomastix murorum (AB540557) 99 98 Gliomastix murorum HQ637279 0 0 4.88

JZ-50 Bionectria ochroleuca (FJ025201) 99 98 Gliocladium roseum HQ637280 1.13 1.11 0

JZ-91 Bionectria sp. (KC007301) 99 98 Gliocladium roseum HQ637281 0 0.37 1.38

JZ-9 Bionectria ochroleuca (GU934503) 99 98 Gliocladium roseum HQ637282 0.38 0 0

JZ-75 Bionectria ochroleuca (HM113485) 99 96 Gliocladium roseum HQ637283 0 0 0.88

JZ-37 Gibberella moniliformis (GU055307) 99 97 Fusarium verticillioides HQ637284 0.38 1.36 0.50

JZ-152 Fusarium sp. (KC007281) 99 95 Fusarium redolens HQ637285 1.88 0 0.38

JZ-31 Fusarium flocciferum (JN676123) 99 97 Fusarium sp.1 HQ637286 0 0 4.01

JZ-22 Fusarium tricinctum (JX179217) 99 97 Fusarium sp.2 HQ637287 0 4.56 0

JZ-101 Cylindrocarpon sp. (AB725901) 99 95 Cylindrocarpon sp.1 HQ637288 0 0 0.13

JZ-7 Cylindrocarpon sp. (GU586840) 99 92 Cylindrocarpon sp.1 HQ637289 0.19 0.12 0

JZ-172 Acrostalagmus luteoalbus (GU813970) 99 97 Acrostalagmus sp. HQ637290 0.56 1.23 0.50

JZ-48 Acremonium furcatum (JN596334) 100 95 Acremonium furcatum HQ637291 1.69 0.74 0

JZ-135 Torula herbarum (FJ946483) 99 98 Torula sp. HQ637292 0.38 1.36 1.00

JZ-79 Thielavia arenaria (GU966511) 99 98 Thielavia arenaria HQ637293 0.56 0.12 0.50

JZ-134 Podospora sp. (AM262358) 99 87 Podospora sp. HQ637294 0 0 0.25

JZ-103 Lecythophora sp. (KC007198) 99 96 Lecythophora sp.1 HQ637295 0 0 0.50

JZ-169 Lecythophora sp. (AY219880) 98 94 Lecythophora sp.1 HQ637296 0.94 0.25 0

JZ-19 Aureobasidium pullulans (AY141180) 99 86 Aureobasidium pullulans HQ637297 0.56 0.99 0.63

JZ-104 Lecythophora luteoviridis (DQ404354) 99 98 Lecythophora sp.2 HQ637298 1.50 0 0.88

JZ-158 Pestalotiopsis sp. (AY904051) 99 97 Pestalotiopsis sp. HQ637299 1.31 0.12 0.88

JZ-171 Discostroma tricellulare (EU030327) 98 98 Seimatosporium
tricellulare

HQ637300 0 0 0.38

JZ-42 Truncatella angustata (AF377300) 99 97 Truncatella angustata HQ637301 0.38 1.11 0.25

JZ-30 Cadophora melinii (DQ404351) 99 95 Cadophora sp. HQ637302 0.38 0.49 0.38

JZ-72 Uncultured fungus (FN812806) 99 96 Fungal sp.2 HQ637303 0.19 0 0

JZ-123 Lecythophora mutabilis (HQ157861) 99 98 Lecythophora mutabilis HQ637304 0 0.74 0

JZ-175 Geomyces vinaceus (AJ608972) 99 98 Geomyces sp.1 HQ637305 1.88 0 0

JZ-174 Geomyces sp. (JN630629) 99 98 Geomyces sp.1 HQ637306 0 0.62 0

JZ-138 Cladosporium oxysporum (JQ775499) 99 92 Cladosporium sp.1 HQ637307 0.75 1.23 0.75

JZ-3 Cladosporium cladosporioides
(HM776419)

99 99 Cladosporium sp.1 HQ637308 0 0 1.50

JZ-23 Emericella foeniculicola (AB249011) 100 96 Emericella sp. HQ637309 0.38 1.73 0

