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Swollenin, a protein first characterized in the saprophytic fungus Trichoderma reesei, contains an N-terminal carbohydrate-
binding module family 1 domain (CBD) with cellulose-binding function and a C-terminal expansin-like domain. This protein
was identified by liquid chromatography-mass spectrometry among many other cellulolytic proteins secreted in the coculture
hydroponics medium of cucumber (Cucumis sativus) seedlings and Trichoderma asperellum, a well-known biocontrol agent and
inducer of plant defense responses. The swollenin gene was isolated and its coding region was overexpressed in the same strain
under the control of the constitutive pki1 promoter. Trichoderma transformants showed a remarkably increased ability to colonize
cucumber roots within 6 h after inoculation. On the other hand, overexpressors of a truncated swollenin sequence bearing a 36-
amino acid deletion of the CBD did not differ from the wild type, showing in vivo that this domain is necessary for full protein
activity. Root colonization rates were reduced in transformants silenced in swollenin gene expression. A synthetic 36-mer
swollenin CBD peptide was shown to be capable of stimulating local defense responses in cucumber roots and leaves and to
afford local protection toward Botrytis cinerea and Pseudomonas syringae pv lachrymans infection. This indicates that the CBD
domain might be recognized by the plant as a microbe-associated molecular pattern in the Trichoderma-plant interaction.

Trichoderma spp. are well-known plant biocontrol
agents mainly due to their mycoparasitic activity against
soil-borne plant pathogens (Benitez et al., 2004). Some
Trichoderma rhizosphere-competent strains can also col-
onize entire root surfaces with morphological fea-
tures reminiscent of those seen during mycoparasitism
(Yedidia et al., 1999) and have been shown to have
dramatic direct effects on plants. The effects noted
include increased growth and yields, increased nutrient
uptake, as well as increased fertilizer efficiency utiliza-
tion, percentage and rate of seed germination, and
induced systemic resistance (ISR) to diseases (Harman
et al., 2004). Trichoderma strains capable of establishing
such interactions induce metabolic changes in plants that
increase resistance to a wide range of plant-pathogenic
microorganisms and viruses (Harman et al., 2004). This
response seems to be broadly effective for many plants,
which indicates that there is little or no plant specificity.
The systemic response in plants occurs through the
jasmonic acid/ethylene signaling pathway in a way
similar to the rhizobacteria-ISR (Shoresh et al., 2005;
van Loon, 2007). At least three classes of substances that
elicit plant defense responses have been identified.
These elicitors (XE elicitors) include proteins, peptides,

and low-Mr compounds (Harman et al., 2004; Djonovic
et al., 2007; Viterbo et al., 2007).

The Trichoderma asperellum-cucumber (Cucumis sativus)
root interaction has been the subject of many detailed
studies. Penetration of the root tissue is usually limited
to the first or second layers of cells and is restricted to
the intercellular spaces. Attachment of the fungus to the
root by appressoria-like structures is mediated by a class
I hydrophobin, TasHyd1 (Yedidia et al., 1999; Viterbo
and Chet, 2006) and root penetration is achieved by
secretion of cellulolytic and proteolytic enzymes (Viterbo
et al., 2004). In this study, we performed a more accurate
analysis of the proteins secreted to the plant-Trichoderma
coculture medium by liquid chromatography-mass spec-
trometry (LC-MS), which allowed the identification of
several additional proteins. Among them is swollenin, a
protein first isolated and characterized from the sapro-
phytic cellulolytic fungus Trichoderma reesei. The protein
was named swollenin due to its ability to swell cotton
(Gossypium hirsutum) fibers without producing detectable
amounts of reducing sugars (Saloheimo et al., 2002). The
protein has an N-terminal fungal-type carbohydrate-
binding module family 1 domain (CBD) with cellulose-
binding function, connected by a linker region to an
expansin-like domain with homology to the group
1 grass pollen allergens (pfam 01357).

Expansin proteins rapidly induce extension of plant
cell walls by weakening the noncovalent interactions
that help to maintain their integrity. Two major expansin
subfamilies have been identified, a-expansins (EXPAs)
and b-expansins (EXPBs). EXPA and EXPB appear to
act on different cell wall components, but their native
targets have not been well defined yet (Cosgrove, 2000).
A subset of EXPBs is known in the immunological
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literature as group 1 grass pollen allergens. These
EXPBs are abundantly and specifically expressed in
grass pollen, causing hay fever and seasonal asthma,
and their biological role is to loosen the cell walls of the
grass stigma and style, thereby aiding pollen tube
penetration. Other genes in the EXPB family are ex-
pressed in a variety of other tissues in the plant body
and, in general, lack the specific allergenic epitopes
characteristic of group 1 allergens. These so-called
vegetative EXPBs are thought to have cell wall-loosening
activity and substrate specificity similar to group 1
allergens (Yennawar et al., 2006).

