
APPLIED MICROBIAL AND CELL PHYSIOLOGY

Trichoderma harzianum strain SQR-T37 and its bio-organic
fertilizer could control Rhizoctonia solani damping-off
disease in cucumber seedlings mainly by the mycoparasitism

Xinqi Huang & Lihua Chen & Wei Ran & Qirong Shen &

Xingming Yang

Received: 30 December 2010 /Revised: 16 March 2011 /Accepted: 18 March 2011 /Published online: 12 April 2011
# Springer-Verlag 2011

Abstract Damping-off disease is caused by Rhizoctonia
solani and leads to serious loss in many crops. Biological
control is an efficient and environmentally friendly way to
prevent damping-off disease. Optical micrographs, scan-
ning electron micrographs, and the determination of
hydrolytic enzymes were used to investigate the antago-
nism of Trichoderma harzianum SQR-T37 (SQR-T37)
against R. solani. Experiments were performed in pots to
assess the in vivo disease-control efficiency of SQR-T37
and bio-organic fertilizer. The results indicate that the
mycoparasitism was the main mechanism accounting for
the antagonistic activity of SQR-T37. In one experiment,
the population of R. solani was decreased from 106 internal
transcribed spacer (ITS) copies per gram soil to 104 ITS
copies per gram soil by the presence of the antagonist. In
this experiment, 45% of the control efficiency was obtained
when 8 g of SQR-T37 hyphae per gram soil was applied. In
a second experiment, as much as 81.82% of the control
efficiency was obtained when bio-organic fertilizer (SQR-T37
fermented organic fertilizer, BIO) was applied compared to
only 27.27% of the control efficiency when only 4 g of SQR-
T37 hyphae per gram soil was applied. Twenty days after
incubation, the population of T. harzianum was 4.12×107 ITS
copies per gram soil in the BIO treatment, which was much
higher than that in the previous treatment (8.77×105 ITS
copies per gram soil), where only SQR-T37 was applied.
The results indicated that SQR-T37 was a potent antagonist
against R. solani in a mycoparasitic way that decreased the
population of the pathogen. Applying BIO was more

efficient than SQR-T37 application alone because it stabi-
lized the population of the antagonist.
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Introduction

The widespread soil-borne pathogen Rhizoctonia solani
Kühn is responsible for serious damages to many agricultural
and horticultural crops and trees worldwide (Baker 1970;
Anderson 1982; Li 1995). R. solani causes damping-off and
stem rot in young plants and a disease of the lower stem and
root called sore shin in older plants (Lucas 1975; Sneh et al.
1996). Furthermore, sclerotia-dormant forms of the fungi are
resistant to unfavorable environmental conditions. The
importance of this pathogen has increased dramatically in
Europe in recent years (Grosch et al. 2005). However, even
though the pathogen causes serious economic loss through
reduced yield in many crops, no effective strategy to control
the pathogen is currently available (Kai et al. 2007).

Agricultural production has increased dramatically over
the past few decades, and farmers rely on chemical
pesticides as a relatively dependable method of protecting
plants from soil-borne pathogens (Compant et al. 2005).
However, the increased use of chemical pesticides can have
several negative effects on both the environment and on
human health (Gerhardson 2002). As a result, restrictions
have increased on a variety of chemical pesticides (Adesina
et al. 2007). Furthermore, growing concerns regarding food
safety and environmental pollution have generated interest
in compost and biological control agents to help prevent
and control soil-borne diseases (Trillas et al. 2006).
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Many species of Trichoderma spp. have been used as
potent biocontrol agents for a variety of soil-borne
phytopathogenic fungi (Papavizas 1985). The response of
Trichoderma to the presence of a potential host includes
production of antibiotic compounds, formation of special-
ized structures, and degradation of the host’s cell wall
followed by the assimilation of its cellular content, mainly
the mycoparasitism (Benitez et al. 2004). This last response
has been proposed as the central mechanism accounting for
the antagonistic activity of the Trichoderma species
(Mendoza-Mendoza et al. 2003).

Using composts to minimize organic waste pollution and
to reduce the addition of chemical fertilizers and fungicides
in crop production is a promising strategy (Ling et al.
2010). However, only approximately 20% of natural com-
posts are suppressive to Rhizoctonia damping off (Hoitink
and Boehm 1999). The capability of certain composts to
repress R. solani may be due to the presence and activity of
specific antagonists (Kuter et al. 1983; Tuitert et al. 1998;
Scheuerell et al. 2005). Furthermore, this ability depends on
the degree of compost decomposition (Hoitink and Boehm
1999) because mature composts can sustain biological
control agents (Litterick et al. 2004).

Rapid and sensitive quantification methods are necessary
to detect invading pathogens even in the absence of visible
host plant symptoms, when investigating early plant
response reactions and disease control (Leisova et al.
2006). The high sensitivity, specificity, and reproducibility
provided by real-time PCR are the main reasons justifying
this application for pathogen detection and comparison
(Ruiz-Ruiz et al. 2007). The amount of template can be
determined as absolute or relative quantification. When
using absolute quantification, the actual number of nucleic
acid targets present in a sample is determined using a
standard curve, constructed by amplifying known amounts
of the target under conditions identical to those of the
sample (Bustin 2000; Freeman et al. 1999; Mackay et al.
2002; Rutledge and Côté 2003).

Determining the structure of soil microbial communities
is important for understanding the biological processes that
occur in soil–plant systems (Dong and Reddy 2010).
However, research conducted in the last two decades have
revealed that more than 99% of the bacteria present in
many environmental samples cannot be cultivated in the
laboratory (Sharma et al. 2005). The use of molecular
biological methods makes it possible to study microbial
diversity in environmental samples without cultivation
(Niemi et al. 2001). Denaturing gradient gel electrophoresis
(DGGE) is a high-throughput technique, and it has been
more widely applied in bacteria and fungi community
analyses than any other method (Li et al. 2008; Luo et al.
2010). DGGE is an electrophoretic method which is
capable of detecting differences between DNA fragments

of the same size but with different composition. This is
because these fragments can be separated in a denaturing
gradient gel based on their differential denaturation
(melting) profile (Ercolini 2004). The theoretical aspects
of this separation were first described by Fisher and
Lerman (1983).

The objective of this study was to investigate the
antagonism of the Trichoderma harzianum SQR-T37
(SQR-T37) strain against R. solani Q1 and to assess its
control efficiency in pot experiments. Molecular biological
methods (real-time PCR and PCR-DGGE) were used for
the quantification of the two species in soil samples and for
comparison of structures of the soil microbial communities
in different treatments in pot experiments.