JZ-58 Eurotium parviverruculosum (HE615135) 99 95 Eurotium sp. HQ637310 1.13 0.86 0.88

JZ-13 Arthopyreniaceae sp. (JQ388258) 99 98 Fungal sp.1 HQ637311 0 0 0.63

JZ-166 Preussia flanaganii (NR_077168) 99 99 Preussia sp.1 HQ637312 0 0.37 0

JZ-114 Preussia aemulans (AY943044) 99 97 Preussia sp.1 HQ637313 0.75 0 0

JZ-32 Preussia pilosella (DQ468033) 98 90 Preussia pilosella HQ637314 0 0 4.38

JZ-76 Pyrenochaeta sp. (FJ439593) 99 93 Pyrenochaeta sp. HQ637316 0.19 0.62 0
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Table 3 (continued)

Representative
isolates

Closest BLASTN matches Sequence
similarity
(%)

Sequence
coverage
(%)

Species Accession
code

Relative abundance
(%)

JZNR BHNR WJNR

JZ-176 Leptosphaeria sp. (FJ025183) 100 96 Leptosphaeria sp. HQ637317 2.44 0.25 0

JZ-78 Scytalidium lignicola (GU586849) 99 97 Scytalidium sp. HQ637318 0.75 0.86 0.63

JZ-119 Phoma sp. (JQ936186) 99 96 Phoma sp. HQ637319 1.69 0.37 0.25

JZ-80 Coprinellus xanthothrix (JN198387) 99 98 Coprinellus sp.1 HQ637320 0.19 0 0

JZ-59 Coprinellus xanthothrix (JN198387) 99 95 Coprinellus sp.1 HQ637321 0.19 0 0

JZ-177 Bjerkandera adusta (FJ608590) 98 98 Bjerkandera sp. HQ637322 0.19 0.12 0.63

JZ-100 Umbelopsis ramanniana (DQ888724) 98 95 Umbelopsis sp. HQ637323 0.19 0 0

JZ-71 Mortierella alpine (AB369455) 99 96 Mortierella alpine HQ637324 0 0.86 0

JZ-157 Mortierella alpine (FJ025167) 99 97 Mortierella alpine HQ637325 0.38 0.62 0

JZ-68 Mortierella sp. (JX270439) 99 95 Mortierella sp. HQ637326 2.81 0 0

JZ-4 Mortierella minutissima (AB476417) 99 97 Mortierella minutissima HQ637327 0 0 2.50

JZ-26 Mortierella minutissima (AB476417) 99 97 Mortierella minutissima HQ637328 2.06 2.96 1.50

JZ-129 Trichoderma sinensis (DQ083012) 99 94 Trichoderma sinensis HQ637329 1.50 0.25 0

JZ-149 Hypocrea schweinitzii (X93969) 99 93 Trichoderma schweinitzii HQ637330 0 0.12 0

JZ-66 Hypocrea semiorbis (EF596944) 99 96 Trichoderma sp.1 HQ637331 0.19 0 0.25

JZ-90 Hypocrea semiorbis (EF596944) 99 96 Trichoderma sp.1 HQ637332 0.56 0 0

JZ-67 Hypocrea virens (FJ884747) 97 98 Trichoderma sp.2 HQ637333 5.44 0 0

JZ-27 Hypocrea pachybasioides (JX406549) 99 96 Hypocrea sp.3 HQ637334 0 0 0.63

JZ-28 Hypocrea pachybasioides (AB517619) 98 98 Hypocrea sp.3 HQ637335 1.13 0 0

JZ-69 Hypocrea pachybasioides (GU934589) 99 97 Trichoderma sp.4 HQ637336 0 0 1.63

JZ-161 Trichoderma sp. (AB563722) 99 97 Trichoderma sp.5 HQ637337 3.00 1.11 0

JZ-8 Trichoderma sp. (AB563722) 99 97 Trichoderma sp.5 HQ637338 0 0.86 0.88

JZ-77 Hypocrea lixii (JX088246) 100 97 Trichoderma harzianum HQ637339 0.19 0 1.25