Outside the plant kingdom, there are sporadic exam-
ples of organisms in which expansin-like sequences have
been identified. The plant-parasitic roundworm, Globo-
dera rostochiensis, can produce a functional expansin
(Gr-EXPB1), which it uses to loosen cell walls when
invading its host plant (Qin et al., 2004). In the slime mold
Dictyostelium, there are genes that resemble plant expan-
sins, but their function is still unclear (Darley et al., 2003).
A virulence factor of the plant pathogen Clavibacter
michiganensis has an expansin-like domain (Laine et al.,
2000), which may function in breakdown of plant cell
walls and invasion by the bacterium. Snail digestive
tracks contain expansin proteins (Xu et al., 2000). Mussels
are active degraders of plant material, which suggests a
digestive role for this expansin-like protein in vivo;
however, it is unclear whether these are made by the
snail or by bacteria living in the snail’s gut (Cosgrove and
Durachko, 1994). In the fungal database, proteins sharing
similar domain structure to swollenin, a CBD domain
linked to an expansin-like domain, are present only in
Aspergillus fumigatus and Neosartorya fischeri, a distinct
fungal species but taxonomically closely related to A.
fumigatus. All these non-plant proteins share a common
evolutionary history with plant expansins; therefore,
study of their biochemical and functional activities may
shed light on expansin function (Cosgrove, 2000).

In this work, we examined Trichoderma mutants with
overexpression or silencing of the swollenin gene, thus
providing evidence that this protein remarkably in-
creases fungus plant root colonization efficiency and
that the CBD domain is indispensable for protein full
activity in vivo. Moreover, using a synthetic peptide,
we show that the CBD domain of swollenin, similar
to the CBDs of the Phytophthora parasitica nicotianae
cellulose-binding elicitor leptin (CBEL) protein (Gaulin
et al., 2006), is capable of stimulating defense responses
in the plant and affords pathogen protection, indicat-
ing that this domain might therefore be recognized by
the plant as a microbe-associated molecular pattern
(MAMP) in the Trichoderma-plant interaction.

RESULTS

Identification of Proteins Secreted to the
Plant-Trichoderma Coculture Medium

Concentrated growth medium (see ‘‘Materials and
Methods’’) recovered from cultures of cucumber seed-

lings grown in the presence or absence of Trichoderma
in the root compartment were subjected to LC-MS. Table
I shows the partial sequences obtained from several
proteins differentially secreted to the Trichoderma-plant
coculture medium. This protein pattern was reproduc-
ible in two separate experiments. The majority of the
proteins could be classified as plant cell wall-degrading
enzymes: cellulases (cellobiohydrolase, endoglucanase),
hemicellulases (glucan 1,3-b-glucosidase and arabinofu-
ranosidases), and an aspartyl protease. A glucoamylase, a
starch-degrading enzyme, was also detected and swol-
lenin, a protein first isolated from T. reesei (Saloheimo
et al., 2002), related to the fungus cellulolytic activity
during its saprophytic growth. In addition, the medium
contained three plant proteins (chitinase 1, chitinase 3,
peroxidase) that could be classified as plant defense
proteins.

Isolation of the Swollenin Gene TasSwo
from T. asperellum

Degenerate primers (see ‘‘Materials and Methods’’)
were designed according to the partial sequences ob-
tained from identified swollenin peptides (Table I) and
according to conserved regions between swollenin
from T. reesei and the homologous sequence from A.
fumigatus (GI70984483). A 360-bp genomic amplifica-
tion product was obtained. A larger 1,762-bp genomic
sequence (TasSwo) was cloned by nested PCR ampli-
fication with swollenin-specific primers, according to
the GenomeWalker procedure (Viterbo et al., 2002). A
TasSwo cDNA (1,488 bp) was obtained by PCR ampli-
fication of the full coding sequence using cDNA gen-
erated from T. asperellum mycelium grown with 2% Glc
for 48 h and subsequent induction by 2% cellulose for
another 48 h (Saloheimo et al., 2002).

The TasSWO protein contains a 19-amino acid se-
cretion signal peptide with a predicted cleavage site
(SignalP 3.0) between amino acids 19 and 20, yielding
a mature protein of 477 amino acids. Smart-architecture
domain analysis predicts a CBD between amino acids
24 and 57 (1.27e-15), and an expansin domain (pollen
allergen 1 domain) at amino acids 381 to 471 (5.40e-04).
BLAST search with two-thirds (amino acids 170–477)
of the TasSWO C-terminal sequence showed low ho-
mology to an EXPB-like protein precursor from tomato
(Solanum lycopersicum; ABB71677.1; 6e-09) and EXB10
from maize (Zea mays; ABF81662.1; 1e-08).