Materials and methods

Strains

A T. harzianum strain SQR-T37 (CGMCC accession no.
3308, China General Microbiology Culture Collection
Center) was used throughout this study. The strain was
screened and identified by our laboratory (Chen et al. 2010)
and was stored on a potato dextrose agar (PDA) medium.
An R. solani Q1 (ATCC accession no. 76168, American
Type Culture Collection) was used as the pathogen and was
obtained from the institute of vegetables and flowers, Chinese
Academy of Agricultural Sciences (Beijing, China).

Dual cultures

SQR-T37 was evaluated for its effectiveness against R.
solani Q1 in dual culture tests. One 5-mm mycelial disk of
a 2-day-old culture of R. solani Q1 was placed in a Petri dish
containing PDA. Another 5-mm mycelial disk of SQR-T37
(4-day-old culture) was placed at the opposite side of the
Petri dish. The distance between the two mycelial disks was
5 cm. Inoculated plates were kept at 28 °C in an incubator.
The radial growth of SQR-T37 and R. solani Q1 were
observed 2 and 5 days after inoculation. Controls inoculated
with R. solani Q1 or SQR-T37 individually were also
maintained, and the assay was repeated four times.

Hyphal interaction between R. solani Q1 and SQR-T37

The hyphae of R. solani Q1 and SQR-T37 were kept in
touch with each other in dual cultures. These cultures were
chosen for the observation of the interaction between the
two fungi. An optical microscope (OLYMPUS CX21,
Tokyo, Japan) and a scanning electron microscope
(HITACHI S-3000N, Tokyo, Japan) were used for the
observations.
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Determination of chitinase and β-1,3-glucanase of SQR-T37

The R. solani Q1 cell walls were prepared according to
El-Katatny et al. (2000). Erlenmeyer flasks (250 ml)
containing 100 ml of potato dextrose broth (PDB) were
incubated with 1-cm2 discs of the actively growing
mycelium of R. solani Q1. The inoculated flasks were
incubated at 28 °C for 4 days. The mycelium was then
collected by filtration through a gauze, washed with sterile
distilled water, and homogenized in distilled water using a
laboratory homogenizer. The suspension was then centri-
fuged three times (6,000 g for 10 min). The mycelia were
stored at 4 °C or oven-dried for 24 h and were used as a C-
source. The moisture of the fresh mycelia was calculated.

Erlenmeyer flasks (250 ml) each containing 50 ml of
minimal synthetic medium (MSM) (glucose as C-source) were
seededwith 1ml of a suspension (106 conidia of SQR-T37 per
milliliter) and incubated in a rotary shaker at 180 rpm for
4 days at 28 °C. The cultures were centrifuged aseptically at
6,000 g for 10 min at 4 °C. The mycelia were washed with
sterile distilled water. Equal amounts of SQR-T37 mycelia
were transferred to flasks containing fresh MSM of various
C-source compositions (colloidal chitin, laminarin, fresh and
dried R. solani Q1 cell wall) and incubated at 28 °C for
4 days. The culture filtrates were centrifuged for 10 min at
6,000 g at 4 °C and the clear supernatants were either
immediately used as crude enzyme or stored at −20 °C until
assayed. The formula of the MSN was as follows: 5 g/L
C-source, 0.2 g/L MgSO4·7H2O, 0.9 g/L K2HPO4, 0.2 g/L
KCl, 1.0 g/L NH4NO3, 0.002 g/L FeSO4·7H2O, 0.002 g/L
MnSO4, and 0.002 g/L ZnSO4. The colloidal chitin 1% (w/v)
was prepared according to the methods of Lee et al. (2009).

The activity of β-1,3-glucanase was determined by a
dinitrosalicylic acid (DNS) colorimetric method using
laminarin as the substrate (Noronha and Ulhoa 2000), and
the reaction, carried out for 2 h at 45 °C, was stopped by
immersing the tubes in a boiling water bath for 15 min.
Chitinase activity was determined by the DNS method
using colloidal chitin as the substrate (Han et al. 2009). The
reaction was carried out for 4 h at 40 °C and was stopped
by the method described above. The amount of reducing
sugars released was calculated from standard curves for
N-acetyl-glucosamine and glucose. One unit of enzyme
activity (nanokatals) was expressed as the amount of
enzyme that released 1 nmol of reducing sugar per minute.
The assay was repeated three times.

Pot experiments

Cucumber seedling, soil, and fertilizer for pot experiments

Cucumber (Cucumis sativus L.) seeds of the cultivar
JinChun 5, were surface-sterilized in 2% NaClO for

3 min, rinsed three times in sterile water, and then
germinated on 9-cm plates covered with sterile wet filter
paper at 25 °C for 36 h (Ling et al. 2010).

The soil used in the pot experiments came from a rice
paddy field and was solarized to minimize the influence of
other microorganisms and air-dried prior to the experiment.
The dried soil had the following properties: pH 6.7, 0.9%
organic matter, 0.1% nitrogen, and 4.4% H2O. The organic
fertilizer (OF) used in the pot experiment was an amino
acid fertilizer. The amino acid fertilizer was made from oil
rapeseed cakes that were enzymatically hydrolyzed by
aerobic microbial fermentation at <50 °C for 7 days (Zhang
et al. 2008). The amino acid fertilizer contained 44.2%
organic matter and 12.9% amino acids, small molecular
peptides, and oligo peptides. The nutrient content was 4.4%
N, 2.3% P2O5, and 0.7% K2O.

Pathogen, SQR-T37, and SQR-T37-fermented organic
fertilizer (BIO) preparation

The mycelia of R. solani Q1 and SQR-T37 were prepared
as described above with a few modifications. Erlenmeyer
flasks (250 ml) containing 100 ml of PDB were incubated
with 1-cm2 discs of the actively growing mycelia. The
inoculated flasks were incubated at 28 °C for 4 days
without shaking. The mycelia were then collected by
filtration through a gauze and were washed with distilled
water. Finally, the mycelia were physically dried, but not
killed.

The BIO product used in the experiments was obtained
by aerobically fermenting a mixture of amino acid fertilizer
with SQR-T37 (5:2, w/w) for 5 days at <45 °C. The
mycelia of SQR-T37 was prepared as above and homog-
enized in distilled water. The mixture was thoroughly
mixed and maintained at 40–45% moisture during the
fermentation stage. At the end of the fermentation stage, the
density of T. harzianum was 2.57×109 internal transcribed
spacer (ITS) copies per gram of dry weight BIO. The BIO
product was stored at less than 25 °C, and it was used in
experiments only if the density of T. harzianum was kept at
the level of 109 ITS copies per gram dry weight BIO.