JZ-179 Hypocrea lixii (JQ724452) 99 100 Trichoderma harzianum HQ637340 0.94 0 0

JZ-165 Trichoderma harzianum (JX465478) 99 98 Trichoderma harzianum HQ637341 5.07 2.34 0.63

JZ-82 Hypocrea sp. (FJ860735) 99 95 Trichoderma sp.6 HQ637342 3.00 0.99 0.50

JZ-25 Hypocrea koningii (JQ724453) 99 100 Trichoderma koningii HQ637343 2.81 1.11 1.50

JZ-132 Trichoderma hamatum (GQ220703) 99 98 Trichoderma hamatum HQ637344 0 2.59 0

JZ-56 Penicillium urticae (GQ389620) 99 96 Penicillium urticae HQ637345 0 0.37 1.38

JZ-5 Penicillium montanense (HQ157959) 99 99 Penicillium montanense HQ637346 0 2.96 0

JZ-84 Penicillium montanense (HQ157959) 99 98 Penicillium montanense HQ637347 2.44 0 0

JZ-1 Penicillium janthinellum (DQ888733) 98 98 Penicillium janthinellum HQ637348 0 0 2.88

JZ-10 Penicillium sp. (JN585938) 99 98 Penicillium sp.1 HQ637349 6.57 2.84 0.88

JZ-11 Penicillium sp. (FJ379812) 99 98 Penicillium sp.1 HQ637350 4.32 6.17 0

JZ-46 Penicillium steckii (HM469415) 99 98 Penicillium steckii HQ637351 0 2.34 0

JZ-53 Penicillium sumatrense (JX003127) 99 96 Penicillium sp.2 HQ637352 2.63 4.19 0

JZ-144 Penicillium chrysogenum (JQ724451) 99 100 Penicillium chrysogenum HQ637353 0.38 1.97 4.38

JZ-43 Penicillium griseofulvum (HQ262520) 99 98 Penicillium sp.3 HQ637354 2.44 0 0

JZ-63 Penicillium chrysogenum (KC009826) 99 98 Penicillium chrysogenum HQ637355 0 5.06 3.88

JZ-125 Penicillium chrysogenum (JF731255) 99 98 Penicillium chrysogenum HQ637356 0 3.95 1.63

JZ-17 Penicillium verruculosum (EU914140) 99 95 Penicillium verruculosum HQ637357 0.75 0 2.13

JZ-15 Penicillium purpurogenum (JQ724526) 99 100 Penicillium purpurogenum HQ637358 1.50 1.36 2.88

JZ-2 Penicillium funiculosum (JQ724527) 99 100 Penicillium funiculosum HQ637359 0 0.25 0.63

JZ-124 Aspergillus versicolor (AM883156) 100 98 Aspergillus versicolor HQ637360 0.94 0 2.63

JZ-62 Aspergillus versicolor (AM883156) 100 98 Aspergillus versicolor HQ637361 0 0 1.50

JZ-24 Aspergillus versicolor (JF911763) 100 98 Aspergillus versicolor HQ637362 0 1.73 0
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respectively. The bootstrap values among these groups were
relatively low, indicating that the genetic diversity in these
Aspergillus or Humicola species is quite low. According to
microscopic analysis, the different species of Aspergillus or
Humicol a were clustered together into a clade by the
neighbor-joining phylogenetic analysis (Fig. 2), which is in
accordance with the clustering obtained in earlier studies
(Zhao et al. 2008; Varga et al. 2010).

Fungal community composition

Forty genera with 73 species were collected from Jiuzaigou
County and classified as Ascomycota, Zygomycota and
Basidiomycota at a ratio of relative abundance of
219.65:17.44 :1, respectively. Thirty–five genera were classi-
fied into Ascomycota with 66 species, three genera into
Zygomycota with five species and two genera into
Basidiomycota with two species.