The TasSWO open reading frame (ORF) shows 89%
similarity both to SWOI from T. reesei and to swollenin
from Trichoderma virens (gw_1.22.344.1; Trivel:49838),
88% to swollenin from Hypocrea pseudokoningii
(ABV57767.1), 75% to the fungal cellulose-binding
domain protein from N. fischeri (EAW15624.1), and
73% to the putative swollenin from A. fumigatus
(EAL85710.1; Fig. 1). The genomic TasSwo sequence
presents five short introns in the ORF whose positions
are conserved in the swollenin genes of T. reesei and
T. virens. The last intron seems not to be spliced in the
A. fumigatus sequence (Fig. 1).
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TasSwo Is Induced by Cellulose and during Trichoderma
Plant-Root Interaction

Real-time reverse transcription (RT)-PCR was used
to study the expression of TasSwo. The transcript is
subjected to catabolic repression by Glc and is remark-
ably induced (110-fold induction) after 48-h growth in
minimal medium supplemented with 2% cellulose
(Fig. 2A), similar to the report by Saloheimo et al.
(2002) for swollenin from T. reesei. TasSwo expression is
also induced (3-fold induction) in Trichoderma myce-
lium recovered from roots 12 h after inoculation (Fig.
2B), supporting the LC-MS data on swollenin secretion
into the Trichoderma-plant coculture medium.

CBD Is Necessary for Improved Root Colonization
Ability Conferred by Swollenin Overexpression

in Trichoderma

Trichoderma transformants overexpressing swollenin,
or swollenin deleted in the CBD domain, driven by
the constitutive pki1 promoter, were obtained follow-
ing particle bombardment and hygromycin selection.
Transformants were further identified by PCR screen-
ing of genomic DNA, the forward primer located on
the pki1 constitutive promoter and the reverse primer
within the swollenin coding region (Fig. 3A). Consti-
tutive expression of the transgenes in mycelia grown
on repressive medium (1.5% Glc) was verified by RT-
PCR with specific primers (Fig. 3B). Four independent
mutants, T1 and T2 overexpressing the complete
swollenin ORF, and DT3 and DT4 overexpressing a
swollenin clone deleted in the CBD domain, were
selected for further analysis. The in vitro growth rates
of all the transformants were comparable to that of
the wild type, although mutants T2 and DT4 showed

somewhat reduced sporulation. Lines T1 and T2 over-
expressing the full-length swollenin showed remark-
ably increased ability to colonize cucumber roots
already 6 h postinoculation (Fig. 4). On the other
hand, lines DT3 and DT4, expressing swollenin deleted
in the CBD, did not differ from the wild type. The same
trend was apparent also after 12 h (Fig. 4).

We also tested whether the swollenin overexpressors
can trigger enhanced ISR when compared to Tricho-
derma wild type. We could not detect any significant
difference when cucumber seedlings were infected
with Pseudomonas syringae pv lachrimans (Psl), 12 or
24 h post Trichoderma inoculation (Supplemental Fig. S1)

TasSwo RNA Interference Silencing Reduces Root
Colonization by Trichoderma

Saloheimo et al. (2002) reported that, according to
Southern-blot analysis, more than one copy of the swo1
gene might be present in the Trichoderma genome.
Southern hybridization of T. asperellum genomic DNA
with a TasSwo gene fragment encoding the expansin-
like domain as a probe showed one single band under
both high- and low-stringency conditions (Supple-
mental Fig. S2). These data, together with the infor-
mation obtained from the genome sequence of T. reesei
(http://genome.jgi-psf.org/Trire2/Trire2.home.html)
and T. virens (Department of Energy Joint Genome
Institute assembly; draft version), suggest that the
swollenin gene is a single-copy gene in these strains.

Several TasSwo RNA interference (RNAi) transform-
ants were obtained and subcultured to mitotic stability
by repeated transfer on selective medium. Inhibition
of TasSwo expression was followed by real-time RT-
PCR on mRNA extracted from cultures grown in 2%
cellulose induction medium for 2 d. Two transform-

Table I. Peptide sequences of differentially secreted proteins in plant-Trichoderma growth medium

Coculture growth medium was harvested 48 h after Trichoderma infection. Peptides were identified by LC-MS analysis. The closest database match
for each peptide is shown.

Peptide Sequence Best Database Match Accession No.

