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ABSTRACT: Plant interactions with microbial biocontrol agents are used as experimental models to understand resistance-
related molecular adaptations of plants. In a hydroponic three-way interaction study, a novel Trichoderma harzianum ETS 323
mediated mechanism was found to induce resistance to Rhizoctonia solani infection in Brassica oleracea var. capitata plantlets. The
R. solani challenge on leaves initiate an increase in lipoxygenase activity and associated hypersensitive tissue damage with
characteristic “programmed cell death” that facilitate the infection. However, B. oleracea plantlets whose roots were briefly (6 h)
colonized by T. harzianum ETS 323 developed resistance to R. solani infection through a significant reduction of the host
hypersensitive tissue damage. The resistance developed in the distal leaf tissue was associated with the expression of a H2O2-
inducible glutathione S-transferase (BoGST), which scavenges cytotoxic reactive electrophiles, and of a deoxycytidine deaminase
(BoDCD), which modulates the host molecular expression and potentially neutralizes the DNA adducts and maintains DNA
integrity. The cDNAs of BoGST and BoDCD were cloned and sequenced; their expressions were verified by reverse-transcription
polymerase chain reaction analysis and were found to be transcriptionally activated during the three-way interaction.
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■ INTRODUCTION

The effects of chemical pesticides that are used in large
amounts to control plant pathogens have raised environmental
concerns in the last few decades and has prompted the quest
for alternatives, such as biocontrol agents (BCAs) and
development of genetically modified crops. However, the
incomplete understanding of biocontrol mechanisms (BCMs)
by which BCAs operate has limited their application and
performance. Understanding BCMs will allow the genetic
improvement of crops with BCM-associated plant resistance
factors, which might both reduce the use of chemical pesticides
and prevent the nontarget effects caused by uncontrolled
spread of microbial BCAs.1−3 During the interaction with fungi,
plants undergo complex metabolic and physiological changes.
Recording the systemic changes during the plant−fungus
interaction is important to uncover the physiological or
molecular adaptations that help plants to restrict and overcome
biotic stress.
Rhizoctonia solani is a soil-borne basidiomycete fungus that

causes severe damage in economically important crop plants
and impacts production globally. The severity of infection
differs with members of different anastomosis groups and with
the host plant that is being challenged. Plants react to
aggressive strains with hypersensitive (HS) response, which
usually prevents but in some cases facilitates the fungal
penetration into host tissue.4,5 The R. solani-induced lesion
formation in cucumber plants is known to be suppressed during
host−Trichoderma association. But the resistance mechanism

developed in the host plant during the interaction is
unknown.6,7

The plant root colonizing fungi of the species Trichoderma
harzianum are well-known fungal BCAs that act with a diverse
set of unclear, but effective mechanisms to restrict pathogen
infection in plants. These mechanisms include antibiosis, direct
antagonism over fungal pathogens, and induction of plant
systemic and localized resistance.8−12 Investigations on the
plant−Trichoderma interaction may enlighten the molecular
adaptations and signaling patterns that trigger protection in
plants during the interactions with microbes.
T. harzianum ETS 323 is well-known for the production of

metabolites that are active against plant pathogens. Anthraqui-
nones, L-amino acid oxidase, and glucanases of T. harzianum
ETS 323 that play a potential role in BCM have been purified
and characterized.13−16 The effect of the interaction of T.
harzianum ETS 323 with plants on plant resistance has not
been studied so far.
In experiments carried out in a custom-designed hydroponic

growth (HG) system, the leaves of Brassica oleracea var. capitata
that were challenged with R. solani exhibited increased levels of
lipoxygenase (LOX) activity, followed by development of HS
lesions that spread further to distal parts, making the whole
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plant susceptible to pathogen colonization. Cabbage plantlets
that were preinoculated with T. harzianum ETS 323 showed a
greater degree of tolerance to the induced stress by restricting
the lesion spread and the subsequent R. solani infection. T.
harzianum ETS 323 interaction did not directly affect the
systemic LOX activity levels in distal leaves of B. oleracea during
R. solani challenge. The damage protection mechanism in T.
harzianum ETS 323 colonized plantlets was potentially
attributed to two proteins, a glutathione S-transferase (GST)
and a deoxycytidine deaminase (DCD) that were found to be
induced rapidly and systemically in the distal leaves, which
exhibited greater tolerance to the R. solani challenge. To our
knowledge, no other report is available on the identification of a
GST that is induced in the course of a three-way interaction or
on any induced DCD in plants.