The relative abundance of Ascomycota, Zygomycota and
Basidiomycota in JZNR was 90.28, 9.19 and 0.57 %, respec-
tively. In BHNR and WJNR, the relative abundance of
Ascomycota was 91.98 and 93.88 %, respectively. The rela-
tive abundance of Ascomycota colonies in JZNR was 9.82-
and 158.39-fold higher than that of Zygomycota and
Basidiomycota colonies, respectively. This pattern was

broadly similar in BHNR and WJNR, in which the ratios of
Ascomyco t a :Zygomyco t a :Ba s i d i omyco t a we r e
766.50:65.75:1 and 149.02:8.75:1, respectively.

Genera (or species) with a relative abundance of >5.0 %
were considered to be dominant (Wang et al. 2010). In JZNR,
among the 35 genera (56 species) isolated, the range in rela-
tive abundance of species was 0.19 to 6.57 %, and only three
species showed values of >5.0 %, whereas ten species
showed the lowest values (Table 3). The dominant genera
detected were Trichoderma , Penicillium , Humicola ,
Aspergillus and Mortierella (Table 4). In BHNR, among
the 33 genera (54 species) isolated, the relative abundance
of species was 0.12–6.17 %, with two Penicillium species
having a relative abundance of >5.0 % and six species
having the lowest percentages (Table 3). The dominant
genera were Penicillium , Humicola , Aspergillus ,
Trichoderma , and Fusarium (Table 4). In WJNR, 31 gen-
era (50 species) were isolated, and the relative abundance
of all species ranged from 0.13 to 4.88 %, with no species
having a relative abundance of >5.0 %, and six species
having a relative abundance of >4.0 % (Table 3). The main
genera detected were Penicillium , Aspergillus , Humicola ,
Trichoderma , and Myrothecium (Table 4).

For Jiuzhaigou County as a whole (all three nature re-
serves, 25 soil samples), the most dominant genus was

Table 3 (continued)

Representative
isolates

Closest BLASTN matches Sequence
similarity
(%)

Sequence
coverage
(%)

Species Accession
code

Relative abundance
(%)

JZNR BHNR WJNR

JZ-29 Aspergillus versicolor (GU934602) 99 98 Aspergillus versicolor HQ637363 0 3.45 0

JZ-122 Aspergillus sp. (JF694933) 99 98 Aspergillus sp.1 HQ637364 1.50 0.62 4.26

JZ-41 Aspergillus sp. (JX029073) 99 98 Aspergillus versicolor HQ637365 0 0 2.13

JZ-38 Aspergillus versicolor (HQ285619) 99 98 Aspergillus sp.1 HQ637366 1.69 4.19 3.13

JZ-35 Aspergillus sydowii (JX675047) 99 99 Aspergillus sydowii HQ637367 3.94 0 0

JZ-109 Aspergillus sp. (GU985232) 99 99 Aspergillus sydowii HQ637368 0 0.12 1.00

JZ-178 Aspergillus sydowii (JQ724408) 99 100 Aspergillus sydowii HQ637369 0 0.49 0