LPSPFESLSNIQGIFR, DVGLNDNTDLVALSGAHTFGR Peroxidase (C. sativus) GI167533
LGGQSDSRPLGAAVL Chitinase 1 (Cucumis melo) GI7595839
LGGRSSSRPLGDAVLDGVD Chitinase 3-like protein precursor (Trichosanthes

kirilowii)
GI15553476

IGTGFGIRPSANTGDSL, LTNANPSFL,
IRTANKNGGNYAGQFVVY

Cellobiohydrolase II (Trichoderma viride) GI34582636

YGGTCDPDGCDWNPYR, YGTGYCDSQCPR, YPTNLAGAK,
YYVQNGVK, VVLDANWR,

Cellobiohydrolase I (Trichoderma harzianum,
T. asperellum)

GI7107367,
GI42741023

AALVVFDLGNKR, TWFSNASSK, GHTLYNPTK,
VSSEFVSDTSNSGLLGLALDSINTVSPK, TWFSNASSK

Aspartyl protease (T. asperellum) GI47027997

AIALIGYSK, FELTLSQFTGNWGRPQR, DSALVFK Glucoamylase (Hypocrea lixii) GI61657886
ANSGATWTNDISHGDLIR, SFTATSLGGSWTPQATSESQPFAGK Arabinofuranosidase 2 (T. asperellum) GI45269104
IVGEIWPLIMVGGSK, GLLLESTK Glucan 1,3-b-glucosidase (Trichoderma atroviride) GI8886891
LAVDPANSNIIYFGAR Endoglucanase, Cel74a (Hypocrea jecorina) GI31747160
LKVQGLLATLP Hypothetical amino acid transporter (Neurospora

crassa)
GI85113614

GYPNTALNIPNKR Endoglucanase I (T. viride) GI42521642
WCCGPGADHCGEIDFK LTSPTGEQIVNEQAIK

FALTAVNTNGPGSVTKIE
Swollenin (H. jecorina) GI8052455
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ants (PS1 and PS2), which exhibited 95% reduction in
mRNA expression (Fig. 5A), were selected and eval-
uated for root colonization ability. These two lines
presented growth rates similar to the wild type. Tricho-
derma mycelia were recovered from root tissues 12 h
postinoculation. Lines silenced in TasSwo expression
exhibited reduced root colonization ability (40%) com-
pared to the wild type (Fig. 5B).

Local Induction of Defense-Related Gene Expression by
a Synthetic 36-mer CBD in Cucumber Leaves and Roots

We tested whether selected cucumber defense genes
were induced by the CBD of swollenin. Local induc-
tion of b-glucanase (b-gluc), chitinase 1 (chit), hydroxy-
peroxide lyase (hpl), Phe ammonia lyase (pal1), and
peroxidase (prx) genes by synthetic CBD was followed

Figure 1. Alignment of known swollenin sequences in fungi. Arrowhead indicates cleavage site of the signal peptide. Underlined
regions indicate the CBD and pollen allergen 1 domains.
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in cucumber leaves that were directly injected with a
5 mM CBD peptide solution or mock injected with
0.002% Glc. No phytotoxic symptoms were detected in
infiltrated cucumber leaves at this concentration. Real-
time RT-PCR analysis revealed a 100-fold up-regulation
for the b-glucanase and chitinase 1 genes (Fig. 6A),
compared to 3- and 9-fold induction for prx and pal1,
respectively. No induction was detected for hpl (Fig.
6B). A 4- and 9-fold local induction of the b-glucanase
and chitinase 1 genes, respectively, was observed in
seedling roots that were incubated in a 10 mM CBD
solution (Fig. 6C). No detectable induction was ob-
served in the roots for the other genes.

CBD Provides Local Resistance against Botrytis
cinerea and Psl

The involvement of the CBD peptide in ISR was
evaluated by incubating cucumber seedlings in a
25 mM CBD solution for 48 h and subsequently infect-
ing the cotyledons with the bacterial pathogen Psl. No
significant difference could be detected compared to
injection of a mock solution in the induction of the
selected defense genes by real-time PCR (data not
shown).

Finally, we wished to determine whether local in-
duction of defense genes by the CBD could confer
disease resistance to the elicited plant. Detached cu-
cumber leaves or leaves on whole plants were infected
with the gray mold B. cinerea 24 h after CBD injection
or mock injection of 0.002% Glc. Fungal infection
development was monitored for 3 to 4 d after infec-
tion. Expanded yellow necrotic lesions were observed
in the control untreated leaves that were not pretreated
with CBD. In contrast, lesion expansion was totally
inhibited or significantly reduced in infected leaves
that were treated with CBD (Fig. 7A; Supplemental
Fig. S3). Disease severity was assessed by scoring the
symptoms on a 0 (no symptoms) to 3 (severe lesions)
scale (Fig. 7B).

