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Using the TrichoEST database, generated in a previous functional genomics project from the beneficial fil-
amentous fungus Trichoderma harzianum, a gene named Thkel1, which codes for a putative kelch-repeat
protein, was isolated and characterized. Silencing of this gene in T. harzianum leads to a reduction of
glucosidase activity and mycelial growth under abiotic stress conditions. Expression of this gene in Ara-
bidopsis enhances plant tolerance to salt and osmotic stresses, accompanied by an increase in glucosidase
activity and a reduction of abscisic acid levels compared to those observed in wild-type plants. Data pre-
sented throughout this article suggest the high value of T. harzianum as a source of genes able to facilitate
the achievement of producing plants resistant to abiotic stresses without alteration of their phenotype.

© 2011 Elsevier GmbH. All rights reserved.

Introduction

Trichoderma is a genus that includes cosmopolitan fungi acting
as biological control agents, with different mechanisms of action
and high biotechnological value (Harman et al., 2004). Due to their
ubiquity and rapid substrate colonization, they are commonly used
in agriculture and their enzyme systems are widely used in indus-
try. Species of Trichoderma are frequently utilized in the biocontrol
of soil-borne plant pathogens (Howell, 2003) due to their ability to
inhibit or kill plant pathogenic fungi through the production of anti-
fungal antibiotics and/or hydrolytic enzymes (Vinale et al., 2008). In
this genus, Trichoderma harzianum is the most widely used species
employed as a source of active compounds in a variety of commer-
cial biopesticides and biofertilizers (Vinale et al., 2006). Therefore,
the isolation of genes from Trichoderma spp. and their subsequent
transfer to a plant genome may result in a significant improve-
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ment in plant defense (Lorito et al., 1998; Calo et al., 2006; Kumar
et al., 2009) and resistance to abiotic stresses (Dana et al., 2006;
Montero-Barrientos et al., 2010).

In this work, we describe the cloning and characterization of
a gene named Thkell from T. harzianum CECT2413 (referred to as
T34 from now on), which shares sequence similarity to the plant
epithiospecifier protein (ESP). As a structural feature, this type of
proteins is predicted to contain a series of [3-sheets representing
kelch domains typically involved in protein-protein interactions
(Burow et al., 2007, 2009).

ESPs modify glucosinolate hydrolysis, leading to the forma-
tion of nitriles and epithionitriles instead of toxic isothyocianates
(Wittstock and Burow, 2007). Six genes encoding kelch proteins
with 4-5 domains of this type have been identified in Arabidopsis
and it has been suggested that they are involved in nitrile formation
from glucosinolates (Burow et al., 2009).

Thus, the presence of kelch domains suggests that the Thkell
gene may play arole in 3-glucosidase-substrate systems. The func-
tion of this gene was studied using gene silencing and Arabidopsis
gene expression strategies in order to analyze the biotechnological
implication of Thkell in plant responses to certain types of stresses.
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Materials and methods
Bacterial strains

Escherichia coli DH5« (Invitrogen Life Technologies, Strathclyde,
UK) was used as a host for plasmid construction and propagation.
This bacterial strain was grown in Luria-Bertani (LB) broth or on LB
plates, which were supplemented with ampicillin (0.1 mgml-1),
X-gal (40 pg ml~1) and IPTG (10 g ml~1) when required.

Fungal strains

Trichoderma harzianum CECT 2413 (Spanish Type Culture Collec-
tion, Valencia, Spain) (referred to as T34) was the wild-type strain
used in the Thkel1 silencing experiment.

Plant material

Arabidopsis thaliana wild-type and transgenic plants used
throughout this work were the Col-0 ecotype. They were grown
in a growth chamber under 40% humidity, a temperature of 22 °C,
and with a 16 h light/8 h dark photoperiod at 80-100 wnEm—2s!
and in pots containing a 1:3 vermiculite/soil mixture, following the
procedure described previously (Montero-Barrientos et al., 2010).

Source of Thkell gene: EST database and cDNA library

The LO2T34P068R06401 clone (EST 6401) was obtained from
the T. harzianum T34 ¢DNA library L02, one of the twenty-six cDNA
libraries that were constructed for the TrichoEST project using
different mRNA populations expressed under mycoparasitic and
nutrient stress conditions. The T34 growth conditions used for
preparing the L02 cDNA library are described in Vizcaino et al.
(2006).

Primers and PCR procedures

Primers used in this work are indicated in a table provided as
supplementary material. The primer 6401-pA was used to sequence
plasmid DNA of the EST 6410 clone to obtain information of the
3’-end of the gene. The Thkell full-length cDNA was amplified
by PCR using EcoRI-adapted primers kel-1 and kel2-2 and ampli-
fied phagemids from LO2 cDNA library as template, using the Taq
polymerase system (Biotools, Madrid, Spain), according to the man-
ufacturer’s instructions. PCR was carried out for 35 cycles of 1 min
at 94°C, 1min at 56°C and 1 min and 30s at 72°C and a 7 min
extension at 72 °C. The resulting PCR product was cloned into the
vector pGEM-T easy (Promega Corporation, Madison, WI, USA) and
sequenced using an automatic sequencer.

Oligos used to make one antisense-pSIL construct: KEL-Spel,
KEL-BamHI, KEL-Xhol and KEL-HindIIl. A screen to identify fun-
gal transformants containing the antisense silencing construct was
carried out by PCR using the Thkell gene specific primer 6401-2
and primer Ptal, specific to the cloning vector pSIL, using the same
conditions as mentioned above.

To generate the construction used in plant transformation, the
coding region of the Thkell cDNA was amplified by PCR using the
following forward-kel and reverse-kel primers.