■ MATERIALS AND METHODS
All the chemicals were purchased from (Sigma-Aldrich, St. Louis, MO)
unless stated otherwise.
Fungal Material and Culture Conditions. Preparation of T.

harzianum ETS 323 Inoculum. A mycelial plug (4 mm) from an
actively growing region of a T. harzianum ETS 323 culture was placed
in the middle of a fresh potato dextrose agar (PDA, Becton, Dickinson
and Co., Sparks, MD) plate. After 48 h of incubation at 27 °C, the
spores on the plates were collected by flushing with 2 mL of sterile
distilled water. The spore solution was diluted with sterile distilled
water and 5 × 104 T. harzianum ETS 323 conidia were used to
inoculate 100 mL of potato dextrose broth (PDB, Becton, Dickinson
and Co., Sparks, MD). After 24 h of incubation at 27 °C in a shaker
(200 rpm) the germinated hyphae were collected by three subsequent
centrifugations at 3900g for 10 min followed by washing with sterile
distilled water. The pellet was suspended in 100 mL of half-strength
liquid Murashige and Skoog (MS) medium and used immediately for
root interaction studies.
R. solani Culture on Cellophane Membrane. A four millimeter

diameter R. solani plug was placed on the center of a PDA plate on
which three centimeter square pieces of cellophane membrane were
placed. R. solani was incubated for 48 h at 27 °C to allow the mycelium
to grow over the cellophane membrane pieces.
Custom-Designed HG System. For the three-way interaction

studies, B. oleracea plantlets were grown in the HG system to allow the
simultaneous interaction of T. harzianum ETS 323 on roots and of R.
solani on leaves. The HG system was an opaque base with a large
bowl-shaped transparent glass lid, separated by a metal mesh with
holes to hang up to 25 2-mL tubes (Labcon, Petaluma, CA). The tubes
were filled with MS agar containing 3% sucrose and 1.2% agar. The
bottom ends of the tubes were cut so that the root of the seedling
grown in the tube could get in contact with the liquid MS medium
supplemented with 3% sucrose present in the base of the HG system.
Plant Growth Conditions and Fungal Interaction Studies.

Healthy seeds of B. oleracea were surface sterilized in a solution
containing 70% ethanol and 0.1% HgCl2 and thoroughly rinsed several
times with sterile water. Seeds were then placed on sterile wet filter
paper and incubated in culture bottles containing half-strength MS
agar at 4 °C overnight and then at 24 °C for 36 h. After germination,
plants were transferred aseptically to MS agar tubes in the HG system
and were grown in a growth chamber with a 12 h photoperiod. After
14 days of plant growth, germinated T. harzianum ETS 323 spores
were inoculated in the medium contained in the base of the HG
system to interact with the plant roots that protruded through the
tubes. To ascertain the T. harzianum ETS 323−B. oleracea root
association, the roots were stained with a drop of lactophenol aniline
blue solution according to the manufacturer’s instructions and
observed on an inverted microscope (IX70, Olympus, Tokyo, Japan).
After 6 h of interaction, one piece of cellophane membrane covered

with R. solani mycelium was placed on one leaf of B. oleracea. After 12
h of interaction, the whole shoot, except the leaf inoculated with R.
solani, was collected and frozen immediately in liquid nitrogen.

Lipoxygenase Assay. For LOX assay, 100 mg of leaves was
homogenized with 1.25 mL of potassium phosphate buffer (100 mM,
pH 7) containing 7% polyvinylpolypyrrolidone. The homogenate was
mixed with 0.4 mL of 10% Triton X100 and centrifuged at 6000g for
15 min. The supernatant was used directly as the enzyme source. LOX
activity was measured using the formation of conjugated dienes from
linoleic acid. The reaction mixture consisted of 15−20 μL of enzyme
extract and 2.9 mL of 0.4 mM linoleic acid in pH 7 potassium
phosphate buffer containing 0.1% Tween 20. The rate of change in
absorbance was measured at 234 nm (conjugated diene formation) for
10 min using a NanoVue UV/visible spectrophotometer (GE
Healthcare Life Sciences, NJ). Each experiment was repeated four
times using independent samples. Protein concentrations were
determined using the Bradford method.17

DNA Fragmentation Assay. DNA from distal tissues (4 mm from
the R. solani plugs) of B. oleracea shoots was extracted and analyzed as
described previously with slight modifications.18 Briefly, B. oleracea
shoots (200 mg) were frozen in liquid nitrogen and ground into a fine
powder. The samples were lysed by incubating in 500 μL of 2% CTAB
solution [100 mM Tris-HCl, pH 8.0; 1.4 M NaCl; 20 mM
Ethylenediaminetetraacetic acid (EDTA); 1% polyvinylpyrrolidone;
and 2% (wt vol−1) cetyltrimethylammonium bromide] for 15 min at
55 °C. The purified DNA was electrophoresed in a 1% agarose gel and
stained in a solution of 0.25 mg mL−1 ethidium bromide.

Protein Extraction and Quantification for 2D Electro-
phoresis. Distal leaves were weighed, ground in a mortar with a
pestle using liquid nitrogen to a grayish white powder that was washed
by mixing with ice-cold methanol (1.5 mL per 100 mg of leaf tissue),
treated with a protease inhibitor cocktail (for plant cell extracts) in a
concentration of 10 μL mL−1, and centrifuged at 16 000g at 4 °C. The
pellet was washed repeatedly (three or four times) until a clear
supernatant was obtained. The pellet was then washed twice with 1.5
mL of ice-cold acetone, dried using a Speedvac centrifugal dryer
(Thermo, Scoresby, Victoria, Australia) for 30 s, and suspended in a
rehydration buffer containing 9 M urea, 2% 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propane sulfonate (CHAPS), 1% dithiothreitol
(DTT), and 10 mM phenylmethylsulfonyl fluoride (PMSF). The
samples were then centrifuged (30 min, 16 000g at 20 °C) and the
supernatants were recovered. Protein concentration was determined
using the 2D Quant kit (GE Healthcare Life Sciences) as per the
manufacturer’s instructions.