Cucumber cotyledons were treated by infiltrating
the CBD peptide 24 h before inoculation with Psl.
Multiplication of the bacteria in infected cucumber
cotyledons (Fig. 7C) was 50% lower in the plants
pretreated with CBD compared to control plants
infiltrated with mock solution (0.002% Glc).

DISCUSSION

In a previous study (Viterbo et al., 2004), we were
able to show that penetration of the epidermis by T.
asperellum T-203 and subsequent ingress into the outer
cortex of cucumber seedlings requires secretion of cell
wall lytic enzymes. Two arabinofuranosidases (Abf1
and Abf2) and an aspartyl protease (PapA) were
identified by sequencing of proteins, differentially
secreted in Trichoderma-plant coculture medium, after
separation by one-dimensional gel electrophoresis. In
this article, we essentially repeated the same experi-

ment, but we analyzed the concentrated extracellular
growth medium by LC-MS, a more powerful method
that allows a more comprehensive analysis. This
afforded the identification of additional cellulolytic
enzymes and a glucoamylase (Table I). The occurrence
of a starch-degrading enzyme during a plant-fungal
interaction may be significant to provide energy to the
mold via plant starch degradation during the infection
and for pathogenicity potency (Brown et al., 2001;
Martel et al., 2002). Swollenin was also identified
among the differentially secreted proteins. The pres-
ence of this protein in T. reesei has been related to the
fungal cellulolytic activity during its saprophytic
growth (Saloheimo et al., 2002). In T. reesei, an indus-
trially important cellulolytic filamentous fungus, but
not a common biocontrol-competent species nor as far
as is known a plant opportunistic symbiont, it was
shown that swollenin can disrupt the structure of
cotton fibers without detectable formation of reducing
sugars. Here, we show by overexpression and silenc-
ing of the TasSwo gene that this protein is involved in
plant root colonization by a rhizocompetent Tricho-
derma strain.

Similarly, the plant-parasitic roundworm, G. rosto-
chiensis, can produce a functional expansin (Gr-EXPB1)
used to loosen cell walls when invading its host plant
(Qin et al., 2004). Gr-EXPB1 is a member of a multigene
family, present in other nematode species as well (Roze
et al., 2008). It consists of a bacterial type II carbohydrate-
binding module and an expansin domain, with sig-
nificant similarity to EXPB-like proteins from tobacco
(Nicotiana tabacum) and Arabidopsis (Arabidopsis thali-
ana). It is even more similar to two hypothetical proteins
from the aerial mycelium-forming soil bacteria Amycola-
topsis mediterranei and Streptomyces lavendulae, suggesting
a prokaryotic origin and its probable acquisition by
horizontal gene transfer (Kudla et al., 2005).

Figure 2. Modulation of TasSwo expression in T. asperellum mycelium
by different growth conditions. Gene induction was quantified by real-
time RT-PCR, normalized versus the endogenous b-tubulin gene (see
‘‘Materials and Methods’’). A, Total RNA was extracted from Tricho-
derma mycelium grown for 48 h in liquid SM medium with different
carbon sources (1.5% Glc or 2% cellulose). B, Total RNA was extracted
from Trichoderma mycelium wrapped around cucumber roots 12 h
after inoculation. RNA extracted from mycelium of Trichoderma grown
in hydroponic medium supplemented with 0.05% Glc was used as a
control.

Role of Swollenin in Trichoderma Root Colonization
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Unlike plant expansins, and similar to the round-
worm protein, swollenin has a bimodular structure,
composed of an N-terminal CBD connected by a linker
region to the plant expansin homologous domain,
with significant similarity to an EXPB-like protein
precursor from tomato and maize.

A modular structure is typical of fungal cellulases
and some hemicellulases, which contain one or several
CBDs to target the catalytic module close to the sub-
strate. The CBDs of fungal cellulases interact with
crystalline cellulose through their hydrophobic flat
surface, formed by three conserved aromatic amino
acid residues (Takashima et al., 2007). The observation
that improved root colonization of the overexpressors
is abolished by deletion of the swollenin CBD under-
lines the importance of the latter for full protein activity.
Previous studies have also shown that removal of CBD
from the cellulase or from the scaffolding in cellu-
losomes dramatically decreases the enzymatic activity
(van Tilbeurgh et al., 1986; Goldstein et al., 1993).
Moreover, fusion of carbohydrate-binding modules to
enzymatic partners has been reported to improve the
efficiency of the enzyme partner, helping to target
the enzyme to the substrate and increasing the local
concentration of the enzyme (Boraston et al., 2004).
Levasseur et al. (2006) demonstrated that fusion of
swollenin to feruloyl esterase A (FAEA) is more efficient
than applying the free modules, SWOI and FAEA, for
ferulic acid release. They speculate that the CBD of
SWOI may increase the local concentration of the
enzyme close to the substrate and increase the final
hydrolysis yields. In addition, the efficiency of the
chimeric protein may be improved by the particular
mobility of the SWOI expansin module (Cosgrove,
2000), which may facilitate the lateral diffusion of the
FAEA along the surface of the cellulose microfibrils.