Description of pot experiments

Six treatments were applied in pot experiment 1 (Exp. 1).
The treatments were as follows: (1) control1 (CK1) (soil not
inoculated with any microbe), (2) CK2 (soil inoculated with
1.5 g fungal biomass of R. solani Q1 per kilogram soil), (3)
T1 (soil inoculated with 1.5 g fungal biomass per kilogram
soil of R. solani Q1 and 0.5 g fungal biomass per kilogram
soil of SQR-T37), (4) T2 (soil inoculated with 1.5 g fungal
biomass per kilogram soil of R. solani Q1 and 2 g fungal
biomass per kilogram soil of SQR-T37), (5) T3 (soil
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inoculated with 1.5 g fungal biomass per kilogram soil of R.
solani Q1 and 4 g fungal biomass per kilogram soil of
SQR-T37), and (6) T4 (soil inoculated with 1.5 g fungal
biomass per kilogram soil of R. solani Q1 and 8 g fungal
biomass per kilogram soil of SQR-T37). Experiment 1
contained two growth cycles of 20 days each. Four and
24 days after inoculation, pre-germinated cucumber seeds
were planted in the soils. Twenty and 40 days after
inoculation, the cucumber seedlings were harvested. At
this time, the diseased plants, shoot dry weights, and shoot
lengths of the surviving plants were evaluated. The
diseased plants were detected by visual observations of
disease symptoms.

In pot experiment 2 (Exp. 2) the following five treatments
were applied: (1) CK1 (soil not inoculated with any microbe),
(2) CK2 (soil inoculated with 1.5 g fungal biomass per
kilogram soil of R. solani Q1), (3) OF (soil inoculated with
1.5 g fungal biomass per kilogram soil of R. solani Q1 and
amended with 1% OF), (4) T (soil inoculated with 1.5 g
fungal biomass per kilogram soil of R. solani Q1 and 4 g
fungal biomass per kilogram soil of SQR-T37), and (5) BIO
(soil inoculated with 1.5 g fungal biomass per kilogram soil
of R. solani Q1 and 1% BIO). Four days after inoculation,
pre-germinated cucumber seeds were planted in the soil.
Twenty days after the inoculation, the cucumber seedlings
were harvested. The diseased plants, shoot dry weights, and
shoot lengths of the surviving plants were evaluated.

The pot experiments were carried out in a greenhouse
located at Yixing, China from May to June 2010. The
temperature ranged from 23 to 30 °C and the relative
humidity from 60% to 85%. In both pot experiments, each
pot was filled with 150 g of infested soil, and one seed was
planted per pot. Each treatment contained three replications,
and each replication contained ten pots. Exp. 1 and Exp. 2
were both repeated twice.

Soil DNA extraction

In the pot experiments, three plant samples from each
treatment were randomly collected. The rhizosphere soil was
collected as described by Hervás et al. (1998). The cucumber
plants were carefully removed from the pots and gently
shaken to remove the soils. The soils remaining within the
root systems were defined as the rhizosphere soil. The soil
DNA was extracted with the E.Z.N.A.TM Soil DNA kit
(Omega Bio-Tek, Inc., Norcross, GA, USA) according to the
manufacturer’s instructions (Dineen et al. 2011), and the
DNA of 1 g soil was dissolved in 100 μl of elution buffer.

Quantification of R. solani and T. harzianum

The standard curves were developed according to López-
Mondéjar et al. (2010). The 209-bp fragment from the

selected ITS region of the SQR-T37 and the 192-bp
fragment of R. solani Q1, were cloned into a PMD-18
vector (TaKaRa Bio, Inc., Dalian, China). The plasmids
were used to transform Escherichia coli DH5α (Invitrogen,
Shanghai, China) cells and were purified using an
AxyPrepTM Plasmid Miniprep Kit (Axygen Scientific,
Inc., Union City, CA, USA). The presence of the inserts
were verified by restriction fragment length polymorphism
using the two restriction enzymes, EcoRI and HindIII
(Fermentas, Shenzhen, China). The DNA concentrations of
the plasmid standard solution were measured using a
spectrophotometer (GeneQuant 100, General Electric Com-
pany, Shanghai, China) and were compared to the known
molecular weight of a single plasmid molecule. The
concentrations were then adjusted to 1011 ITS copies and
the standards were diluted in tenfold steps to obtain the
standard curves. The slopes of the linear regression curve
analyses indicated very efficient amplification rates in the
TaqMan (−3.315) and SYBR Green (−3.191) real-time PCR
systems. The soil DNA solution was also tested for the
inhibitory effect of coextracted substances by determining the
ITS copy number in tenfold dilutions of soil DNA and by
adding 105 copies of the target gene in the lowest dilution of
soil DNA, and the results showed that there were no
inhibitors in the DNA solutions.

The number of R. solani ITS copies was determined by
SYBR Green real-time PCR. Real-time PCR amplifications
were performed using eight-well tubes with a total volume
of 50 μl in each using the SYBR® Premix Ex TaqTM

(TaKaRa) on a PRISM® thermocycler (Applied Biosystems
7500 Real-Time PCR, Applied Biosystems Inc., Foster
City, CA, USA). Each PCR reaction contained 2 μl of the
target DNA extract, 25 μl of SYBR Green premix EX Taq
(2×), 1 μl of primer ST-RS1 and ITS4 (10 μM, Table 1),
1 μl RoxII and 20 μl of sterile distilled water. Thermal
cycling conditions lasted 1 min at 95 °C followed by 40
amplification cycles of 10 s at 95 °C, 34 s at 60 °C.
Fluorescence was detected at the second stage of each cycle.
To evaluate amplification specificity, a melt curve analysis
was performed at the end of each PCR run. A melt curve
profile was obtained by heating the mixture to 95 °C, cooling
to 60 °C (15 s) and slowly heating to 95 °C at 0.1 °C s−1 with a
continuous measurement of fluorescence.

The number of T. harzianum ITS copies was determined
by TaqMan real-time PCR. Real-time PCR amplifications
were performed in a total volume of 20 μl using Premix Ex
TaqTM (TaKaRa) on a 7500 Real-time PCR system. The
reaction mixtures contained 0.4 μl of primer RT37_ITS1S
and RT37_ITS1 (10 μM, Table 1), 0.8 μl TaqMan probe
RT37_ITS1 (10 μM, Table 1), 10 μl Premix Ex TaqTM, 2 μl
template DNA, 0.4 μl RoxII, and 6 μl sterile distilled water.
The thermal cycling conditions for amplification were the
same as described above. The amplification results were
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analyzed with the Sequence Detection Software version 1.4
(Applied Biosystems).