Analysis of Thkell gene expression

Mycelia from strain T. harzianum T34 was obtained following a
liquid culture procedure in two steps: (1) the fungus was grown
in a minimal medium (Penttild et al., 1987), containing 2% glu-
cose, at 28°C for 2 days, (2) biomass was recovered by filtration,

washed twice and transferred to MM, without glucose. The fol-
lowing substrates/conditions in separate cultures were included:
MM supplemented with 2 or 10% NaCl, or 1M mannitol at 28°C
for 4, 8 or 24 h; or MM at 4, 28 or 37°C for 4, 8 or 24 h. In paral-
lel, mycelia from culture conditions above cited but supplemented
with 2% glucose were also obtained. Biomass was recovered by fil-
tration, washed twice, frozen in liquid nitrogen and stored at —80 °C
until RNA extraction. Gene expression was analyzed by qRT-PCR.

Construction of pSIL-KEL vector and Trichoderma transformation

The method used to silence Thkell gene expression in T.
harzianum T34 was based on the generation of an intron contain-
ing self-complementary “hairpin” RNAs (ihpRNA) (Cardoza et al.,
2006). Plasmid pSIL was linearized with Spel-BamHI and then lig-
ated to a 523-bp Spel-BamHI fragment of the Thkell gene. This
fragment was in “sense” relative to the orientation of the tss1 pro-
moter. This construct was later linearized with Hindlll-Xhol and
then ligated to the same 523-bp HindIll-Xhol fragment but in an
“antisense” orientation relative to the tss1 promoter. An intron of
159bp was introduced between both sense and antisense frag-
ments of the Thkell gene. The resulting plasmid also contained
the terminator region of the cbhi gene of Trichoderma reesei and
was designated pSIL-KELO. In order to transform this cassette in
T. harzianum T34, pSIL-KELO was digested with Sacl and then lig-
ated to the same restriction site of plasmid pJL43b1, giving rise
to the final construct pSIL-KEL1 (8.29 kb). This was used to trans-
form T. harzianum T34 by a protoplast-based method described in
Cardoza et al. (2006). A 1.36kb fragment, containing the region
corresponding to the phleomycin resistance gene (ble) and the pro-
moter of the gpdA gene from Aspergillus nidulans, was isolated from
the pJL43b1 construct using enzymes EcoRV and Sacl and used to
screen the transformant strains in a DNA blot analysis. In addition,
strain T34 was transformed with pJL43b1 and one empty vector
transformant, named Th]L43, was included in assays as a control of
transformation.

Protein extraction

Total protein extracts were prepared from 0.2g of fungi or
plants. The fungal or plant material was lyophilized and ground in a
chilled mortar on ice, transferred to 0.8 ml of cold phosphate buffer
(0.1 M, pH 6.8), and vortexed for 1 min at 4°C. The homogenate
was centrifuged at 13,000 x g for 20 min at 4°C, the supernatant
was transferred to a clean tube and the protein concentration was
determined (Bradford, 1976) with bovine serum albumin used as a
standard.

Enzyme assay

Protein extracts from untransformed (control) and silenced fun-
gal strains (culture supernatants) or transgenic plants (aereal parts)
from different growth conditions were assayed for glucosidase
activity according to Dietz et al. (2000) with some modifications.
The reaction mixture containing 0.4 ml of 0.1 M citrate buffer (pH
4.8), 0.1ml of 0.1 M p-nitrophenyl-3-p-glucopyranoside (Sigma
Chemical, St. Louis, USA) and 0.05ml of protein extract protein,
was incubated at 37 °C for 15 min. The reaction was stopped with
1 ml of 0.2 M NayCOs, pH 3. The amount of liberated p-nitrophenol
was quantified spectrophotometrically at 405 nm. The activity was
expressed as pmol of p-nitrophenol released per min and per mg
of protein.
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Real-time PCR analysis

For the expression analysis of Thkell gene in T. harzianum T34,
1 g of total RNA was used for a RT reaction using the Affinity
Script QPCR cDNA Synthesis kit (Stratagene, La Jolla, CA, USA) with
a oligo(dT) primer. Then, 1 wL of cDNA was used in the subsequent
PCR.

In addition, Thkell expression was comparatively analyzed in
T. harzianum T34 and transformants Kel4, ThjL43, Kel10 and Kel15
using cDNA synthesized from RNA, which was obtained after fungal
growth in MM at 4°C for 4 h.

Highly purified primers for Thkell (Kel-sil3 and Kel-sil4) and B-
tubulin (tub-f and tub-r) were used and produced single amplicons
of 120 and 71 bp, respectively.

Quantitative real-time PCR was performed using an AB PRISM
7000 Sequence Detection System with Brilliant SYBR Green QPCR
Master Mix (Stratagene) as previously described in Montero-
Barrientos et al. (2010).

Abiotic stress assays in fungi

Wild-type and three silenced transformant strains were tested
for resistance to different types of abiotic stresses by measuring the
colony diameters after incubation for 2 or 3 days under different
growth conditions. Fungal strains were grown on potato dextrose
agar (PDA) medium containing 1 or 5% NaCl, or 0.5 or 1 M mannitol,
at 28 °C. Fungal growth was also tested after incubation at 4°C for
5 weeks.

Vector construction and plant transformation

To generate the construction used in plant transformation, two
oligos were designed that allowed subcloning the PCR products
into the BamHI-Sacl sites of the double-digested pBIN121 vector
(see “Primers and PCR procedures” section). The T-DNA region of
the pBIN121-Thkell construct was transferred to Agrobacterium
tumefaciens C58C1 (pGV2260; Deblaere et al., 1985) by electro-
poration. Arabidopsis plants (Col-0 ecotype) were transformed by
the floral dip method (Clough and Bent, 1998), and transgenic
seedlings were selected on kanamycin medium (50 wg ml~!). From
the 75 T1-resistant lines recovered, approximately 65% showed
a salt stress-insensitive phenotype in seed germination as com-
pared with untransformed plants. T, plants that produced 100%
kanamycin-resistant plants in the T3 generation were considered
homozygous for the selection marker and used for further studies.

Abiotic stress assays in plant

Seeds were sowed on solid medium composed of Murashige
and Skoog basal salts, 1% (w/v) sucrose and complemented with
350 mM mannitol or 150 mM NacCl to determine sensitivity to inhi-
bition of germination by salt and osmotic stresses. In all cases, seed
germination was scored daily to determine the percentage of seeds
that had germinated and developed green cotyledons during 5-10
days. At least three replicates of each germination assay (100 seeds
per plate) were performed.