Two-Dimensional Electrophoresis. Isoelectric focusing (IEF)
was done using 17 cm immobilized-pH-gradient (IPG) strips (Bio-
Rad, Hercules, CA) with a pH range from 4 to 7, rehydrated with the
protein sample in a solution containing 8 M urea, 2% CHAPS, 50 mM
DTT, and 2% carrier ampholyte (Bio-Rad). Two hundred micrograms
of respective protein sample was loaded in the focusing tray and
allowed to be absorbed into the gel strip (12 h actively with a 50 V
current). IEF was performed in the PROTEAN IEF Cell system (Bio-
Rad). IPG strips were focused up to a total of 14 kV h by using a three-
step program (250 V for 1 h, 4 kV for 3 h, and until 10 kV h was
reached). The strips were equilibrated in a solution of 6 M urea, 0.375
M Tris/HCl (pH 8.8), 2% sodium dodecyl sulfate (SDS), 20%
glycerol, and 2% DTT for 15 min and then for 15 min in 6 M urea,
0.375 M Tris/HCl (pH 8.8), 2% SDS, 20% glycerol, 2.5%
iodoacetamide. For the second dimension separation, the strips were
positioned on 1 mm thick SDS polyacrylamide gels (10%) and sealed
with 1% agarose. The gels were run on the PROTEAN II system (Bio-
Rad) at 24 mA gel−1 until the bromophenol blue dye front moved
down to the end of the SDS gel.

Protein Visualization and Image Analysis. Silver staining of gel
compatible with mass spectrometry was performed following the
method described by Gharahdaghi et al. with slight modification.19 Gel
was fixed for 30 min in 50% methanol and 10% acetic acid, followed by
15 min in 50% methanol, and 5 × 5 min repeated water washes. Gel
was then sensitized for 1 min in 0.02% sodium thiosulfate, followed by
2 × 1 min water washes, and incubated for 25 min in 0.2% silver
nitrate. After two quick water washes, proteins were visualized with
developing solution (3% sodium carbonate, 0.025% formalin), and the
reaction was stopped with 1.4% EDTA.
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In-Gel Digestion and ESI-QUAD-TOF. Protein spots from the
preparative gel were manually excised into 1 × 1 mm pieces and
washed for 15 min at 27 °C in a solution containing 20 μL of 30 mM
potassium ferricyanide and 20 μL of 100 mM sodium thiosulfate. The
gel pieces were washed three times with 100 μL of 25 mM ammonium
bicarbonate for 10 min and then for 10 min with 25 mM ammonium
bicarbonate in acetonitrile (1:1, v/v). The gel pieces were then
vacuum-dried in a Speedvac. Proteins in the gel pieces were reduced
for 1 h with 40 μL of 10 mM DTT in 25 mM ammonium bicarbonate
at 56 °C and alkylated in the dark for 45 min with 40 μL of 55 mM
iodoacetamide in 25 mM ammonium bicarbonate at 27 °C. After a 15
min wash with 100 μL of 25 mM ammonium bicarbonate in
acetonitrile (1:1, v/v), the gel pieces were dehydrated in 100 μL of
acetonitrile for 5 min and dried by the Speedvac. Proteins were
digested with 0.01 μg mL−1 of trypsin (Promega, Annandale, NSW,
Australia) in 25 mM ammonium bicarbonate for 16 h at 37 °C. After
digestion, the protein suspension was collected as a supernatant after
centrifugation at 10 000g for 10 min. Further, the sample was
incubated in 20 μL of 5% formic acid in acetonitrile (1:1, v/v) for 20
min and centrifuged at 12 000g for 10 min to collect the supernatant.
The extract was dried by the Speedvac, and peptides were suspended
in 20 μL of 0.1% formic acid.
The digested peptides were separated and analyzed by a nanoscale

LC using an Ultimate capillary LC system (LC-Packings, San
Francisco, CA), coupled to a quadrupole time-of-flight mass
spectrometer (QSTAR XL, Applied Biosystems, CA) as described
previously.20 Peptide mass fingerprint (PMF) data were analized for
matches in the National Centre for Biotechnology Information
(NCBInr) database using the Mascot online software tool (Matrix
Science, London, UK). Default parameters were used and submitted to
the database search program MASCOT (version 2.1 or 2.2, Matrix
Science). Search parameters were as follows: peptide and fragment
mass tolerances 2 and 0.8 Da, respectively; carbamidomethyl (C),
oxidation (M) specified as variable modification; enzyme specificity
was trypsin; and one missed cleavage was allowed.
Semiquantitative Reverse-Transcription Polymerase Chain