PCR-DGGE conditions

The microbial diversity of the sample was determined by
PCR–DGGE. The bacterial DNA was amplified using the
bacterial primers U968+GC (Table 1) and L1401 (Table 1)
(Ercolini 2004; Das et al. 2007), which amplified a 490-bp
fragment, including a 40-bp GC clamp (Table 1). A PCR
was performed using 2.5 μl 10× Ex Taq buffer (20 mM
Mg2+, TaKaRa), 2 μl 2.5 mM dNTP mixture, 0.25 μl of
5 U per microliter Ex Taq polymerase (TaKaRa), 1 μl of
each primer (10 μM), 1 μl diluted template (1:2), and H2O
with a total of 25 μl. A bacterial PCR was performed using
the following cycle conditions: an initial denaturation at
94 °C for 4 min, followed by 30 cycles of denaturation at
94 °C for 30 s, annealing at 57 °C for 30 s and elongation at
72 °C for 45 s, and then a final elongation step at 72 °C for
10 min. For the fungi, the primer pair NS1 (Table 1) and the
fungus-specific primer Fungi+GC (Table 1) (Das et al.
2007) were used to amplify a 370-bp fragment, including a
40-bp GC clamp (Table 1). The cycle conditions in the
fungal PCR were the following: an initial denaturation step
at 94 °C for 5 min, followed by 30 cycles of denaturation at
94 °C for 30 s, annealing at 58 °C for 30 s and elongation at
72 °C for 15 s, and a final elongation step at 72 °C for
10 min. The products from the bacterial and fungal PCR
reactions were verified by agarose gel electrophoresis.

DGGE was performed using the D-GENE System
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) DGGE
equipment. The PCR products were loaded onto 8% (w/v)
polyacrylamide gels (40% acrylamide/bis-solution, 37.5:1,
Bio-Rad) with denaturing gradients ranging from 45–60%
for the bacterial DNA and 30–45% for the fungal DNA.
The gels with bacterial and fungal DNA were run for 16 h
at 60 °C and 80 V. The digital images of the gels were
obtained and analyzed using an image analysis (Quantity
One 4.6.3, Bio-Rad).

DNA sequencing

The DGGE bands were excised with a sterile scalpel, and
the DNA from each band was eluted overnight at 4 °C in
20 μl of sterile water. The eluted DNA (2 μl) was re-
amplified using the conditions described above (Hu et al.
2009). The resulting PCR products were analyzed by
DGGE to confirm that the expected products had been
isolated. The samples yielding a single band comigrating
with that of the original sample were then excised and
amplified with the primers without the GC clamp,
purified, and sent for sequencing at the Genscript
Company (Nanjing, China). The sequences recovered
were aligned to the bacteria and fungi gene fragments
available from the National Center for Biotechnology
Information databases. Searches in BLAST from Gen-
Bank were used to find the closest known relatives to the
partial bacteria and fungus sequences.

Table 1 Primers and probe used in the experiments

Primers and probe Sequence (5′–3′)a Product size (bp) Reference

ST-RS1(F) AGTGTTATGCTTGGTTCCACT 192 Lievens et al. (2006)
ITS4(R) TCCTCCGCTTATTGATATGC

RT37_ITS1S(F) TACAACCTCCA 209 López-Mondéjar et al. (2010)
-AACCCAATGTGA

RT37_ITS1(R) CCGTTGTTGAAAGT
-TTTGATTCATTT

RT37_ITS1(P)b AACTCTTTTTGTATA
-CCCCCTCGCGGGT

GC-U968(F) GC.-AACGCGAAGAACCTTAC 490c Ercolini (2004)
L1401(R) GCGTGTGTACAAGACCC

NS1(F) GTAGTCATATGCTTGTCTC 388 Das et al. (2007)
GC-fungi(R) GC.-ATTCCCCGTTACCCGTTG

GC(bacteria) CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACGGGGGG

GC(fungi) CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCCCCGCCCC

F forward primer, R reverse primer, P TaqMan probe
a A GC-rich sequence (GC.-) attached to the 5′ end of sequence is indicated
b The fluorescent dye at the 5′ end of the probe is FAM (6-carboxyfluorescein), and the quencher dye at the 3′ end is TAMRA (6-carboxy-
tetramethylrhodamine)
c Expected amplicon sizes in E. coli for bacteria and size in S. cerevisiae for fungi
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Statistical analysis

The means and standard deviation of the data were
calculated and statistically analyzed using analysis of
variance and Duncan’s multiple range tests (P≤0.05). The
SPSS (version 13.0) was used for statistical analysis (SPSS,
Inc., Chicago, IL, USA). A cluster analysis was performed
with the UPGMA algorithm to study the general patterns of
community similarity in the Quantity One (Quantity One
4.6.3, Bio-Rad).

Results

Dual cultures

Figure 1 showed the growth situations of the two microbes
in the three treatments inoculated with only SQR-T37
(Fig. 1a), with both SQR-T37 and R. solani Q1, and with
only R. solani Q1. SQR-T37 and R. solani Q1 were grown
towards each other on 9-mm Petri dishes containing PDA.
The firstly observed contact between the hyphae of both fungi
occurred within 2 days after inoculation. After stopping the
growth of the mycelium of R. solani Q1, the mycelium of
SQR-T37 continued to grow on the mycelium of the
pathogen. Five days after the inoculation, the mycelium of
R. solani Q1 was completely covered by the mycelium of
SQR-T37 (Fig. 1b). Only a few sclerotia on the edge of the
Petri dish were formed by R. solani Q1 (Fig. 1b). In contrast,
the control Petri dishes inoculated with R. solani Q1 alone
were filled with the sclerotia of R. solani Q1 (Fig. 1c).

Hyphal interaction between R. solani Q1 and SQR-T37

Two days after the inoculation, dual cultures of the hyphae
that had made contact with each other were observed under
an optical microscope and scanning electron microscope.
The optical micrographs showed that SQR-T37 was closely
twisted onto R. solani Q1 hyphae via coiling, hooks, and
appressorium-like bodies (Fig. 2). Scanning electron micro-
graphs were taken for an intensive investigation of the

interaction. Similarly, the SQR-T37 hyphae established
close contact with the R. solani Q1 hyphae by coiling
around the hyphae. The coils were usually dense (Fig. 3a)
and appeared to tightly encircle the hyphae of R. solani Q1
(Fig. 3b). However, at this stage of interaction, the integrity
of the R. solani Q1 cell surface was well preserved
(Fig. 3b). At the next stage, the hyphae of the antagonist
inserted into the hyphae of the host, causing cell wall
breakdown and loss of the cytoplasm of the host (Fig. 3c).
Early signs of collapse, including a wrinkled appearance of
the host cell surface, were often observed (Fig. 3c, d). These
features of cell alteration were not seen with the unparasitized
hyphae of R. solani Q1. The SEM observations indicated that
coiling of the antagonist around the pathogen was an early
event preceding hyphal damage of the host.