To further analyze tolerance of Thkell-overexpressing plants to
salt stress, wild-types and transgenic seeds were sown on MS media
for one week and after that, similar plants were transferred to soil,
grown for 3 weeks and then treated daily with 5 ml of either water
or 100 mM Nacl for 10 days.

Extraction and hybridization of nucleic acids

Total RNA was extracted using the TRI reagent (Ambion, Austin,
TX, USA) following the manufacturer’s protocol. Total DNAs from

fungi were extracted following the method of Raeder and Broda
(1985), bacterial DNAs were obtained using a routine miniprep pro-
cedure, and genomic DNA from Arabidopsis plants was extracted
using the Plant DNA Isolation kit (Roche Diagnostics, Mannheim,
Germany) following the manufacturer’s recommendations.

DNA blot analysis of the silenced transformant strains was
carried out using 10 g of genomic DNA digested with restric-
tion enzymes Sacl and Sall, electrophoresed on 0.7% agarose gels
and transferred to a Hybond-N* membrane (Amersham, Bucking-
hamshire, UK). Phleomycin resistance (ble) gene was labeled with
the DIG High Prime (Roche) kit, respectively, following the sup-
plier’s protocols, and used as a probe. Hybridization, washes and
detection were performed as previously described (Hermosa et al.,
2000).

For RNA blot analyses, 20 pg of total RNA was separated on a
1.2% formaldehyde-agarose gel and transferred to a Hybond-N*
membrane. Hybridization, washes and detection were performed
as previously described (Montero-Barrientos et al., 2008).

Stomatal conductance measurements

Stomatal conductance was measured essentially as described in
Arbona et al. (2009) with a LCpro+ portable infrared gas analyzer
(ADC Bioscientific Ltd., Hoddesdon, UK) fitted with an Arabidop-
sis leaf chamber (16.5 mm window diameter) under ambient CO,,
humidity and light. Measurements on fully expanded leaves (N =6)
were taken after instrument stabilization.

Hormone analysis

Hormone extraction and analysis of aereal parts of Arabidopsis
plants were carried out as described in Durgbanshi et al. (2005).

Results
Isolation of Thkell gene

A BlastX alignment of the EST 6401 showed high homolo-
gies with hypothetical proteins of Aspergillus flavus (e~103)
(accession: XP_002384414), Aspergillus oryzae (e~10>) (accession:
XP_001827175) or Gibberella zeae (e=93) (accession: XP_386004)
containing kelch domains and, among others, with a nitrile specific
protein (NSP)-5 from A. thaliana (e—3%). The ORF of 1014bp was
registered in the GenBank under the accession number EU399786
and encodes a polypeptide of 338 amino acids with a calcu-
lated molecular mass of 36.45kDa, and a hypothetical pl of 5.27
(accession: ACA03183). The protein contained four putative kelch
domains, predicted after an analysis for protein domain identifi-
cation. A neighbor-joining (N]) tree (Fig. 1) was generated after
the alignment of ThKEL1 with 20 other GenBank-retrieved amino
acid sequences, representing kelch-repeat proteins from fungi,
humans, bacteria and plants. Two independent clades containing
kelch-repeat proteins were identified, where fungal kelch-repeat
proteins formed a major subclade with a bootstrap value of 100%.
The ThKEL1 tertiary structure was predicted using the Swiss-PDB
viewer software (http://www.expasy.org/spdbv7) resembling the
circularized structure of kelch-repeat proteins (data not shown),
according to Prag and Adams (2003).

A single hybridization band was detected in T. harzianum T34
(data not shown), indicating that the Thkell gene exists as a single
copy in T34. Additionally, one homologous gene was also identified
in the three online Trichoderma available genomes (T. reesei, T. virens
and T. atroviride), showing an amino acid identity about 55% with
ThKEL1.
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Fig. 1. Neighbor-joining (NJ) tree of protein ThKEL1 from T. harzianum T34 and
the other twenty kelch-repeat proteins from plants, fungi, humans and bacteria.
Amino acid sequences were aligned using the CLUSTAL X algorithm (Thompson
et al., 1997) and the N] tree was constructed with the MEGA software (Kumar et al.,
2001). Sequences are indicated using their GenBank accession numbers. The bar
represents five substitutions per 200 amino acids.

Expression analysis of Thkell in T. harzianum T34

We investigated, in 4-, 8- and 24-h-old cultures, the Thkell
expression levels in the presence or not of 2% glucose, and under
abiotic stress treatments (NaCl, mannitol) (Fig. 2A and B). We also
analyzed the gene expression after fungal growing at different
temperatures (4, 28 or 37°C) for 4 h. The Thkell transcript levels
from T. harzianum T34 grown in cultures supplemented with differ-
ent amounts of the above compounds were compared with those
detected in control cultures (MM with or without glucose). The
expression values of the target gene were normalized to the expres-
sion value of the B-tubulin gene. The highest gene expression was
detected in 4-h cultures without glucose, and particularly when the
fungus was grown at 4 °C. Fig. 2B shows that Thkell expression in
the presence of abiotic agents was lower when glucose was present
in the medium.

Silencing of Thkell in T. harzianum T34 and characterization of
transformants

In order to functionally characterize the Thkell gene, plasmid
pSIL-KEL1 was constructed and transformed in T. harzianum T34.
Seventeen transformants showing phleomycin resistance were
obtained and the integration of the pSIL-KEL1 plasmid was ana-
lyzed in their DNAs by PCR with the oligonucleotides 6401-2 and
Pta 1 as the primers. A 410 bp fragment was amplified in 5 of the
17 transformed strains. The copy number of the pSIL-KEL1 cassette
in the T. harzianum transformants was analyzed by DNA blot, using
the 1.36 kb fragment containing the region corresponding to the
ble gene and part of the gpdA promoter as a probe, and Sall and Sacl
digested DNAs (Fig. 3). No signal was observed in the lane contain-
ing T34 DNA (lane 6) and 2-4 highlighted bands were detected in
the lanes corresponding to the five transformants (lanes 1-5). As
the probe did not contain Sall or Sacl restriction sites, between two
and four copies of the transformation cassette had been integrated
into the silenced-transformants, of which Kel4, Kel10 and Kel15
were selected for further characterization.