Reaction (RT-PCR). Total RNA was extracted from 100 mg of tissue
from distal leaf samples using the TRIzol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. After
quantification, 1.5 μg of RNA was reverse transcribed using the
Superscript III kit (Invitrogen). Semiquantitative RT-PCR was
performed for appropriate cycles at 94 °C for 15 s, 50 °C for 30 s,
and 72 °C for 30 s using the primers 5′-ATGGCAGGTAT-
CAAAGTTTTC-3′ and 5′-TCACTGAAGGATCTTCTGG-3′ for
GST, and 5′-ATGGAAGAAGCTAAAGTGGAA-3′ and 5′-TCAGTA-
TAAACGGAACTTCTCCTTGGT-3 ′ for DCD , and 5 ′ -
TCCATCTTGGCATCTCTCAG-3′ and 5′-GTACCCGCATCAGG-
CATCTG-3′ for Actin.
Sequence Analysis. The amplified cDNA were ligated into PCR

2.8 vector by using the TOPO TA cloning kit (Invitrogen) and the
inserts were sequenced by the commercial sequencing service provided
by the Protech Technology Enterprise Co., Ltd., Taipei, Taiwan
(Republic of China). Multiple sequence alignment and phylogenetic
tree were made using the online Clustal X tool in the EMBL-EBI web
server by the neighbor-joining method.

■ RESULTS

Microscopic observations on the hydroponic roots of plantlets
cocultured with T. harzianum ETS 323 showed that germinated
T. harzianum ETS 323 hyphae recognized and colonized the
plant roots densely within 6 h after inoculation (Figure 1A). T.
harzianum ETS 323 that colonized hydroponic roots developed
lateral hyphal structures that can be interpreted as accelerated
morphological changes in response to plant association within 6
h of hydroponic interaction (Figure 1B). T. harzianum ETS 323
colonizing a nylon fiber was used as control. T. harzianum ETS
323 colonization of nylon fibres was scarce, and no

morphological change was observed 6 h after inoculation
(Figure 1C,D).

Effect of Three-Way Interaction on the LOX Activity.
The immediate effect on the local and systemic LOX activity in
host plantlets treated with R. solani (PR), T. harzianum ETS
323 (PT), T. harzianum ETS 323 and R. solani (PTR), or 16
mM H2O2 (PH) were comparatively analyzed in comparison
with untreated control plantlets (P). Periodic examination of
LOX activity in the inoculated leaves (local leaves) and distal
leaves of B. oleracea plantlets showed that R. solani interaction
steadily increased the active LOX enzyme levels. After 6 h of R.
solani challenge, plantlets of the PR test group showed a 3-fold
increase in LOX activity measured in local leaves. The activity
further increased 13-, 18-, and 24-fold within 12, 24, and 48 h,
respectively (Figure 2, lLOXPR). The systemic LOX activity
that was measured in the distal leaves of the PR test group
showed a 50% increase within 6 h of challenge, which further
increased up to 4-, 12-, and 15-fold within 12, 24, and 48 h,
respectively (Figure 2, sLOXPR). Conversely, in the PT group
plantlets, the localized LOX activity measured in the roots
showed only a 9-fold increase in 24 h (Figure 2, lLOXPT). The
systemic LOX activity in PT group plantlets did not show any
significant increase (Figure 2, sLOXPT). The PTR group
plantlets showed a substantial increase in LOX activity in the
distal leaves, with a pattern comparable to that of PR (Figure 2,
LOXPTR). These results suggest that the R. solani challenge
induces a rapid and substantial increase of LOX activity levels
in plantlets of B. oleracea, whereas T. harzianum ETS 323
colonization induces a limited increase in LOX activity.

Effect of Three-Way Interaction on DNA Integrity.
DNA integrity in the distal parts of B. oleracea was observed to
decline within 12 h of R. solani challenge. The nuclear DNA of
B. oleracea run on an agarose gel showed bands and smears that
represented fragmented nuclear DNA (Figure 3, L2). The
DNA integrity, however, in the distal tissues of PTR group
remained unaltered (Figure 3, L3). This shows that in a three-

Figure 1. Microscopic pictures of Trichoderma harzianum ETS 323
colonizing in B. oleracea var. capitata roots 6 h after inoculation with
germinated hyphae. (A) B. oleracea root colonized by T. harzianum
ETS 323. (B) Dense mycelial network on the root surface. (C, D) T.
harzianum ETS 323 colonizing nylon fibers used as control. Arrows
indicate lateral hyphal structures that developed 6 h after inoculation.
Scale bar represents 50 μm.
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way interaction the DNA fragmentation activated in response
to R. solani challenge was inhibited. As expected, the DNA

integrity in the PT test group remained unchanged (Figure 3,
L4).

Effect of Three-Way Interaction on Lesion Prolifer-
ation. After 24 h of R. solani challenge, the PR test group leaves
developed lesions that covered the entire leaf and further
spread to the neighboring leaves within 4 days (Figure 4B). On
the contrary, in the PTR group plantlets, the lesions developed
on the local leaves were comparatively smaller and limited to
3−4 mm in diameter even after 4 days of R. solani challenge
(Figure 4C). The PTR leaf lesions did not spread further to the
neighboring leaves. This shows that the plantlets in the three-
way interaction developed resistance against R. solani. The
control leaves from P group and PT group plantlets remained
healthy (Figure 4A,D).