Chitinase and β-1,3-glucanase activity of SQR-T37

When grown on laminarin- or colloidal-chitin-supplemented
mineral medium, SQR-T37 produced an extracellular chiti-
nase or β-1,3-glucanase that degraded these polymers,
respectively. The chitinase activity was much lower than the
activity of β-1,3-glucanase. Both β-1,3-glucanase and chiti-
nase were produced by SQR-T37 in the culture media
amended with dried or fresh mycelium of R. solani Q1;
however, the levels of enzyme activities in the presence of
the mycelium of the pathogen were much lower than those in
the presence of colloidal chitin or laminarin (Table 2). A
dried mycelium of R. solani Q1 was more effective than
fresh mycelium on inducing the production of the enzymes,
but the differences were not significant. These results
indicated that laminarin, colloidal chitin, and R. solani Q1
cell walls were capable of inducing SQR-T37 to produce
these enzymes.

Pot experiment 1

The effect of SQR-T37 on disease intensity

In this experiment, two growth cycles (20 days each) of
cucumber seedlings were carried out in the same soil. The

Fig. 1 Dual cultures (5 days
after inoculation; (R) R. solani
Q1; (T) SQR-T37)
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treatment T4 (8 g SQR-T37 hyphae per kilogram soil) had the
highest control efficiency in both growth cycles. Furthermore,
the SQR-T37 had a long-term effect, and its efficiency
increased during the second growth cycle (Table 3). No
diseased plant was found in the treatment of CK1, no matter
in what growth cycle (data not shown). These results showed
that the R. solani Q1 used in this experiment was the
pathogen causing the damping-off disease in the cucumber,
and SQR-T37 could prevent the disease.

The effect of SQR-T37 on the growth tendency of surviving
plants

SQR-T37 not only suppressed damping-off disease but also
significantly promoted cucumber growth and increased

shoot dry weights and shoot lengths. In the first growth
season, the lowest shoot dry weight and shoot length were
found in the CK2 treatment plants while the highest shoot
dry weight and shoot length were found in plants in
treatment T4. The shoot dry weights and shoot lengths of
plants in all SQR-T37-added treatments were higher than
those in the CK1 and CK2 plants (Table 4). Similarly, in the
second growth season, the lowest shoot dry weights and
shoot lengths were found in the CK2 treatment plants while
the highest shoot dry weight was found in plants in the T2
treatment, and the highest shoot length was found in plants
in the T4 treatment. However, the shoot dry weights and
shoot lengths of the seedlings in the same soil had no
significant differences between the two growth seasons
(Table 4).
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Fig. 2 Light micrographs of
SQR-T37 (T) hyphae interact-
ing with cells of R. solani Q1
(R) in dual cultures (2 days after
inoculation; ×400)
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Fig. 3 Scanning electron micro-
graphs of SQR-T37 (T) hyphae
interacting with cells of R.
solani Q1 (R) in dual cultures
(2 days after inoculation)
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Quantification of pathogen and antagonist in experiment 1

There were significant differences in ITS copies of R.
solani in the soil between the treatments with or without
application of SQR-T37 in both day 20 and day 40 soil
samples (Table 5). The highest population of R. solani was
found in the CK2 treatment in the day 20 soil sample and
the day 40 soil sample. In the soil treated with SQR-T37,
the ITS copies of R. solani were inhibited and remained
within the level of 104 ITS copies per gram soil in the
day 20 and day 40 samples, which was significantly lower
than those in CK2. The population of R. solani in the
treatments applied with SQR-T37 was almost invariable
between the day 20 soil sample and the day 40 soil sample.
These results indicated that the population of R. solani in
the soil was significantly reduced by the presence of SQR-
T37. In the soils treated with SQR-T37, the ITS copies of T.
harzianum were decreased from day 0 soil samples to
day 20 soil samples regardless of how many SQR-T37
hyphae were inoculated in the soil (Table 6). However,

similar to R. solani, the variation of the population of T.
harzianum between the day 20 soil samples and the day 40
soil samples was very small.

Pot experiment 2

Disease intensity and growth tendency of surviving plants
in different treatments

SQR-T37 significantly inhibited damping-off disease in
cucumber during the greenhouse experiments. The inci-
dence of damping-off disease in cucumber plants (Table 7)
planted in soil treated with SQR-T37 was significantly
lower than in the CK2 treatment. A similar difference was
observed between soil treated with BIO and OF. Further-
more, the disease incidence of the BIO treatment was
significantly lower than that of the T treatment. However,
no significant difference was found between the CK2

treatment and the OF treatment. These results indicated
that the application of BIO could significantly increase the

Table 2 The effect of various carbon sources on the activity of extracellular chitinase and β-1,3-glucanase produced by SQR-T37 grown on a
mineral medium

C-source Substrate Chitinase
(nkat ml−1 of crude enzyme)

β-1,3-glucanase
(nkat ml−1 of crude enzyme)

Colloidal chitin Colloidal chitin 14.73±0.91a

Laminarin Laminarin 66.88±3.37a

Fresh R. solani Q1 cell wall Colloidal chitin 9.49±1.45b

Laminarin 37.57±2.68b

Dried R. solani Q1 cell wall Colloidal chitin 10.80±2.17b

Laminarin 43.18±3.84b

Values with the different letter within the same column are significantly different at P<0.05 according to Duncan’s test. Numbers followed by “±”
are standard errors (SE)

Table 3 The effect of SQR-T37 on the incidence of damping-off disease caused by R. solani Q1 in cucumber seedlings grown in two successive
periods in the same soil

Treatments First growth season Second growth season

Diseased plants (%) Control efficiency (%)a Diseased plants (%) Control efficiency (%)

CK2 66.67±11.55a –b 53.33±5.77a –b

T1 66.67±5.77a 0.00 43.33±5.77ab 18.74

T2 53.33±5.77ab 20.00 36.67±15.28bc 31.25

T3 40.00±10.00b 40.00 26.67±5.77cd 50.00

T4 36.67±11.55b 45.00 20.00±0.00d 62.50

Values with the different letter within the same column are significantly different at P<0.05 according to Duncan’s test. Numbers followed by “±”
are SE

DP diseased plants, X one of the treatments
a The calculation of control efficiency (CE) was according to the formula: CEx(%)=(DPCK2−DPx)/DPCK2×100%
b The value is incalculable
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efficiency of controlling damping-off disease compared to
the application of SQR-T37 alone.