We compared the expression level of Thkell in three Thkell-
silenced transformants (Kel4, Kel10 and Kel15) and the empty

A 0% glucose
2
15
3
2 1
% 05 | D 0%glucose (control)
§_ ol o @ 2% Nacl
£ B 10%Nacl
& 05
& B 1 M mannitol
g 1 D4ec
g. a5 - m37eC
-2
-25 -
4h 8h 24h
B 2% glucose

D2%glucose (contrel)
0,2 2% NaCl
04 m10%Nacl
06 M 1M mannitol
08

DasC
m37eC
1,8

Log10 RQ (Rehtive quantification)
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1,2
1,4
1,6

2 -
4h 8h 24h

Fig. 2. qRT-PCR quantification of Thkell transcript in T. harzianum T34, using S-
tubulin as reference gene. The experiment was carried out with total RNA (20 p.g)
extracted from mycelia of Trichoderma harzianum T34 grown in MM (Penttild et al.,
1987), without glucose or with 2% glucose, and under the following conditions: 2 or
10% NaCl, or 1 M mannitol at 28 °C for 4, 8 or 24 h; and at 4, 28 or 37°C for 4 h.

1 2 3 4 5 6
AT v 4 B

Kb M

231 —

94 —
65

4.9 —

0.5 —

Fig. 3. DNA blot of total DNAs from transformants Kel4, Kel10, Kel14-1, Kel14-2
and Kel15 (lanes 1-5), and from T. harzianum T34 (lane 6). Genomic DNAs were Sall
and Sacl-digested and hybridized with a probe of 1.3 kb, which contains the phe
gene. On the left, molecular size standards of Hindlll-digested A DNA are indicated
in kilobases.
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Fig. 4. qRT-PCR quantification of Thkell transcript in the silenced transformants

T. harzianum Kel4, Kel10 and Kel15, and in the non-silenced transformant ThJL43.

Values correspond to relative measures against the Thkell transcript in T. harzianum

T34 wild-type (endogenous gene). The experiment was carried out with mycelia

grown for 4 hin MM (Penttild et al., 1987), without glucose, at 4°C. T. harzianum T34

B-tubulin was used as an internal reference gene.

Table 1

Glucosidase activity measured in extracellular protein extracts from T. harzianum
T34, Thkell-silenced (Kel4, Kel1l0 and Kell5) and non silenced-transformant
(ThJL43) strains after 24 h growth in MM at 4 or 28 °C. The activity was expressed
as pmol of p-nitrophenol released per min per mg of protein. Results represent the
average of 3 independent experiments + standard deviation.

Strain Glucosidase activity at 4°C Glucosidase activity at 28 °C
T34 0.20 £ 0.06a 2.67 £+ 0.08c

Kel4 0.05 £ 0.02b 1.25 + 0.07d

ThjL43 0.29 + 0.03a 4.25 + 0.16e

Kel10 0.17 £ 0.02a 1.70 + 0.02d

Kell5 0.29 £ 0.02a 2.12 £ 0.11cd

Numbers followed by different letters represent statistically significant differences
(P<0.05; Fisher’s test).

vector transformant ThJL43 to that of wild-type expression lev-
els after growing at 4°C (Fig. 4). Similar results were observed
when fungi were grown at 28°C (data not shown). The results
showed that the silenced-transformants, especially Kel4, exhibited
statistically significant lower Thkell transcript levels than the wild-
type strain T34. In addition, no difference was observed between
the empty vector transformant and wild-type. The silenced strains
exhibited statistically significant lower glucosidase activity values
than those of T34 strain after growing at 28 °C for 24 h (Table 1)
whereas ThJL43 strain exhibited the highest levels of glucosidase
activity.

Statistically significant lower colony diameters were observed
in the silenced transformants (Kel4 and Kel15) under the four stress
conditions assayed (1 and 5% NaCl, and 0.5 and 1 M mannitol), com-
pared to T34 (Table 2). Greater differences between wild-type and
Kel4 and Kel15 were measured when higher concentrations of NaCl
or mannitol were present in the medium. No statistically significant
differences were observed between empty vector transformant and
T34, except in the presence of 5% NaCl. When the growth of wild-

Table 2

358:ThKell

Col M1 M2 M3

Fig. 5. RNA blot analysis of transgenic lines overexpressing Thkell transgene. Total
RNA (10 pg/line) from wild-type plants and M1-M3 transgenic plants was isolated
and hybridized with a specific Thkell probe. Bottom, ethidium bromide-stained gel
showing rRNAs.

Table 3

Glucosidase activity measured in protein extracts from four week old Col-0 seedlings
and M1, M2 and M3 transgenic lines, without or with a salt stress (5ml of 100 mM
NaCl for 10days). The activity was expressed as pwmol of p-nitrophenol released
per min per mg of protein. Results represent the average of 3 independent experi-
ments + standard deviation.

Line Activity without stress Activity under salt stress
Col-0 1.29 + 0.03a 1.30 + 0.01a
M1 1.62 + 0.04b 1.76 £+ 0.04b
M2 1.64 + 0.02b 1.87 +£ 0.01b
M3 1.41 £ 0.04c 1.72 + 0.06b

Numbers followed by different letters represent statistically significant differences
(P<0.05; Fisher’s test).

type and silenced-transformant strains was tested after 5 weeks
of incubation at 4°C, only slightly lower colony diameters were
observed in the silenced-transformant Kel4 than those in the wild-

type.
Generation and characterization of 35S:Thkell transgenic lines

Thkell transgenic plants were selected in the presence of
kanamycin and, subsequently three independent T3 homozygous
lines showing high levels of the transgene were selected (Fig. 5).
DNA blot analysis of these lines revealed that M1 line contained
one insertion of the transgene, M2 two insertions and M3 line three
insertions (data not shown).