JZ-115 Humicola sp. (GQ131885) 97 98 Humicola sp.1 HQ637370 3.56 0 0.63

JZ-156 Humicola fuscoatra (GU183113) 97 97 Humicola sp.1 HQ637371 0 0 4.13

JZ-121 Humicola sp. (HM371217) 97 99 Humicola sp.1 HQ637372 0 3.58 0

JZ-130 Humicola sp. (GQ131885) 97 96 Humicola sp.2 HQ637373 0 1.73 0

JZ-110 Humicola fuscoatra (GU183113) 97 97 Humicola sp.1 HQ637374 0 0.37 1.88

JZ-120 Humicola fuscoatra (JN031580) 98 94 Humicola sp.1 HQ637375 1.13 0.86 0

JZ-118 Humicola fuscoatra (GU183113) 97 96 Humicola sp.1 HQ637376 0 0.37 2.88

JZ-136 Humicola sp. (GQ131885) 97 98 Humicola sp.1 HQ637377 1.31 0 1.38

JZ-20 Humicola fuscoatra (GU183113) 98 95 Humicola sp.3 HQ637378 0 2.10 0.25

JZ-6 Humicola fuscoatra (GU966514) 97 98 Humicola sp.3 HQ637379 0.38 2.59 0

JZ-14 Humicola fuscoatra (GU183113) 97 97 Humicola sp.3 HQ637380 2.06 0.49 2.50

JZ-70 Absidia repens (FJ849793) 95 33 Absidia sp. HQ878615 3.75 3.45 1.50

SC-12 Leptosphaeria sp. (HQ713770) 99 87 Trematosphaeria terricola JN662930 0.19 0 0
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Penicillium , with 11 species accounting for 24.83 % of iso-
lates, followed by Trichoderma , with 11 species accounting
for 12.18 %, Humicola with three species accounting for
11.76 % and Aspergillus with three species accounting for
11.48 % (Table 4). The other three main genera were

Fusarium (4.62 %), Mortierella (4.48 %) and Myrothecium
(3.92 %) (Table 4). The seven genera represented together
73.27% of total abundance. All seven of the main genera were
found in all three nature reserves where they represented the
main populations.

Diversity characteristics

For the 25 sampling sites, the range in values for species
richness (S ), the biodiversity index (H') and evenness (E)
were 10–29, 1.96–3.05 and 0.74–0.95, respectively
(Tables 1, 2). Among the three sites, site BHNR3 showed a
larger S value (29), and sites WJNR5 and BHNR8 had the
highest E value (0.95), whereas site BHNR4 showed the
higher H'′ value (Table 1).

Among the three nature reserves, the highest S value
was found in the BHNR (20.00), followed by JZNR
(19.38) and WJNR (18.11). Similarly, the highest H′
value was observed in BHNR (2.66), followed by
JZNR (2.54) and WJNR (2.49). The highest evenness
(E ) value was also found in BHNR (0.90). This means
that the culturable fungal species of BHNR were better
distributed than those of other regions, with the higher
contribution to biodiversity (H′ ).

Trichoderma antagonism

A total 14 Trichoderma isolates were tested for their
antagonism activity against three pathogens (Bipolaris
maydis , Curvularia lunata , Rhizoctonia solani ).
Table 5 shows the inhibition effect of three pathogens
for six Trichoderma isolates which gave inhibition
values of >20 %; the other eight Trichoderma isolates
showed little effect to the three pathogens according to
the dual culture or culture filtrate tests.

For the dual culture tests, the inhibition values of mycelium
growth of the three pathogens by these six Trichoderma
isolates were all >22 % (Table 5). These results indicate that
the six Trichoderma isolates can clearly inhibit the growth of
B. maydis , C. lunata and R. solani . In particular, JZ-77
(T. harzianum ) showed the highest inhibition value to
R. solani (62.44 %) and C. lunata (56.97 %), and the highest
inhibition value of B. maydis was induced by T. koningii
(40.13 %).

In terms of the inhibitory effect of the Trichoderma
culture filtrates, growth inhibition ranged from 20.28 to
52.14 %, from 27.13 to 70.44 % and from 27.15 to
67.79 % for B. maydis , C. lunata and R. solani , respec-
tively (Table 5). These values demonstrate that the
highest inhibition values of C. lunata and R. solani were
induced by T. koningii (70.44 and 67.79 %, respectively)
and that the highest inhibition value of B. maydis was
induced by T. hamatum (52.14 %).