SQR-T37 not only suppressed damping-off disease but
also significantly promoted cucumber growth, which was
similar with the results in Exp. 1. The lowest shoot dry
weight and shoot length were found in the CK2 treatment
plants, whereas the highest shoot dry weight and shoot
length were found in plants treated with BIO. Even for the
lower soil fertility, the SQR-T37-treated plants had a higher
shoot dry weight and a higher shoot length than those in the
OF treatment (Table 7). These data confirmed that the
addition of SQR-T37 could significantly control damping-
off disease and increase the shoot dry weight and shoot
length of the cucumber seedlings in a protected cultivation
system.

Quantification of pathogen and antagonist in experiment 2

In the day 20 soil sample, the ITS copies of R. solani in the
treatments with SQR-T37 application (treatments T and
BIO) were significantly lower than in treatments without
SQR-T37 application (treatments CK2 and OF) (Fig. 4a).
With the exception of the CK1 treatment (without applica-
tion of R. solani Q1), the lowest population of R. solani
was obtained in the BIO treatment. In contrast, the highest
amount of R. solani was found in the CK2 treatment
(Fig. 4a). The R. solani ITS copies in the SQR-T37 and

BIO treatments from day 20 soil samples decreased to
104 g−1soil compared to 106 g−1 soil in day 0 soil samples.
However, the R. solani ITS copies in the CK2 and OF
treatments in day 20 soil samples increased to 107 g−1 soil
compared with 106 g−1 soil in day 0 soil samples. The
results indicated that the population of R. solani in the soil
was significantly reduced by the presence of SQR-T37.

In the day 0 soil sample, the population of T. harzianum
in the BIO treatment was higher than in the T treatment,
which was attributed to the additional nutrition supplied by
the organic fertilizer. In the day 20 soil sample, the ITS
copies of T. harzianum declined from 1.18×107 g−1soil to
8.77×105 g−1soil in the T treatment. In contrast, the ITS
copies of T. harzianum in the BIO treatment maintained a
level of 107 g−1 soil (Fig. 4b). The T. harzianum ITS copies
in the treatments without application of SQR-T37 (treatment
CK1, CK2, and OF) had little change. These results
suggested that the application of organic fertilizer helps the
SQR-T37 to survive in the soil.

Changes in fungal and bacterial diversity

The PCR–DGGE analysis of the fungal communities from
cucumber rhizosphere soils showed that the fungal commu-
nities had significant dissimilarities in species composition
(position of bands) and in species diversity (number of
occurring bands). The number of fungal species from the T

Table 4 The effect of SQR-T37 on the growth tendency of surviving cucumber seedlings grown during two successive times in the same soil

Treatments First growth season Second growth season

Shoot dry weight (mg) Shoot length (cm) Shoot dry weight (mg) Shoot length (cm)

CK1 94.57±14.04ab 8.00±0.28b 107.10±8.36b 8.32±0.79b

CK2 84.80±7.33a 6.98±0.23a 83.00±15.32a 6.63±0.38a

T1 119.73±11.67c 8.52±0.67bc 124.23±7.23bc 9.00±0.46bc

T2 114.00±7.04bc 8.27±0.55b 138.20±5.21c 9.57±0.32cd

T3 113.87±10.52bc 9.07±0.13 cd 130.60±19.45c 9.50±0.40cd

T4 128.17±20.81c 9.65±0.23 d 122.73±5.41bc 10.23±0.38d

Values with the different letter within the same column are significantly different at P<0.05 according to Duncan’s test. Numbers followed by “±”
are SE

Treatments log10 R. solani ITS copies per gram soil

Day 0 soil sample Day 20 soil sample Day 40 soil sample

CK1 3.59±0.08a 2.84±0.13a 2.88±0.13a

CK2 6.54±0.12b 7.59±0.20d 6.15±0.18c

T1 6.55±0.14b 4.91±0.10c 4.51±0.15b

T2 6.45±0.09b 4.67±0.14bc 4.27±0.11b

T3 6.42±0.07b 4.33±0.16b 4.35±0.10b

T4 6.38±0.12b 4.70±0.18bc 4.17±0.20b

Table 5 SYBR Green real-time
PCR quantification of R. solani
ITS copies in different soil
samples

Values with the different letter
within the same column are
significantly different at P<0.05
according to Duncan’s test.
Numbers followed by “±” are
SE
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and BIO treatments was lower than from the CK2 and OF
treatments (Fig. 5a). For further information, we sequenced
six bands on the gel of Fig. 5a. The bands on the gel were
classified as shown in Table 8.

In contrast to fungal diversity, the DGGE fingerprinting
of bacteria showed that bacterial communities in the T and
BIO treatments were more prolific than those in the CK2

and OF treatments (Fig. 6a). The BIO treatment had the
largest bacterial diversity among the four treatments. The
bands on the gel were classified as described in Table 9.

Cluster analyses were performed with the UPGMA
algorithm to study the general patterns of community
similarity of fungal and bacteria communities among the
different treatments (Fig. 5b and Fig. 6b). The T and BIO
treatments clustered together, and the CK2 and OF treatments
clustered together.

Discussion

The T. harzianum SQR-T37 strain, which was separated by
our lab, could prevent cucumber from Fusarium wilt
disease (Chen et al. 2010). Based on our results, the
SQR-T37 also showed an effective inhibition against R.
solani Q1. In dual culture, 5 days after inoculation, the
hyphae of R. solani Q1 were completely covered by the

hyphae of SQR-T37. This phenomenon has also been
observed in other studies (Benhamou and Chet 1993;
Reithner et al. 2007), indicating that Trichoderma sp. could
effectively inhibit the growth of R. solani.

As previously mentioned, mycoparasitism has been
proposed as the central mechanism accounting for the
antagonistic activity of Trichoderma species. The complex
process of mycoparasitism involves several steps, including
recognition of the host, attacking and subsequent penetrat-
ing, and killing the host (López-Mondéjar et al. 2011). Parts
of the mycoparasitism processes, such as coiling, were
observed in previous studies (Benhamou and Chet 1993;
Almeida et al. 2007). In this study, the coiling, penetration,
leakage of cytoplasm, and crimpling of the pathogen cell
walls, were distinctly observed. During the mycoparasitism
process, Trichoderma spp. secretes hydrolytic enzymes that
destroy the cell wall of the host fungus (Verma et al. 2007).
These enzymes mainly consist of chitinase and β-glucanase.
Thus, the main mechanism of antagonism of Trichoderma
spp. against pathogens is the extracellular secretion of
chitinase and β-1,3-glucanase (Elad et al. 1982). As a result,
we evaluated the activities of chitinase and β-1,3-glucanase
produced by SQR-T37. Both chitinase and glucanase were
detected in the SQR-T37 culture supernatant using colloidal
chitin and laminarin as C-source. Furthermore, both the fresh
and dried cell walls of R. solani Q1 also induced the two