Glucosidase activity was analyzed in four-week-old transgenic
and Col-0 plants under normal and salt stress conditions. As shown
in Table 3, the activity values were significantly higher in the three
transgenic lines than those of wild-type plants, the highest differ-
ences being observed under salt stress conditions.

Seed germination of Thkel1 transgenic lines was analyzed in the
presence of 150mM NaCl and 350 mM mannitol and compared
with that of wild-type plants (Table 4). After 10 days under these
conditions, approximately 80% of all transgenic plants were able
to germinate and develop green cotyledons, compared with 40%

Mycelial growth diameters of T. harzianum T34, silenced-transformant (Kel4 and Kel15) and empty vector transformant (ThJL43) strains measured on MM, without glucose,
supplemented with 1 or 5% NaCl, and 0.5 or 1 M mannitol, after incubation at 28 °C for 2 or 3 (NaCl) days. Data of 8 independent experiments are shown including +standard

deviations.
Strain Control 1% NacCl 5% NacCl 0.5M mannitol 1M mannitol
T34 3.30 + 0.09a 2.11 + 0.06a 1.20 £+ 0.05a 2.23 + 0.05a 1.37 £+ 0.04a
Kel4 3.20 + 0.05a 1.82 £ 0.07b 0.92 + 0.04b 1.93 + 0.05b 1.07 + 0.04b
ThJL43 3.65 £+ 0.10b 2.12 £ 0.07a 1.05 + 0.05b 2.28 + 0.06a 1.35 £ 0.05a
Kel15 3.23 £+ 0.05a 1.92 + 0.04b 0.93 + 0.05b 1.95 + 0.05b 1.03 £ 0.05b

For a same column, numbers followed by different letters represent statistically significant differences (P<0.05; Fisher’s test).
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Table 4

Percentage of Arabidopsis Col-0 and M1, M2 and M3 transgenic seeds that germinated and developed green cotyledons in A. MS medium supplemented with 150 mM NacCl.
(B) MS medium supplemented with 350 mM mannitol. Data followed by an asterisk differ significantly with respect to Col-0 (P<0.05; Fisher’s test).

4d 6d 8d 10d
A
Col-0 0 30.2+3.1 33.9+4.0 34.8+29
M1 10.1+£0.5* 60.4 +6.8* 68.6+7.1* 84.8 +4.7*
M2 10.8 +0.6* 30.3+4.2 59.5+4.9* 85.0+3.8*
M3 11.8+0.5* 80.3+7.9* 82.7+8.9* 85.1+3.6"
B
Col-0 0 142+1.7 18.7+2.1 37.6+4.0
M1 8.3+0.7* 38.2+3.6* 57.9+4.3* 76.7+3.7*
M2 0 37.5+3.0* 40.0 £5.3* 59.94+2.1*
M3 0 60.7 +8.8* 79.2+7.5* 80.1+3.2*
Table 5 Table 7

Percentage of bleaching plants in four-week-old Arabidopsis, Col-0 and Thkel1 trans-
genic line (M1, M2 and M3) plants, after daily washing with 5ml 100 mM Nacl for
10 days. Mean values obtained from four different experiments.

Stomatal conductance measured as pmol m=2 s~! from four week old Col-0 and M1,
M2 and M3 Thkel-transgenic line plants, without or with a salt stress (5 ml of 100 mM
NaCl for 10 days). Values are means from 6 replications + standard deviation.

Line % bleaching plant
Col-0 53.1 £ 21.7a

M1 235+ 8.4b

M2 27.8 + 7.6b

M3 21.6 +£ 12.9b

Numbers followed by different letters represent statistically significant differences
(P<0.05; Fisher’s test).

observed in wild-type seeds, indicating that these transgenic seeds
were more tolerant to the adverse conditions used in this study.
When the seeds of wild-type and Thkel1 overexpressing plants were
incubated at the low temperature of 12 °C, the wild-type and the
three transgenic lines initiated germination on the 5th day and no
significant changes in germination rate and seedling growth were
observed among different plant lines. Furthermore, under normal
conditions almost 100% of both wild-type and transgenic seeds
were able to germinate (data not shown).

To check the tolerance of Thkell-overexpressing plants to salt
stress, wild type and transgenic seeds were sown on MS medium
for one week and after that, plants were transferred to soil, grown
for 3 weeks and then treated with NaCl or water for 10 days. The
percentages of bleaching of Col-0 plant, in four different experi-
ments, were always higher than those observed in transgenic lines
(Table 5).

Because transgenic plants showed more resistance to several
abiotic stress conditions, ABA levels were analyzed in four-week-
old plants, Col-0 and transgenic lines, under normal and salt stress
conditions. As shown in Table 6, the levels of ABA were signifi-
cantly higher in wild-type plants than those in the transgenic ones.
ABA levels were increased under salt stress conditions and this fact
was more evident in Col-0 plants. In addition, JA, SA and IAA levels
were also measured under normal and salt stress conditions; how-
ever, the amount of these hormones was very different among the
three transgenic lines (data not shown) and conclusions could not
be established.

Table 6

Amount of abscisic acid (ng g~ dry weight) in four week old Arabidopsis plants from
Col-0 and Thkell transgenic lines (M1, M2 and M3). Values are averages of three
replicates + standard deviation.

Line  ABA under control ABA under salt stress Ratio ABA stress/ABA
conditions conditions control

Col-0 49.46 + 3.02a 80.06 + 2.05c 1.62

M1 43.09 + 2.28a 49.83 + 2.52a 1.16

M2 34.04 + 3.99b 37.09 + 1.38ab 1.09

M3 33.92 + 3.78b 44.94 + 4.79ab 1.32

Numbers followed by different letters represent statistically significant differences
(P<0.05; Fisher’s test).

Stomatal conductance under
salt stress conditions

Line Stomatal conductance
under control conditions

Col-0 0.053 £+ 0.012a 0.012 £ 0.002c
M1 0.087 + 0.007b 0.032 + 0.009d
M2 0.072 + 0.013ab 0.017 + 0.002cd
M3 0.085 + 0.008b 0.022 + 0.002cd

Numbers followed by different letters represent statistically significant differences
(P<0.05; Fisher’s test).