Table 4 Relative abundance of isolated genera

Genus JZNR BHNR WJNR Totala

Acremonium spp. 1.69 0.74 0 0.70

Aspergillus spp. 8.07 10.6 14.64 11.48

Aureobasidium spp. 0.56 0.99 0.63 0.75

Cadophora spp. 0.38 0.49 0.38 0.42

Cladosporium spp. 0.75 1.23 2.25 1.49

Cylindrocarpon spp. 0.19 0.12 0.13 0.14

Emericella spp. 0.38 1.73 0 0.75

Eurotium spp. 1.13 0.86 0.88 0.93

Fusarium spp. 2.25 5.92 4.88 4.62

Geomyces spp. 1.88 0.62 0 0.70

Gliocladium spp. 1.50 1.48 2.25 1.77

Gliomastix spp. 1.88 2.22 4.88 3.13

Humicola spp. 8.44 12.08 13.64 11.76

Lecythophora spp. 2.44 0.99 1.38 1.49

Leptosphaeria spp. 2.44 0.25 0 0.70

Myrothecium spp. 4.13 1.36 6.38 3.92

Nectria spp. 0.38 1.23 1.00 0.93

Penicillium spp. 21.01 31.44 20.65 24.83

Pestalotiopsis spp. 1.31 0.12 0.88 0.70

Phoma spp. 1.69 0.37 0.25 0.65

Podospora spp. 0 0 0.25 0.09

Preussia spp. 0.75 0.37 4.38 1.96

Pyrenochaeta spp. 0.19 0.62 0 0.28

Seimatosporium spp. 0 0 0.38 0.14

Scopulariopsis spp. 0 1.36 2.25 1.35

Scytalidium spp. 0.75 0.86 0.63 0.75

Stachybotrys spp. 0 0.74 0.75 0.56

Thielavia spp. 0.56 0.12 0.5 0.37

Torula spp. 0.38 1.36 1.00 0.98

Trichoderma spp. 23.83 9.37 7.26 12.18

Truncatella spp. 0.38 1.11 0.25 0.61

Trematosphaeria spp. 0.19 0 0 0.05

Verticillium spp. 0.56 1.23 0.5 0.79

Bjerkandera spp. 0.19 0.12 0.63 0.33

Coprinellus spp. 0.38 0 0 0.09

Umbelopsis spp. 0.19 0 0 0.05

Absidia spp. 3.75 3.45 1.50 2.80

Mortierella spp. 5.25 4.44 4.01 4.48

Genus 1 (Fungal sp.1, JZ-13) 0 0 0.63 0.23

Genus 2 (Fungal sp.2, JZ-72) 0.19 0 0 0.05

a Total: Jiuzhaigou County as a whole (25 soil samples)
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Discussion

In this study, a conventional method (soil dilution plate meth-
od) and Rose Bengal agar medium were used to assess the
diversity of culturable soil fungi in three nature reserves of
Jiuzhaigou County. Among the 25 sampling sites, a sharp
change in fungal density appeared in two pairs at two nearby
sites (BHNR1 and WJNR7; BHNR5 and WJNR8) (Fig. 1)
which showed the same vegetation and little change in altitude
(≤20 m) (Table 1; Fig. 1). On the contrary, some sites showed
significant differences in vegetation and altitude (e.g. JZNR7
and BHNR7; WJNR5 and BHNR4; BHNR2 and WJNR3),
but little change in fungal density (<0.05) (Table 1; Fig. 1). It
is therefore difficult to draw clear inferences of the relation-
ship among fungal density in terms of vegetation or altitude.
Although we could not rule out the existence of differences of
micro-environmental characteristics within each sampling
site, previous research revealed that quantitative changes in
plant rhizodeposition, geographical environment, pH and car-
bon availability may affect fungal abundance (Grishkan et al.
2006, 2009; Kara and Asan 2007; Hannula et al. 2010; Jirout
et al. 2011).

For culturable fungi, the ranges in the values of species
richness (S ), biodiversity index (H′) and evenness (E) of the
25 sampling sites were 10–29, 1.96–3.05 and 0.74–0.95,
respectively (Table 1). Sites BHNR3 and BHNR4 showed
the highest value of S (29) and H′ (3.05), respectively. The
highest E value (0.95) was found in BHNR8 and WJNR5.
However, because of the isolation technique used, the S , H′
and E of the 25 sampling sites only depend upon their
culturable fungal fraction. Thus, to ensure a reliable assess-
ment of soil fungal diversity characteristics, a wider range of
research techniques should be employed in further studies.