Effect of the Three-Way Interaction on Host Suscept-
ibility to R. solani. The plantlets with lesions that spread to
the whole leaf were considered susceptible, since these lesions
subsequently spread to the entire plantlet. The plantlets with
lesions restricted to 3−4 mm were considered resistant, since
the infection was arrested and the plants survived. Within 4
days of R. solani challenge, all the PR group plantlets tested
were found to be susceptible, whereas 87% of the PTR group
plantlets in the three-way interaction survived (Figure 5). This
result shows that the root colonization by T. harzianum ETS
323 in the three-way interaction induced resistance to the R.
solani. All 50 plantlets in the PT and P groups used as control
were healthy.

Resistance Related Proteins Induced Due in the
Three-Way Interaction. To investigate the possible regu-
latory mechanism of resistance of PTR group plantlets to R.
solani, proteins that were induced during the three-way
interaction were identified by the two-dimensional protein
profile of distal leaves of PTR, PT, PR, PH, and P test group
plantlets. The distal leaves were taken into account since the
highest resistance to HR tissue damage was observed in distal
leaves of the PTR group plantlets. Two interesting protein
spots (spots 1 and 2) in the PTR test group proteome were
observed to be induced exclusively after the three-way
interaction (Figure 6). Spot 1 was also induced in the
proteome of PH group plantlets treated with 30 mM H2O2
(Figure 6). The induced proteins were identified from their
trypsin-digested peptide mass fingerprints as a ∼24 kDa
glutathione S-transferase (GST, EC 2.5.1.18) and a ∼ 20 kDa
deoxycytidine deaminase (DCD, EC 3.5.4.14) by using an
online MASCOT similarity search. The GST was found to be
homologous to glutathione S-transferase 2 (Genbank protein
accession AAP58392) from Brassica juncea and the DCD was
homologous to a phi class deoxycytidine deaminase (Genbank
protein accession AAL67435) from B. oleracea (Figure 7). The
established functional annotations of these proteins, such as
detoxification of cytotoxic reactive electrophile species (RES),
modulation of gene expression, and enhanced metabolism, may
contribute to the resistance observed in the PTR group
plantlets.

Determination of Transcriptional Patterns of the
Induced Proteins. The transcriptional activation of the GST
and DCD was verified by RT-PCR analysis. Both proteins were
expressed in the resistant distal leaves in the PTR group
plantlets but not in the PR, PT, or P (control) groups.
However, GST expression was induced also by 30 mM H2O2
(Figure 8). The results show that the mRNA expression
correlates with the protein expression patterns.

Figure 2. Effect of R. solani and T. harzianum ETS 323 interactions on
the local and systemic lipoxygenase (LOX) activity of B. oleracea var.
capitata. The results show the relative normalized levels of LOX
activity compared to the control group (P) values made equal to 1.
lLOXPR and sLOXPR represent respectively the local and systemic
LOX activity measured in leaves of B. oleracea challenged with R. solani
(PR). lLOXPT and sLOXPT represent respectively the local and
systemic LOX activity measured in leaves of B. oleracea plantlets
colonized by T. harzianum ETS 323 (PT). LOXPTR indicates LOX
activity in the distal leaves of B. oleracea plantlets colonized by T.
harzianum ETS 323 during R. solani challenge (PTR). Error bars
indicate standard error of the mean (n = 4).

Figure 3. Effect of T. harzianum ETS 323 inoculation on the DNA
fragmentation associated with R. solani infection of B. oleracea var.
capitata. Root colonization with T. harzianum ETS 323 protected the
DNA integrity in the distal tissues of B. oleracea during the subsequent
R. solani challenge: (L1) DNA marker; nuclear DNA from distal
tissues of B. oleracea (L2) 12 h after R. solani challenge (PR); (L3) 18
h after T. harzianum ETS 323 root colonization (PT); and (L4) 12 h
after R. solani challenge of plants pretreated (6 h) with T. harzianum
ETS 323 (PTR).
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Cloning and Sequence Analysis of the Induced GST
and DCD. The cDNAs obtained from reverse transcription of
total mRNA was amplified with specific primers of GST and
DCD that were designed by considering the MOSCOT results
of the proteins. Full-length DNA molecules of 642 and 558 bp,
with an open reading frame starting with an ATG start codon
and ending with a stop codon, were obtained and named as the

B. oleracea var. capitata GST (BoGST) and DCD (BoDCD),
respectively. Comparison of the BoGST with other cDNA
counterparts using the Blastp suit revealed that the BoGST is
similar to BjGSTF1 in mustard. Therefore BoGST (Genbank
nucleotide accession JN656712) is proposed as the cabbage

Figure 4. Effect of T. harzianum ETS 323 interaction on the severity of the lesions formed on B. oleracea var. capitata leaves in response to 4 days of
R. solani challenge. Lesions in PR groups spread all over the leaf within 4 days. (A) Control leaf without R. solani challenge or T. harzianum ETS 323
root colonization (P). (B) Lesion of leaf challenged with R. solani (PR). (C) Attenuated lesion of leaf challenged with R. solani in a plantlet treated
with T. harzianum ETS 323 (PTR). (D) Leaf of plantlet colonized by T. harzianum ETS 323 (PT).