Treatments log10 T. harzianum ITS copies per gram soil

Day 0 soil sample Day 20 soil sample Day 40 soil sample

CK1 4.47±0.13a 3.91±0.14a 3.44±0.14a

CK2 4.59±0.08a 3.95±0.11a 3.24±0.17a

T1 6.07±0.18b 4.14±0.21b 4.00±0.12b

T2 6.80±0.12c 4.12±0.09b 4.54±0.15c

T3 7.09±0.22cd 5.49±0.19c 5.65±0.10d

T4 7.26±0.20d 5.93±0.14d 5.45±0.14d

Table 6 TaqMan real-time PCR
quantification of T. harzianum
ITS copies in different soil
samples

Values with the different letter
within the same column are
significantly different at P<0.05
according to Duncan’s test.
Numbers follow by “±” are SE

Table 7 The diseased plants, control efficiency, shoot dry weight, and shoot length of the cucumber seedlings in different treatments (16 days
after planting)

Treatments Diseased plants (%) Control efficiency (%) Shoot dry weight (mg) Shoot length (cm)

CK1 0.00±0.00a –a 94.93±7.13c 8.63±0.25bc

CK2 73.33±5.77d – 76.03±0.81a 6.02±0.30a

OF 66.67±5.77cd 9.09 86.40±4.27b 7.73±0.39ab

T 53.33±11.55c 27.27 104.30±12.54c 8.97±0.33c

BIO 13.33±11.55b 81.82 132.40±2.04d 13.11±0.46d

Values with the different letters within the same column are significantly different at P<0.05 according to Duncan’s test. Numbers followed by
“±” are SE

CK1 not inoculated with any microbe or fertilizer, CK2 only inoculated with R. solani Q1, OF inoculated with R. solani Q1 and organic fertilizer,
T inoculated with R. solani Q1 and SQR-T37, BIO inoculated with R. solani Q1 and BIO
a The value is incalculable
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types of hydrolytic enzymes of SQR-T37. Based on these
results, we assume that the SQR-T37 strain is capable of the
entire process of mycoparasitism against R. solani Q1.
Besides, El-Katatny et al. (2000) reported that the dried cell
wall was more effective in inducing the production of
chitinase and glucose than the fresh cell wall. However, our
results showed no significant difference between the fresh
and the dried cell wall.

The pot experiments were designed to test the in vivo
biocontrol abilities of SQR-T37. In Exp. 1, SQR-T37
showed an inhibition effect on damping-off disease caused
by R. solani Q1. Furthermore, SQR-T37 had a long-term
effect, and the efficiency increased during the second
growth season. In Exp. 2, the disease incidence of the
cucumber seedlings receiving the BIO treatment was much
lower than in the seedlings receiving the T treatment.
Because the individual application of organic fertilizer
could not significantly inhibit the occurrence of the
damping-off disease, the decline of the disease incidence
in the BIO treatment compared with the T treatment was
attributed to the combination of organic fertilizer and
biocontrol agent SQR-T37. This is in agreement to the
previous reports that a combination of antagonistic
microbes with organic substrates may be more efficient in
inhibiting disease than using single antagonistic microbial
strains alone (Kay and Stewart 1994; Trillas et al. 2006;
Luo et al. 2010). This was mainly because after fermenting
in OF, SQR-T37 was more effective on the biocontrol
against R. solani Q1 in the soil. Generally, a biocontrol
efficiency of 50% is acceptable and can be extended in field
(Minuto et al. 2006). Thus, these results indicated that
SQR-T37 is a promising strain for the control of damping-
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Fig. 4 Real-time PCR quantification of R. solani ITS copies (a) and
T. harzianum ITS copies (b) in pot experiment 2 (empty bars, day 0
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with any microbe or fertilizer), CK2 (only inoculated with R. solani
Q1), OF (inoculated with R. solani Q1 and organic fertilizer), T
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Fig. 5 The DGGE profiles of the fungal community in the soil
rhizosphere. a The original DGGE pattern. Bands indicated by
numbers 1–6 were excised, re-amplified, and subjected to sequencing.
b Dendrogram of the DGGE profiles. The dendrogram was obtained
by UPGMA clustering of a matrix containing Dice coefficients
(Quantity One 4.6.3, Bio-Rad). The markers (SQR-T37 and R. solani)

were the PCR products which carried the genomic DNA of pure
cultures as the templates. CK2 was only inoculated with R. solani Q1,
OF was inoculated with R. solani Q1 and organic fertilizer, T was
inoculated with R. solani Q1 and SQR-T37, and BIO was inoculated
with R. solani Q1 and BIO
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off disease, and the application of BIO is more effective in
controlling the disease than the individual application of
SQR-T37.

Chen et al. (2010) reported that T. harzianum SQR-T37
can increase the dry weights of cucumber plants in the soil
infested by Fusarium oxysporum. In Exp. 1, SQR-T37
showed the effect on promoting the growth of the cucumber
seedlings. This is consistent with the previous reports
(Chen et al. 2010). Furthermore, in Exp. 2, the BIO
treatment had a greater positive effect on the shoot dry
weights and shoot lengths of the surviving seedlings than
SQR-T37 or OF individually.

The Trichoderma species have been used as biological
agents against R. solani in many studies (Hadar et al. 1979;
Lewis and Lumsden 2001; Trillas et al. 2006). However,
little is known about the populations of the R. solani in the
process of biological control. Li (1995) quantified the
population of R. solani in the soil with a selective culture
medium. However, the results from this study turned out to
be inaccurate, especially in quantifying the population of
the fungi which had no conidia. Real-time quantification
PCR, as a high sensitivity, specificity, and reproducibility
method, was used in this study to investigate the changes of

the populations of R. solani in the soil. The PCR results
showed that the population of R. solani in the soil was
decreased by the presence of SQR-T37 in both Exp. 1 and
Exp. 2. In contrast, the population of R. solani in the soil
that did not receive the application of SQR-T37 was
invariable. This indicated that SQR-T37 could kill the
pathogen not only in the culture medium but also in the
soil. The results are in accordance with the fact that the
population of pathogens in the soil could be decreased by
the presence of biocontrol agents (Ling et al. 2010; Zhao et
al. 2011). Besides, the R. solani detected in the CK1 (not
inoculated with R. solani Q1) was the native isolates in the
soil. In Exp. 2, the R. solani populations of CK2 and OF in
the day 20 soil samples were much higher than in the day 0
soil samples. The possible reason was that R. solani Q1
invaded the cucumber seedlings and assimilated the nutrient
from the host.