Finally, stomatal conductance was measured in all plant lines
and under both conditions, with or without salt stress. As shown in
Table 7, the highest values were observed in Thkel1-overexpressing
plants and after maintaining them under normal growth condi-
tions.

Discussion

Since the Trichoderma Thkel1 gene did not show nucleotide iden-
tity with genes deposited in public databases and only displayed a
low level of homology with hypothetical fungal proteins and plant
nitrile ESPs, which contain kelch domains, the biological role of this
fungal gene is not easily determined. We analyzed the expression
of this gene in T. harzianum T34 under a plethora of growth con-
ditions (data not shown), and the highest transcript levels were
detected at 4 °C and with 10% NaCl. Thkell gene expression was not
increased under glucose starvation but was repressed in the pres-
ence of glucose. The functional analysis of Thkel1 was carried out by
a silencing approach in T. harzianum T34 and as could be expected
Thkell transformants showed lower qRT-PCR transcript levels than
the wild-type strain, grown under conditions of maximum gene
expression: 4 °C for 4 h (Fig. 4).

While absent in prokaryotes, kelch proteins are ubiquitous in
eukaryotes. They are thought to be involved in the formation of
protein complexes but their role is not completely well understood
(Adams et al., 2000; Schumann et al., 2010). Fungal proteins with
kelch domains have been related to G protein-mediated pathways
in Saccharomyces cerevisiae (Niranjan et al., 2007) or galactose oxi-
dase activity in phytopathogenic species from Botrytis, Gibberella,
Magnaporthe and Stagonospora (Soanes et al., 2008). ThKEL1 did
not show such amino acid identity but shared homology with
Arabidopsis ESPs involved in the complex regulatory glucosino-
late/myrosinase defense system (Morant et al., 2008). Furthermore,
one of the 6 ESPs identified in Arabidopsis has been considered to be
the ancestor of proteins with kelch motifs (Burow et al., 2009), also
present in hypothetical proteins from Aspergillus and Gibberella,
and shows the highest identity with ThKEL1. Some ESPs are sup-
posed to be involved in the formation of protein complexes with
B-glucosidases, playing an important role in plant defense (Grubb
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and Abel, 2006; Yan and Chen, 2007). For instance, glucosidase
PYK10 and its partner PBP1 (PYK10 binding protein), a molecular
chaperone that allows the correct folding of PYK10 when Arabidop-
sis subcellular structures are damaged (Nagano et al., 2005, 2008).
Another example of interaction between a -glucosidase, Glul,
and its partner $-glucosidase aggregation factor (BGAF), has been
reported in maize (Blanchard et al., 2001). However, the biologi-
cal role of these complexes is not well understood, although it has
been suggested that the formation of these aggregates between a
B-glucosidase and its interacting protein may be the way to protect
the enzyme molecule (Nagano et al., 2005).

When [-glucosidase activity was measured in Trichoderma
strains, the three silenced transformants showed lower levels than
those detected in strain T34 after incubation at 28 °C for 24 h. This
result, also observed for the silenced transformants Kel4 and Kel10
at 4°C, relates ThKEL1 to the modulation of (3-glucosidase activ-
ity in Trichoderma. Taking into account that the highest Thkell
transcript level in the wild-type strain was observed in 4-h-old
cultures and that glucose represses this gene (Fig. 2), it could be
expected that this early transcript increase might lead to enhanced
glucosidase activity. As shown by our experiments, glucose may
also act as a catabolic repressor of Thkel1. Significant colony growth
differences were observed between wild-type and silenced trans-
formants when salt or mannitol was present in the medium
(Table 2), being indicative of the involvement of ThKEL1 in fun-
gal tolerance to salt and osmotic stresses. However, the absence of
significant colony growth differences among Trichoderma strains
after a 5-week thermal stress at 4°C could be due to the scarce
mycelia developed under this condition that could lead to low 8-
glucosidase activities (Table 1).

Some plant glucosidases have been related to plant responses
to biotic (Burow et al., 2007; Mishina and Zeier, 2007; Minic, 2008)
or abiotic stresses (Lee et al., 2006; Zhao et al., 2008). Thus, con-
sidering the behavior of Thkell in Trichoderma, it should not be
discarded that the overexpression of Thkell in Arabidopsis may
improve plant responses to abiotic stresses. In fact, transgenic
Thkell seeds showed higher percentages of germination in the pres-
ence of NaCl or mannitol than those from Col-0 Arabidopsis plants
(Table 4). Furthermore, in later stages of development Col-0 plants
had lower B-glucosidase activity and were more sensitive to salt
stress than Thkell-transgenic plants (Table 5).

It is known that osmotic shock blocks germination through ABA
action (Leung and Giraudat, 1998) and, in order to elucidate the
role of this hormone involved in plant responses to abiotic stress,
ABAlevels were analyzed in transgenic and Col-0 plants, under con-
trol and salt stress conditions. As shown in Table 6, except for line
M1 under control conditions, ABA levels were significantly lower
in Thkell transgenic plants than those in wild-type plants under
the two conditions tested. The highest differences were observed
under salt stress conditions. ABA deficient mutants such as aba2
are insensitive to salt and osmotic stress conditions and are able
to germinate and develop green and fully expanded cotyledons
compared with wild-type seeds, which showed a severe delay in
germination (Gonzalez-Guzman et al., 2002). Thus, the lower lev-
els of ABA detected in Thkell overexpressing plants are consistent
with the higher resistance to salt and osmotic stresses observed in
35S:Thkell transgenic seedlings (Table 4). Moreover, aba2 mutants
were more sensitive to salt stress at later stages of development,
while this effect was not observed in Thkell transgenic plants.
Although ABA levels were lower in transgenic plants than those
in Col-0 plants, Thkell transgenic lines were more tolerant than
wild-type to a salt stress (Table 5). It has been previously reported
that the loss of function of AtBG1, a B-glucosidase of Arabidopsis,
causes lower ABA levels, defective stomatal movements and abi-
otic stress-sensitive phenotypes. Furthermore, gain of function of
this glucosidase provokes an increase in ABA levels and enhanced