Along the same lines, we can speculate that cell wall
disruption and subsequent root colonization by Tricho-
derma are more efficient due to swollenin, which could
facilitate the access of other cellulolytic enzymes to less
accessible areas of the substrate.

Trichoderma has a wide host range, including dicots
and monocots. In this article, we tested root coloniza-
tion of cucumber seedling, a dicot plant. The function
of EXPBs in dicotyledons is not clear. The predomi-

nance of EXPB genes in grass genomes could be
explained if we assume that EXPA and EXPB proceed
on different polysaccharide matrices in the cell wall
(Li et al., 2002); matrix composition in grasses differs
significantly from that of dicotyledonous species
(Carpita, 1996). Trichoderma, like the potato cyst nem-
atodes, produces an expansin with an apparently
limited impact on dicot cell walls but, like the nema-
tode, it seems to efficiently loosen the dicot root tissue.

Because Trichoderma is able to induce defense re-
sponses in plants (Harman et al., 2004), we also wanted
to check whether swollenin overexpressors can trigger
enhanced resistance in addition to increasing root col-
onization. We could not detect any significant differ-
ence when cucumber seedlings were infected with Psl,
12 or 24 h post Trichoderma inoculation (Supplemental
Fig. S1). At these time points, although root colonization
by the swollenin overexpressor is higher, apparently the
amount of Trichoderma wild type is sufficient to trigger
the ISR responses.

Moreover, we studied the involvement of the fungal
CBD domain in elicitation of plant defense mecha-

Figure 3. Characterization of Trichoderma mutants.
A, PCR screening of different mutants with prim-
ers detecting the transgene pki1-TasSwo and pki1-
TasSwoDCBD. pRL-swo and pRL-DCBD are positive
plasmid controls. B, RT-PCR analysis of mutants
expressing TasSwo (T1, T5, T6, T2) or TasSwoDCBD
(DT3, DT7, DT4) along with the wild type (WT) from
RNA extracted from mycelia grown on 1.5% Glc.

Figure 4. Root colonization by swollenin-overexpressing strains. Cu-
cumber seedlings were infected with T. asperellum wild-type (WT),
with TasSwo full-length (T1 and T2), and with TasSwo DCBD (T3 and
T4) overexpression lines. Roots were detached 6 and 12 h postinoc-
ulation and washed. To quantify colonization, surface-sterilized roots
were homogenized in water and plated on Trichoderma selective
medium at 28�C and the number of fungal colonies (CFU) was counted.
Fifty seedlings were tested in each treatment. Results are representative
of three independent experiments. *, Significantly different from the
WT group (P , 0.05; t test).
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nisms. As part of their innate immune system, plants
recognize invaders by virtue of pathogen-associated
molecular patterns/MAMPs that trigger intracellular
metabolic changes in plant cells to cope with pathogen
attacks (Nürnberger et al., 2004). Such patterns corre-
spond to motifs or domains with conserved structural
traits found in widely occurring compounds of mi-
crobes, but not present in their hosts. The CBEL from
P. parasitica nicotianae contains two CBDs belonging to
the carbohydrate-binding module family 1. Infiltration
of tobacco and Arabidopsis leaves using synthetic
peptides showed that the CBDs of CBEL are essential
and sufficient to stimulate defense responses (Gaulin
et al., 2006).

We could not detect involvement of the CBD peptide
in ISR by incubating cucumber seedlings at concen-
trations up to 25 mM CBD solution for 48 h and
subsequent infection of the cotyledons with the bacte-
rial pathogen Psl. However, we could detect an in-
creased expression of chitinase and b-glucanase genes
in the root tissue after 24-h incubation with 10 mM

CBD, indicating that this domain indeed elicits local

defense responses in roots, although the induced
expression is lower than in infiltrated leaves.

It is well established that, during the first 72 h of
Trichoderma root colonization, there is a rise in plant
root local defense responses (Yedidia et al., 1999;
Shoresh et al., 2005), which limits Trichoderma root
colonization to the intercellular spaces. In the commu-
nication zone between plant and Trichoderma, there are
many molecules that can act as MAMPs/elicitors that
can affect different signaling pathways, in turn affect-
ing different modes of reaction and classes of patho-
gens. From our present data, it seems that the fungal
CBD domain is not involved in the ISR response, but
more in local sensing of the invading fungus by the
root.