It has been estimated that there are approximately 3,150
species of soil fungi, many of which have a worldwide distri-
bution (Gams 2007). The culturable fungal community of the

25 sites analyzed in our study was dominated by Ascomycota,
accounting for 92.25 % of isolates, with 66 species (35 gen-
era), followed by Zygomycota, accounting for 7.33 %, with
five species (3 genera), and Basidiomycota, which were only
rarely isolated (0.42 %). These results confirm those reported
previously on soil fungal communities (Grishkan et al. 2009;
Arenz and Blanchette 2011). Some isolates belong to ubiqui-
tous genera which have been reported earlier to be soil fungi
(e.g., Absidia , Aspergillus , Fusarium , Mortierella ,
Penicillium , Trichoderma and Geomyces ). In our study,
Penicillium , Trichoderma ,Humicola and Aspergillus species
comprised a higher proportion of the fungal isolates and were
particularly common (representing 24.83, 12.18, 11.76 and
11.48 % of total isolates, respectively); this result is similar to
that previously reported and supports the notion that these
species can utilize soil organic matter more widely than other
species and inhabit various soil environments (Grishkan et al.
2009).

Compared to past research, our data differ with respect to the
occurrence of some genera; for example, culturable isolates
belonging to Alternaria spp., Botrytis spp., Rhizopus spp.,
Mucor spp., Phialocephala spp. among others, were not identi-
fied in our study. In addition, although the environments among
the three nature reserves are similar, we found significant differ-
ences among fungal species and relative abundance: for example,
Umbelopsis sp., Coprinellus sp., Trematosphaeria sp. and
Fungal sp.2 (strain JZ-72) were isolated only from JZNR sites,
Podospora sp., Seimatosporium sp. and Fungal sp.1 (strain JZ-
13) were not observed at JZNR and BHNR sites and a sharp
increase of Myrothecium genus relative abundance (mainly due
toM. roridum) was observed at WJNR sites, possibly indirectly
providing a significant signal of plant disease caused by this
pathogen. Overall, different soil characteristics (e.g. pH, aeration,
water content, plant litter quality input, among others) would
appear to influence the existence and culturability of fungal
species in the different regions.

Table 5 Effect of six Trichoderma species on mycelial growth inhibition of three pathogens according to dual culture and Trichoderma culture filtrates
on potato dextrose agar medium

Trichoderma species Bipolaris maydis Curvularia lunata Rhizoctonia solani

Da Fb Da Fb Da Fb

Trichoderma harzianum (JZ-77) 34.39±0.78 31.57±1.37 56.97±1.70 53.19±3.33 62.44±2.75 58.42±1.99

Trichoderma hamatum (JZ-132) 28.53±0.94 52.14±2.08 43.37±1.69 27.13±1.46 43.20±1.88 30.16±1.71

Trichoderma koningii (JZ-25) 40.13±0.98 29.37±2.19 47.67±2.97 70.44±1.79 56.89±2.04 67.79±1.94

Trichoderma sinensis (JZ-129) 25.44±1.53 35.74±1.47 31.05±1.81 41.07±2.01 34.91±2.45 27.15±2.12

Trichoderma sp.2 (JZ-67) 22.37±2.54 20.28±2.04 51.32±3.92 40.18±2.60 61.09±2.80 51.06±1.99

Trichoderma sp.5 (JZ-8) 31.76±2.17 50.75±1.93 45.75±3.78 37.66±2.04 49.17±3.04 38.18±2.60