Figure 5. Effect of the T. harzianum ETS 323 (ThETS323) interaction
on the susceptibility of B. oleracea var. capitata to R. solani on day 4 of
challenge. All the B. oleracea plantlets inoculated with R. solani (two-
way interaction) showed lesion spread within 4 days of challenge.
Conversely, 87% of the plantlets pretreated with T. harzianum ETS
323 (three-way interaction) showed resistance to R. solani. Error bars
indicate standard error of the mean (n = 4).

Figure 6. Details of two-dimensional gels of the proteome of distal
leaves of B. oleracea var. capitata that show the glutathione S-
transferase (BoGST) and deoxycytidine deaminase (BoDCD)
expression resulting from different treatments. The marked boxes in
P (control leaves), PR (distal leaves of R. solani-challenged plantlets),
and PT (leaves of plantlets that were colonized by T. harzianum ETS
323) show the absence of BoGST and BoDCD spots in the respective
proteome. The boxed spots in PTR (distal leaves of R. solani-
challenged plantlets that were colonized by T. harzianum ETS 323) are
BoGST and BoDCD during three-way interaction. The boxed spots in
PH (leaves of plantlets treated with 30 mM hydrogen peroxide) are
the induced BoGST, which was also expressed in PTR group.

Figure 7. MOSCOT search results for the ESI-LC−MS maps of the
two protein spots (spots 1 and 2) induced in the distal leaves of
Brassica oleracea var. capitata plantlets indicate that they are
glutathione S-transferase (GST) and deoxycytidine deaminase
(DCD), respectively. Sequence 1: amino acid sequence of the
homologous GST from B. juncea (mustard). Sequence 2: amino acid
sequence of the homologous DCD from B. oleracea (cauliflower). The
fragments that denote homology are shaded in gray.

Figure 8. RT-PCR analysis of the systemic expression of B. oleracea
var. capitata glutathione S-transferase (BoGST) and B. oleracea
deoxycytidine deaminase (BoDCD) transcripts during fungal inter-
actions: L1, control B. oleracea plantlets (P); L2, R. solani-challenged
(12 h) plantlets (PR); L3, T. harzianum ETS 323 root colonized (18
h) plantlets (PT); L4, R. solani-challenged (12 h) and T. harzianum
ETS 323 root colonized (18 h) plantlets; and L5, hydrogen peroxide
(30 mM) treated (2 h) plantlets (PH). BoGST and BoDCD expression
was induced in distal leaves of T. harzianum ETS 323 colonized B.
oleracea plantlets when challenged with R. solani. BoGST was also
expressed in B. oleracea plantlets when treated with hydrogen peroxide.
The mRNA level of actin1 (ACT1) was used as the internal control.
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ortholog of BjGSTF1. Like other identical plant GSTs, the
BoGST exhibits two conserved amino acid sequences,
GST_NTER (soluble glutathione S-transferases N-terminal
domain) and GST_CTER (soluble glutathione S-transferases
C-terminal domain), between amino acid positions 2−83 and
93−213 (Figure 9a,b). Similarly, BoDCD (Genbank nucleotide
accession JN993702) nucleotide sequence was found to be
similar to DCTD1 in cauliflower and exhibits a conserved
DCMP_DEAMINASES (cytidine and deoxycytidylate deami-

nases zinc-binding region), as in other similar plant DCDs, at
position 80−117 (Figure 10a,b).

■ DISCUSSION
T. harzianum ETS 323−Root Interaction. The inter-

action between Trichoderma and plants has long been studied
and the Trichoderma root colonization is a well-known
phenomenon that initiates various BCMs that are not limited
to direct mycoparasitism but also involve the induction of plant

Figure 9. (a) Multiple sequence alignment of different plant
glutathione S-transferases (GSTs) with the amino acid sequence
deduced from the cDNA of B. oleracea var. capitata GST (BoGST),
using Clustal W2. The two conserved domains of most GSTs
GST_NTER (soluble glutathione S-transferases N-terminal domain)
at position 2−83 and GST_CTER (soluble glutathione S-transferases
C-terminal domain) at position 93−213are underlined. The GST
amino acid sequence used for alignment were B. juncea BjGST2
(AAP58392), Arabidopsis thaliana AtGST16 (NP_178394), Noccaea
caerulescens NcGST (AAY86772), Arabidopsis lyrata AlGST
(XP_002892137), and Populus trichocarpa PtGST (ADB11333). An
asterisk (*) indicates a column with the same amino acid; a colon (:)
indicates a column with different amino acids, but highly conserved;
and a period (.) indicates a column with different amino acids, but still
conserved. A blank indicates a column with dissimilar amino acids or
gaps. (b) Phylogenetic tree of different plant GSTs. The GST amino
acid sequences used for alignment with BoGST were BjGST2
(AAP58392), AtGST16 (NP_178394), NcGST (AAY86772),
AlGST (XP_002892137), and PtGST (ADB11333).