Our present results, demonstrating local elicitation
of defense genes in cucumber and protection against a
fungal and a bacterial pathogen, confirm and extend
the data of Gaulin et al. (2006), showing that CBDs are
a novel class of molecular patterns that might function
by interaction with the cell wall. The carbohydrate-
binding module family 1 is found almost exclusively

Figure 5. Analysis of TasSwo RNAi lines PS1 and PS2. A, Real-time RT-PCR analysis of TasSwo RNAi mutants along with the wild
type (WT) as control. Total RNA was extracted from T. asperellum mycelium grown for 48 h in SM liquid medium with 2%
cellulose as carbon source. Results are representative of two independent experiments. B, Root colonization assay. Roots were
detached 12 h postinoculation and washed. To quantify colonization, surface-sterilized roots were homogenized in water and
plated on Trichoderma selective medium at 28�C and the number of fungal colonies (CFU) was counted. Fifty seedlings were
tested in each treatment. Results are representative of three independent experiments. *, Significantly different from the WT
group (P , 0.05; t test).

Figure 6. Elicitation of plant defense genes by a synthetic 36-mer CBD peptide. A and B, Cucumber leaves were infiltrated with
0.002% Glc (mock) or 5 mM CBD. Twenty-four hours postinfiltration, total RNA was extracted from a pool of three leaves and
used for real-time RT-PCR analysis of hpl, pal1, prx, chit, and b-gluc gene expression. The results are the average of three
independent experiments. C, Cucumber seedlings were incubated in a 0.002% Glc solution (mock) or in 10 mM CBD for 24 h.
Total RNA was then extracted from a pool of five roots and used for real-time RT-PCR analysis. The results are the average of two
independent experiments.
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in fungi. It is noteworthy that chitinase and glucanase
genes, major enzymes used by plants for defense
against fungal pathogens, showed remarkably higher
induction both in leaves and roots, compared to prx
and pal genes that are related to secondary metabolite
synthesis and cell wall strengthening.

The fact that swollenin homologs are found (by
current homology-search algorithms) only in Tricho-
derma species, A. fumigatus, or its close relative N.
fischeri, and not in other fungal phytopathogens, is
quite intriguing. A. fumigatus, like Trichoderma, is not a
plant pathogen, although a survey of the A. fumigatus
genome (Tekaia and Latgé, 2005) shows that it encodes
a wide range of glycosylhydrolases that have the
capacity to degrade the major plant cell wall polymers.
Like in Trichoderma, no global differences have been
demonstrated between the enzymes produced by true
phytopathogens and saprophytic Aspergillus strains.

These findings raise questions on the evolution of
such protein architecture in saprophytic fungi like
Trichoderma and Aspergillus. Although sequence data
and knowledge of molecular evolution suggest gene
transfer among eukaryotes, the mechanism by which
this transfer occurs remains elusive (Friesen et al.,
2006). A cross-kingdom horizontal gene transfer of a
fungal mitochondrial intron was suggested to have
occurred in a sponge, facilitated by the symbiotic re-
lationship between the fungus and sponge (Rot et al.,
2006). Bacterial expansin-like sequences, as well as

animal and fungal expansin-like sequences, appear
to be restricted to a very small group of organisms,
mainly involved in plant pathogenesis or plant cell
wall digestion, suggesting horizontal transfer rather
than preservation of an ancestral form (Li et al.,
2002).

In conclusion, we show that the swollenin protein
remarkably increases plant root colonization efficiency
in Trichoderma. The CBD is indispensable for full
protein activity; it stimulates local defense responses
in the plant and affords plant protection, indicating
that this domain might be recognized by the plant as a
MAMP in the Trichoderma-plant interaction.

MATERIALS AND METHODS

Plant Material

Cucumber (Cucumis sativus ‘Kfir’) seedlings (Gedera Seeds Co.) were

grown as described by Yedidia et al. (1999). Briefly surface-sterilized seeds

(25 per box) were placed on a sterile gauze sheet in an axenic hydroponics

growth system. Plants were grown in a controlled environment: 26�C, 80%

relative humidity, and a circadian cycle of 14 h light/10 h darkness.

Plant Inoculation with Trichoderma and Isolation of
Proteins Secreted to the Growth Medium

Trichoderma asperellum T-203 was grown on potato dextrose agar (PDA;

Difco) for 10 d. Spores (109) were harvested and grown overnight in 100 mL of

synthetic medium (SM; Yedidia et al., 1999) to allow germination. The

inoculum was added to plant growth medium (300 mL) of 7-d-old seedlings,

resulting in a concentration of 105 germinated spores mL21. At inoculation

time, the plant growth medium was change to avoid high plant extracellular

protein background. Coculture medium was collected after 48 h. Hydroponics

medium from plants grown without Trichoderma was collected as control.