Data are given as a percentage ± SD. Each value is the mean of three replicates
a Percentage of growth inhibition (%) as assessed by the dual culture tests
b Percentage of growth inhibition (%) as assessed by the 20 % (v/v) concentration ofTrichoderma culture filtrates
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In our previous publication (Zhou et al. 2013), the isolate SC-
12 (JN662930) was identified as a new Trematosphaeria species
and named as Trematosphaeria terricola , which is the first
Trematosphaeria species from alpine soil in China. Aswe know,
this study represents the first record of the presence of
Podospora sp. and Seimatosporium sp. in soil of China. It is
interesting that some of the species isolated in our study were
obtained from different hosts or habitat and showed saprophytic
or parasitic character in comparison to results of earlier studies.
This suggests that fungi can shift their ecological role with
changes in ecological features. Some isolated fungi are important
plant pathogens, such as, Stachybotrys sp., Fusarium sp.,
Myrothecium sp., Cladosporium sp., Phoma sp., Aspergillus
sp., Penicillium sp., Scopulariopsis sp., Cylindrocarpon sp.,
among others. To the contrary, Aspergillus spp., Penicillium
spp., Acremonium spp. and Trichoderma spp. are among the
best known fungal agents of bio-control and perhaps play an
important role by controlling or preventing soil-borne fungal
diseases. In fact, some Trichoderma isolates did show bio-
control potential against pathogens in our test. The antagonistic
mechanisms used by Trichoderma species to control plant path-
ogens include competition, antibiosis, mycoparasitism and so on
(Sánchez et al. 2007; Patil et al. 2012). In addition, there are
reports of other fungi playing an important role in ecological
functioning. For example, Mortierella sp. can solubilize soil
immobile phosphorus (Osorio and Habte 2001), Humicola sp.
is a strongly cellulolytic microfungi (Deacon et al. 2006) and
Bjerkandera sp. is regarded as the white rot fungi because of its
lignin degradation function (Dorado et al. 2001). Therefore,
these species are possible important factors for ecological bal-
ance in the three nature reserves.

The ITS sequences of JZ-103, JZ-104, JZ-123 and JZ-169
are most closely related to the BLASTN sequence of
Lecythophora sp. (AY219880), Lecythophora luteoviridis
(DQ404354) and L. mutabilis (HM036599) (Table 3), while
these sequences appeared to be clustered into two clades with
a more distant relationship (Fig. 2). These results suggest that
Lecythophora species are polyphyletic even though they
showed a similar morphology. This phenomenon has been
observed in other genera, such as Lulworthia (Campbell
et al. 2005), Lignincola (Pang et al. 2003) and Lophiostoma
(Zhang et al. 2009). Although the ITS data play an important
role in current mycological taxonomy, the phylogeny inferred
from any gene may not really reflect the evolution history of
organisms. According to Uilenberg et al. (2004), the polypha-
sic taxonomy should include genotypical and phenotypical
characteristics. Therefore, the JZ-103, JZ-104, JZ-123 and JZ-
169 were identified as Lecythophora spp. Penicillium has
been characterized using molecular techniques in many stud-
ies, but the data from these are insufficient too provide a
statistical solution for classifying infrageneric Penicillium
(Samson et al. 2004). Therefore, morphological features were
the main appraisal method for Penicillium species.

Many studies have used molecular techniques to detect
fungal diversity by direct DNA extraction from environmental
samples and separation of amplicons obtained by different
methods, including denaturing gradient gel electrophoresis,
terminal restriction fragment length polymorphism and sin-
gle–strand conformation polymorphism (Viaud et al. 2000;
Jumpponen 2003; Anderson and Cairney 2004; Jeewon and
Hyde 2007). Although these methods are able to analyze the
diversity independently of culturability, their results may still
show biases due to the processes of sample DNA extraction or
PCR amplification (Kirk et al. 2004).

The number of isolated fungal species is clearly related
with the isolation method and culture medium (Cabello and
Arambarri 2002). According to Bridge and Spooner (2001),
only about 17 % of known fungal species can be cultured
using conventional microbiological culture techniques, and
most remaining fungi are missed. The conventional cultural
techniques only detect a small fraction of soil fungi—those
which can grow and sporulate on the isolation medium used
(Cabello and Arambarri 2002; Jeewon and Hyde 2007), and
the selective culture medium is a major determining factor in
the isolation of soil fungal species (Zhang et al. 2013). Thus, it
is impossible to accurately detect fungal diversity in soil
samples using the single isolation method and medium, and
soil fungal diversity might be greatly underestimated when
based only on the traditional cultural techniques used in this
study. Consequently, there are limitations to the techniques
used in this study for the detection of the true diversity in any
chosen environment. However, we were able to provide a
basic diversity measurement of soil fungi which can readily
grow on the culture medium used, as well as obtain the pure
cultures for further study. It is clear that a combination of
traditional and molecular approaches will provide a compre-
hensive picture of fungal diversity in sampling sites because
many species of “unculturable” fungi have already been de-
tected using molecular techniques (Jeewon and Hyde 2007).
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