tolerance to abiotic stress through modulation of ABA metabolism
(Lee et al., 2006). In the present work, we have observed that
Thkel is able to modulate glucosidase activity and its overexpres-
sion in Arabidopsis causes a reduction of ABA levels accompanied
by a reduction in the stomatal closure, data that are controversial
with the higher tolerance to salt stress of adult transgenic plants
compared with wild-type. Taking into account that a Thkell het-
erologous overexpression in Arabidopsis was carried out instead
of a homologous one, such as AtBG1, we hypothesize that this
foreign gene may be also modulating in some way ABA biosyn-
thesis/catabolism, affecting the plant responses to abiotic stresses.
In any case, data presented along this manuscript point out the
biotechnological value of Thkell-overexpressing plants under salt
and osmotic stress conditions, without an alteration of their phe-
notype, this fact being one of the main objectives of this work.

Acknowledgements

This work was supported by the project AGL2008-0512/AGR,
from the Ministerio de Ciencia e Inovacién, Spain, and grants GR67
and SA128A08 from the Junta de Castilla y Le6n.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jplph.2011.01.027.

References

Adams ], Kelso R, Cooley L. The kelch repeat superfamily of proteins: propellers of
cell function. Trends Cell Biol 2000;10:17-24.

Arbona V, Lépez-Climent MF, Pérez-Clemente RM, Gomez-Cadenas A. Maintenance
of a high photosynthetic performance is linked to flooding tolerance in citrus.
Environ Exp Bot 2009;66:135-42.

Blanchard DJ, Cicek M, Chen JL, Esen A. Identification of B-glucosidase aggregating
factor (BGAF) and mapping of BGAF binding regions on maize (3-glucosidase. ]
Biol Chem 2001;276:11895-901.

Bradford MM. Rapid and sensitive method for quantitation of microgram quan-
tities of protein utilizing principle of protein-dye binding. Anal Biochem
1976;72:248-54.

Burow M, Rice M, Hause B, Gershenzon J, Wittstock U. Cell- and tissue-specific local-
ization and regulation of the epithiospecifier protein in Arabidopsis thaliana.
Plant Mol Biol 2007;64:173-85.

Burow M, Losansky A, Mueller R, Plock A, Kliebenstein D], Wittstock U. The genetic
basis of constitutive and herbivore-induced ESP-independent nitrile formation
in Arabidopsis. Plant Physiol 2009;149:561-74.

Calo L, Garcia I, Gotor C, Romero LC. Leaf hairs influence phytopathogenic fungus
infection and confer an increased resistance when expressing a Trichoderma
a-1,3-glucanase. ] Exp Bot 2006;57:3911-20.

Cardoza RE, Vizcaino JA, Hermosa MR, Sousa S, Gonzalez FJ, Llobell A, et al. Cloning
and characterization of the ergl gene of Trichoderma harzianum: effect of the
ergl silencing on ergosterol biosynthesis and resistance to terbinafine. Fungal
Genet Biol 2006;43:164-78.

Clough SJ, Bent AF. Floral dip, a simplified method for Agrobacterium-mediated trans-
formation of Arabidopsis thaliana. Plant ] 1998;16:735-43.

Dana MD, Pintor-Toro JA, Cubero B. Transgenic tobacco plants overexpressing chiti-
nases of fungal origin show enhanced resistance to biotic and abiotic stress
agents. Plant Physiol 2006;142:722-30.

Deblaere R, Bytebier B, Degreve H, Deboeck F, Schell ], Vanmontagu M, et al. Efficient
octopine Ti plasmid-derived vectors for Agrobacterium-mediated gene-transfer
to plants. Nucleic Acids Res 1985;13:4777-88.

Dietz KJ, Sauter A, Wichert K, Messdaghi D, Hartung W. Extracellular B-glucosidase
activity in barley involved in the hydrolysis of ABA glucose conjugate in leaves.
J Exp Bot 2000;51:937-44.

Durgbanshi A, Arbona V, Pozo O, Miersch O, Sancho JV, Gomez-Cadenas A. Simul-
taneous determination of multiple phytohormones in plant extracts by liquid
chromatography-electrospray tandem mass spectrometry. ] Agric Food Chem
2005;53:8437-42.

Gonzalez-Guzman M, Apostolova N, Belles JM, Barrero JM, Piqueras P, Ponce MR,
et al. The short-chain alcohol dehydrogenase ABA2 catalyzes the conversion of
xanthoxin to abscisic aldehyde. Plant Cell 2002;14:1833-46.

Grubb CD, Abel S. Glucosinolate metabolism and its control. Trends Plant Sci
2006;11:89-90.

Harman GE, Howell CR, Viterbo A, Chet I, Lorito M. Trichoderma species. Opportunis-
tic, avirulent plant symbionts. Nat Rev Microbiol 2004;2:43-56.

Hermosa MR, Grondona I, Iturriaga EA, Diaz-Minguez JM, Castro C, Monte E, et al.
Molecular characterization and identification of biocontrol isolates of Tricho-
derma spp. Appl Environ Microbiol 2000;66:1890-8.


http://dx.doi.org/10.1016/j.jplph.2011.01.027

1302 R. Hermosa et al. / Journal of Plant Physiology 168 (2011) 1295-1302

Howell CR. Mechanisms employed by Trichoderma species in the biological con-
trol of plant diseases. The history and evolution of current concepts. Plant Dis
2003;87:4-10.

Kumar S, Tamura K, Jakobsen IB, Nei M. MEGA2: molecular evolutionary genetics
analysis software. Bioinformatics 2001;17:1244-5.

Kumar V, Parkhi V, Kenerley CM, Rathore KS. Defense-related gene expression and
enzyme activities in transgenic cotton plants expressing an endochitinase gene
from Trichoderma virens in response to interaction with Rhizoctonia solani. Planta
2009;230:277-91.