Figure 10. Multiple sequence alignment of different plant deoxy-
cytidine deaminases (DCDs) with the amino acid sequence deduced
form the cDNA of B. oleracea var. capitata DCD (BoDCD), using
Clustal W2. The conserved domain in zinc-binding DCDs
DCMP_DEAMINASES (cytidine and deoxycytidylate deaminases
zinc-binding region) at position 80−117 is underlined. The DCD
amino acid sequence used for alignment were A. thaliana AtDCD
(NP_198157), A. lyrata AlDCD (XP_002874416), Zea mays ZmCD
(NP_001140513), Cicer arietinum CaCD (CAA07230), and Oryza
sativa OsDCD (NP_001051813). An asterisk (*) indicates a column
with the same amino acid; a colon (:) indicates a column with different
amino acids, but highly conserved; and a period (.) indicates a column
with different amino acids, but still conserved. A blank indicates a
column with dissimilar amino acids or gaps. (b) Phylogenetic tree of
different plant DCDs. The DCD amino acid sequences used for
alignment with BoDCD were AtDCD (NP_198157), AlDCD
(XP_002874416), ZmCD (NP_001140513), CaCD (CAA07230),
and OsDCD (NP_001051813).
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systemic defense response.21,22 Trichoderma hyphae are also
known to invade the root epidermis and colonize the
intercellular spaces of plant roots up to the cortex layer
without causing any tissue damage.22 The time required to
establish a stable root association has not been clearly
determined, so far. Previously, germinated hyphae of T.
harzianum CECT 2413, a plant growth promoting strain,
were reported to colonize extensively the entire tomato root
within 24 h of coculture and to show increasing morphological
changes, such as the formation of lateral papilla-like structures
in the root apex within 10 h of interaction.23 Comparatively, T.
harzianum ETS 323 was found to be much more active, since
this isolate was able to colonize plant roots hydroponically in a
relatively shorter time and was shown to undergo morpho-
logical changes immediately after inoculation and at a fast rate.
R. solani Challenge Induces Elevation of Systemic

LOX Activity That Is Unaffected by the Three-Way
Interaction. While LOX is a key enzyme in the synthesis of
jasmonic acid that is associated with induced systemic
resistance, it is also the key oxidant enzyme for the production
of hydroperoxides from fatty acids.24 Expression of LOXs has
been reported in response to biotic stress and has been related
to incompatible interactions and HS response in different
plants.25−28 The LOX related lipid hydroperoxides are sources
of RES that bind to cellular nucleophiles, particularly to those
in peptides and nucleic acids. An unregulated increase in the
level of hydroperoxides leads to serious tissue damage.29,30 An
earlier report shows that, when subjected to various biotic
stresses, B. oleracea leaves show a rapid expression of BoLOX, a
LOX transcript, both locally and systemically.31 Assuming that
the increase in LOX activity in R. solani-challenged PR and
PTR groups corresponds to increase in LOX products, an
increase in LOX-related HS tissue damage is an anticipated
consequence.
Plant Root Interaction with T. harzianum ETS 323

Restricts R. solani-Induced HS Tissue Damage. The R.
solani challenge in leaves of the PR group plantlets resulted in
HS tissue damage that was characterized by DNA fragmenta-
tion and lesion proliferation. R. solani infections are well-known
to initiate HS damage that appears rapidly, even before fungal
penetration.32 Plants generally respond to such interaction with
an impressive battery of defense mechanisms that form efficient
structural and chemical barriers. Moderate stress on plants
stimulates cells to express cell survival proteins and thereby to
be prepared for subsequent challenges. However, acute or
extreme stress, such as that occurring during incompatible
interactions, causes damage that often leads to senescence,
apoptosis, or necrosis.33−37 The HS damage during R. solani
challenge is known to be caused by diffusible elicitors released
as a consequence of pathogen’s activity. Therefore, it is not
restricted to the site of penetration but also spreads to the
neighboring tissues.32 Hypersensitivity restricts the spread of
biotrophs, but in the case of necrotrophs like R. solani, HS
response facilitates the invasion of plant tissue. During the R.
solani infection, the HS damage with features of programmed
cell death (PCD) generally denotes the susceptibility of the
host plants to the infection.38 Therefore, the control of HS
tissue damage in the PTR group plantlets actually indicates the
development of resistance. In the PTR group, the HS tissue
damage is controlled in spite of increased LOX activity. This
suggests that the levels of cytotoxic molecules that increase as a
consequence of LOX activity are subsequently regulated by a
protective mechanism developed in the plantlets.

Numerous reports are available on R. solani control by
Trichoderma in various plant hosts.6,15,39,40 In cucumber plants,
T. harzianum SQR-T37 is known to control R. solani damping-
off disease mainly by mycoparasitism.6 R. solani control by T.
harzianum ETS 323 seems to be different as the BCM involves
the alleviation of HS tissue damage that precedes the R. solani
infection. This makes B. oleracea plantlets resistant to R. solani
in the initial phase of the pathogenesis. These results also show
that a brief interaction (6 h) with T. harzianum ETS 323 is
sufficient for the plant to develop resistance to R. solani-
associated HS tissue damage.