One of the main problems of microbial introduction in
practice is that the applied microorganisms cannot survive
well in soils and thus cannot execute their specific functions
(Jagnow 1987; Jagnow et al. 1991; van Veen et al. 1997).
Several studies have indicated that organic substrates could
provide functional microbes with good nutrients that could

Representative sequence
(GenBank accession number)

Best match database
(GenBank accession number)

Similarity (%)

Band 1 (HQ424849) Actinomucor elegans (AF157119) 99

Band 2 (JF499071) R. solani (DQ917659) 100

Band 3 (JF499072) Trichoderma sp. (FJ026619) 99

Band 4 (HQ424850) Setosphaeria sp. (GU190183) 99

Band 5 (HQ424851) Uncultured Ascobolus (EU120947) 98

Band 6 (HQ424852) Uncultured Lecythophora (FJ748585) 100

Table 8 Fungal 18S ribosomal
RNA gene sequences obtained
from the rhizosphere of
cucumber
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Fig. 6 The DGGE profiles of
the bacterial community in the
soil rhizosphere. a The original
DGGE pattern. b Dendrogram
of the DGGE profile that was
obtained by UPGMA clustering
of a matrix containing Dice
coefficient (Quantity One 4.6.3,
Bio-Rad). CK2 was only inocu-
lated with R. solani Q1, OF
was inoculated with R. solani
Q1 and organic fertilizer, T was
inoculated with R. solani Q1
and SQR-T37, and BIO was
inoculated with R. solani Q1
and BIO

752 Appl Microbiol Biotechnol (2011) 91:741–755



make them more competitive in the soil (Uyanoz 2007; Wu
et al. 2009; Ling et al. 2010; Zhao et al. 2011). However,
there were no direct evidences in their reports to demon-
strate that the combination of organic substrates and
antagonists could maintain the population of antagonists
in the soil. In this work, the T. harzianum population in the
BIO treatment remained constant at the same level from
day 0 to day 20 after inoculation, while that in the treatment
applied with individual SQR-T37 was declined in both Exp.
1 and Exp. 2 over the same period. These results showed
that the combination of SQR-T37 and organic fertilizer in
the BIO treatment maintained a high population of the
antagonist in the soil. After fermenting, the antagonists
established itself in the OF and utilized the nutrients
provided by OF (Trillas et al. 2006; Postma et al. 2003),
which increased the viability of the antagonists and made
them more competitive in the soil. It was the possible
reason why BIO was more effective in preventing the
disease than SQR-T37 alone. The conclusion is consistent
with previous reports (El-Hassan and Gowen 2006) that the
combination of Bacillus subtilis and organic substrates was
more effective at suppressing F. oxysporum and promoting
the growth of lentil plants compared with individual B.
subtilis because organic substrates helped the antagonist to
survive in the environment.

Soil microbial diversity is critical to the maintenance of
soil health and quality (Garbeva et al. 2006). Luo et al.
(2010) found that the application of bio-organic fertilizer
decreased the diversity of fungi in cotton rhizosphere.
However, there were very few reports on the detailed
community of microorganisms after the application of
organic fertilizers and antagonists in cucumber cropping
soils infested by R. solani. In this study, we detected the
community of fungi and bacteria using the DGGE
technique. The number of fungal species from the T and
BIO treatments was lower than from the CK2 and OF
treatments, which was caused by SQR-T37 inhibition of the
other fungi in the soil. The number of bands in the OF
treatment was greater than that in the CK2 treatment
because the applied organic fertilizer intensified the growth
of fungal species. The applications of SQR-T37 and BIO
both decreased the fungal diversity and increased the

bacterial diversity in the cucumber rhizosphere. However,
the largest effect was observed for the application of BIO.
Furthermore, parts of the fungi species decreased by BIO
were potentially pathogenic to plants or animals, such as R.
solani, Setosphaeria sp., and Lecythophora sp. (Garbeva et
al. 2006; Simcox and Bennetzen 1993; Scott et al. 2004).
Many strains of bacteria and actinomycota can cause plant
disease, but more damages are caused by fungi (Brussaard
et al. 2007). Some bacteria have the potential for pathogen
suppression (Boulter et al. 2002). Many bacterial species,
including Bacillus spp.; Erwinia spp.; Pseudomonas spp.,
have been reported that they could promote the growth of the
plants (Nelson 1998; Mayak et al. 1999; Ramos et al. 2003).
These results indicated that BIO is effective in both amending
and keeping the balance of the plant rhizosphere microbial
community. In the DGGE profiles of the fungal community,
the bands of R. solani in T and BIO treatments were almost
invisible while those in CK2 and OF were very distinct.
Furthermore, the T. harzianum band in the BIO treatment was
more distinct than in the T treatment. These results further
verified that SQR-T37 could decrease the population of R.
solani, and organic fertilizer could assist in better growth and
reproduction of T. harzianum in soil conditions.

In summary, SQR-T37 is a powerful antagonist against
R. solani Q1. This is attributed to the mycoparasitism, in
which SQR-T37 coiled the mycelium of R. solani Q1,
excreted the hydrolytic enzymes and destroyed the cell wall
of the pathogen, penetrated the R. solani Q1 cell wall, and
made the leakage of its cytoplasm. SQR-T37 protected the
cucumber seedlings from damping-off diseases and de-
creased the population of R. solani in the soil. Furthermore,
SQR-T37 significantly promoted the growth of the cucumber
seedlings. A bio-organic fertilizer product which was pro-
duced by the combination of organic fertilizer and SQR-T37
was necessary to make the biocontrol more effective. The
product was able to provide the antagonists with nutrients and
stabilize the population of them, which then increased the
antagonists’ viability and made them more competitive in the
soil, rhizosphere, and on the plant roots. These results together
with other reports (Zhang et al. 2008; Ling et al. 2010; Luo et
al. 2010) provide a breakthrough in the research work of the
biological control of soil-borne pathogen diseases.

Representative sequence
(GenBank accession number)

Best match database
(GenBank accession number)

Similarity (%)

Band 1 (HQ424853) Staphylococcus sciuri (HQ154580) 99

Band 2 (HQ424854) Uncultured bacterium (HM559212) 99

Band 3 (HQ424855) Uncultured Pseudomonas sp. (FN994920) 98

Band 4 (HQ424856) Comamonas sp. (GQ246691) 99

Band 5 (HQ424857) Uncultured bacterium (GQ129977) 96

Band 6 (HQ424858) Uncultured bacterium (HM332250) 96

Table 9 Bacterial 16S ribosomal
RNA gene sequences obtained
from the rhizosphere of cucumber
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