Lee KH, Piao HL, Kim H-Y, Choi SM, Jiang F, Hartung W, et al. Activation of glucosidase
via stress-induced polymerization rapidly increases active pools of abscisic acid.
Cell 2006;126:1109-20.

Leung ], Giraudat ]. Abscisic acid signal transduction. Annu Rev Plant Physiol Plant
Mol Biol 1998;49:199-222.

Lorito M, Woo SL, Ferndndez IG, Colucci G, Harman GE, Pintor-Toro JA, et al. Genes
from mycoparasitic fungi as a source for improving plant resistance to fungal
pathogens. Proc Natl Acad Sci U S A 1998;95:7860-5.

Minic Z. Physiological roles of plant glycoside hydrolases. Planta 2008;227:723-40.
Mishina TE, Zeier J. Bacterial non-host resistance, interactions of Arabidopsis with
non-adapted Pseudomonas syringae strains. Physiol Plant 2007;131:448-61.
Morant AV, Jorgensen K, Jorgensen C, Paquette SM, Sanchez-Pérez R, Moller BL,
et al. B-Glucosidases as detonators of plant chemical defense. Phytochemistry

2008;69:1795-813.

Montero-Barrientos M, Hermosa R, Cardoza RE, Gutierrez S, Nicolds C, Monte E.
Transgenic expression of the Trichoderma harzianum hsp70 gene increases
Arabidopsis resistance to heat and other abiotic stresses. ] Plant Physiol
2010;167:659-65.

Montero-Barrientos M, Hermosa R, Nicolds C, Cardoza RE, Gutierrez S, Monte E.
Overexpression of a Trichoderma HSP70 gene increases fungal resistance to heat
and other abiotic stresses. Fungal Genet Biol 2008;45:1506-13.

Nagano AJ, Matsushima R, Hara-Nishimura I. Activation of an ER-body-localized 3-
glucosidase via a cytosolic binding partner in damaged tissues of Arabidopsis
thaliana. Plant Cell Physiol 2005;46:1140-8.

Nagano AJ], Fukao Y, Fujiwara M, Nishimura M, Hara-Nishimura 1. Antagonistic
jacalin-related lectins regulate the size of ER body-type (3-glucosidase com-
plexes in Arabidopsis thaliana. Plant Cell Physiol 2008;49:969-80.

Niranjan T, Guo X, Victor ], Lu A, Hirsch JP. Kelch repeat protein interacts with
the yeast Ga subunit Gpa2p at a site that couples receptor binding to guanine
nucleotide exchange. ] Biol Chem 2007;282:2431-8.

Penttild M, Nevalainen H, Ratto M, Salminen E, Knowles ]. A versatile transforma-
tion system for the cellulolytic filamentous fungus Trichoderma reesei. Gene
1987;61:155-64.

Prag S, Adams JC. Molecular phylogeny of the Kelch-repeat superfamily reveals an
expansion of BTB/kelch proteins in animals. BMC Bioinformatics 2003;4:42.
Raeder U, Broda P. Rapid preparation of DNA from filamentous fungi. Lett Appl

Microbiol 1985;1:17-20.

Schumann N, Navarro-Quezada AR, Ullrich K, Kulh C, Quint M. Molecular evolution
and selection patterns of plant F-box proteins with C-terminal kelch repeats.
Plant Physiol 2010., doi:10.1104/pp.110.166579.

Soanes DM, Alam I, Cornell M, Wong HM, Hedeler C, Paton NW, et al. Comparative
genome analysis of filamentous fungi reveals gene family expansions associated
with fungal pathogenesis. PLoS One 2008;3:e2300.

Thompson ]D, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DJ. The CLUSTAL_X win-
dows interface: flexible strategies for multiple sequence alignment aided by
quality analysis tools. Nucleic Acids Res 1997;25:4876-82.

Vinale F, Marra R, Scala F, Ghisalberti EL, Lorito M, Sivasithamparam K. Major
secondary metabolites produced by two commercial Trichoderma strains
active against different phytopathogens. Lett Appl Microbiol 2006;43:143-
8.

Vinale F, Sivasithamparam K, Ghisalberti EL, Marra R, Woo SL, Lorito M.
Trichoderma-plant-pathogen interactions in soil agro-ecosystems. Soil Biol
Biochem 2008;40:1-10.

Vizcaino JA, Gonzalez FJ, Suarez MB, Redondo ], Heinrich J, Delgado-Jarana J, et al.
Generation, annotation and analysis of ESTs from Trichoderma harzianum CECT
2413. BMC Genomics 2006;7:193.

Wittstock U, Burow M. Tipping the scales. Specifier proteins in glucosinolate hydrol-
ysis. IUBMB Life 2007;59:744-51.

Yan X, Chen S. Regulation of plant glucosinolate metabolism. Planta
2007;226:1343-52.

Zhao Z, Zhang W, Stanley BA, Assmann SM. Functional proteomics of Arabidop-
sis thaliana guard cells uncovers new stomatal signaling pathways. Plant Cell
2008;20:3210-26.




	The overexpression in Arabidopsis thaliana of a Trichoderma harzianum gene that modulates glucosidase activity, and enhanc...
	Introduction
	Materials and methods
	Bacterial strains
	Fungal strains
	Plant material
	Source of Thkel1 gene: EST database and cDNA library
	Primers and PCR procedures
	Analysis of Thkel1 gene expression
	Construction of pSIL-KEL vector and Trichoderma transformation
	Protein extraction
	Enzyme assay
	Real-time PCR analysis
	Abiotic stress assays in fungi
	Vector construction and plant transformation
	Abiotic stress assays in plant
	Extraction and hybridization of nucleic acids
	Stomatal conductance measurements
	Hormone analysis

	Results
	Isolation of Thkel1 gene
	Expression analysis of Thkel1 in T. harzianum T34
	Silencing of Thkel1 in T. harzianum T34 and characterization of transformants
	Generation and characterization of 35S:Thkel1 transgenic lines

	Discussion
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data