Rapid Induction of a GST and a DCD in the Resistant
Tissues during the Three-Way Interaction Correlates
with Damage Protection. Cellular protective mechanisms to
overcome stress include the activation of transcription factors,
the repair of DNA damage, and increased expression of
protective proteins such as antioxidant enzymes, glutathione
(GSH), and heat shock proteins. Genes encoding many of
these defense related products are also known to contain an
electrophile response element/antioxidant response element
and are therefore regulated by reactive molecules like
hydroperoxides.29

Plant GSTs are a large and diverse group of antioxidant
enzymes that catalyze the conjugation of electrophilic substrates
with the GSH. They are involved in herbicide detoxification,
hormone homeostasis, vacuolar sequestration of anthocyanin,
tyrosine metabolism, hydroperoxide detoxification, regulation
of apoptosis, and plant responses to biotic and abiotic
stresses.41 Further, binding of GSTs with various metabolites
contributes to formation, stabilization, and transport of
secondary metabolites and their intermediates. GSTs are
known to be coregulated with enzymes of phytoalexin synthesis
or enzymes synthesized in response to pathogens.42 The
BoGST expression in B. oleracea was activated during host HS
response against R. solani and controlled the subsequent HS
tissue damage. Cytotoxicity-related lipid peroxidation products,
particularly hydroxyalkenals and isothiocyanates, are the natural
substrates of GSTs in Brassica species. Therefore, the functions
of GSTs include the development of resistance in cytotoxic
conditions and more specifically to HS damage caused by LOX-
derived electrophilic adducts.30,43−47

In plants, the early responses during the interaction with
microbes include generation of active oxygen species related
signaling molecules, such as H2O2 and O2

−. These molecules
are associated with several events occurring during the
interaction with pathogens, such as acceleration of phenyl-
propanoid pathway and salicylic acid-related signaling.48,49 At
low concentrations H2O2 acts as signaling molecule that
triggers biotic stress tolerance, while at high concentrations
they cause PCD.41 They also act as substrates for LOX-
mediated jasmonic acid synthesis that is implicated with plant
systemic resistance.50

In roots of A. thaliana, the association with unaggressive
strains of R. solani is known to induce a localized expression of
GSTF8, a GST that is H2O2 inducible.51 The mechanism of
expression of GST in B. oleracea herein reported is different,
because the expression is systemic and depends on the
combined effect of R. solani and T. harzianum ETS 323
interaction and not on either one of them solely. Interestingly,
the GST induced during the three-way interaction was also
induced by 30 mM H2O2. In this case GST was expressed
systemically, unlike GSTF8 in A. thaliana.51 These results
suggest that the systemic expression of the GST requires
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specific levels of relatively less toxic signaling molecules, such as
H2O2, which are reached during the three-way interaction.
Further, like most GSTs, the induced GST might neutralize the
highly reactive peroxides produced during the incompatible
interaction with R. solani and thus restrict the HS tissue
damage.
Plant DCDs are nucleoside deaminases, with unknown

physiological functions, that deaminates dCMP into dUMP.
They have been well-studied in mammalian systems for their
role in mutagenesis, cellular proliferation, lipid metabolism, and
defense mechanism involving neutralization of cytotoxins.52−56

Enhanced DCD expression has been previously reported in rice
(O. sativa) during fungal interaction. It has been also postulated
that the increase in DCD levels initiate an array of dynamic and
complex transcript modifications that change the plant
transcriptome and eventually enhance the host response during
the early stages of fungal infection.57 The DCD induction is an
indicator of enhanced transcription regulatory activity during
the three-way interaction. However, the significance of dC to
dU conversion by the inducible DCD in DNA damage
protection can also be extrapolated from the fact that the
deoxycytidine in nucleosides and the dCTP in dsDNA are the
main targets of LOX-related DNA adducts.57−59 So far, no
evidence is available to elucidate the role of DCD in plant
resistance. The fact that the BoDCD, with a potential role in
HS tissue damage control, is induced systemically during fungal
interaction paves the way for further exploration. BoDCD,
unlike BoGST, is not induced by H2O2, but the coexpression of
the two genes during the three-way interaction emphasizes that
the events occurring during the three-way interaction to ensue
HS damage control are not limited to typical H2O2-mediated
early plant response.
Our results reveal a novel mechanism of biocontrol of R.

solani by T. harzianum ETS 323, in B. oleracea, based on the
limitation of HS tissue damage. The mechanism for lesion
control includes the expression of proteins induced by the
three-way interaction, which results in the confinement of cell
oxidation-related RES molecules and of the HS tissue damage.
The induction of the antioxidant enzyme BoGST, by early
signaling molecules of plant-microbe interaction, such as H2O2,
facilitate the scavenging of cytotoxic adducts that damages cell
macromolecules. The induced BoDCD potentially regulates the
gene expression and neutralizes the cytotoxic DNA adducts and
maintains the DNA integrity. The induced proteins can also be
considered as molecular markers for enhanced stress tolerance
or cellular protective mechanism against HS lesions in B.
oleracea.
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■ NOTE ADDED AFTER ASAP PUBLICATION
Figure 7 was modified in the version of this paper published
October 19, 2012. The correct version published October 22,
2012.
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