Hydroponics medium in which the mycelium grew with 0.05% Glc without

plants with continuous shaking served as an additional control. Complete

protease inhibitor cocktail (Roche) was added to the filtrated medium

(300 mL) prior to concentration to a final volume of 100 mL using VIVASPIN

20-mL concentrator tubes (cutoff 10,000 D; Vivascience).

Proteolysis and MS Analysis

Proteins were analyzed at the Smoler Proteomics Center. The proteins were

reduced with 10 mM dithiothreitol (60�C for 30 min), modified with 100 mM

iodoacetamide in 10 mM ammonium bicarbonate at room temperature for

30 min, and trypsinized in 10 mM ammonium bicarbonate containing trypsin

(modified trypsin [Promega] at a 1:100 enzyme-to-substrate ratio), overnight

at 37�C.

The tryptic peptides were resolved by reverse-phase chromatography on

0.1- 3 200-mm fused silica capillaries (J&W; 100-mm i.d.) packed with Everest

reversed phase material (Grace Vydac). The peptides were eluted with linear

80-min gradients of 5% to 95% of acetonitrile with 0.1% formic acid in water at

flow rates of 0.4 mL/min. MS was performed by an LC-MS ion-trap mass

spectrometer (LCQ-DecaXP; Finnigan) in a positive mode using repetitively

full MS scan followed by collision-induced dissociation of the three most

dominant ions selected from the first MS scan. The MS data were clustered

and analyzed using Sequest software (J. Eng and J. Yates, unpublished data;

Finnigan) or Pep-Miner (Beer et al., 2004) searching against the National

Center for Biotechnology Information nonredundant database.

Cloning of Swollenin from T. asperellum

Degenerate primers were designed according to the amino acid sequences

aa-VDNVCCP, 5#-GGNCCRTTNGTRTTNACNGC-3#; and aa-KPDGTDY,

5#-AARCCNGAYGGNACNGAYTA-3#. The full-length TasSwo gene was ob-

tained using the Universal GenomeWalker kit (CLONTECH) as described by

Figure 7. Protection against fungal and bacterial plant pathogens by
CBD. A, Cucumber leaves were infiltrated with 100 mL of 0.002% Glc
(mock) or 5 mM CBD and were inoculated after 24 h with B. cinerea
mycelium (see ‘‘Materials and Methods’’). Disease symptoms are
visible 3 to 4 d after inoculations. B, Disease index, from 0 (no
symptom) to 3 (severe lesion), was assessed according to the disease
symptoms of 10 leaves for each treatment. The results are the average of
three independent experiments. C, Psl multiplication in cotyledons of
cucumber seedlings treated with 5 mM CBD or 0.002% Glc (control)
24 h prior to bacteria challenge. Proliferation of bacteria in plant leaves
was assayed 2 d after inoculation by monitoring bacterial growth from
leaf extracts. Each bar represents the mean of 45 replicates that was
obtained in five independent experiments. *, Significantly different
from the mock treatment (P , 0.05; t test).
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Viterbo et al. (2002), using gene-specific primers 5#-AATGGTGTCATTCCAA-

CACG-3#, 5#-GGAGAGTACAATGCCCCAAG-3#, 5#-GGATACATAGTTCC-

GGATTTGC-3#, and 5#-CAAGTTTCGTTAGTGCTAACTGTG-3#. The GenBank

accession number for the full isolated genomic sequence of TasSwo is EU370698.

Vector Construction, Transformation Procedure, and
Mutant Selection

The pAN7 vector containing the Escherichia coli hygromycin phospho-

transferase (hph) gene was purchased from Stratagene. The vector pRLMex

was kindly provided by Professor R.L. Mach (Mach et al., 1994). The coding

region was amplified from cDNA by PCR with primers SwoXbaI (5#-GCT-

CTAGAATGTTGCGTAGACTTAGCCTA-3#) and SwoNsiI (5#-TGCATGCAT-

TCAATTCCTACTAAATTGTAC-3#). pRL-swo designates a plasmid encoding

the TasSwo cDNA fused to the pki1 promoter in XbaI/NsiI sites of pRLMex.

Plasmid pRL-swoDCBD designates a plasmid encoding the TasSwo cDNA

with a deletion of the CBD domain. The deletion was achieved by PCR

splicing. Complementary primers DCBD-F (5#-GAGCTGCGCGGGTGGCAG-

CGGCCCTACT-3#) and DCBD-R (5#-AGTAGGGCCGCTGCCACCCGCG-

CAGCTC-3#) flanking the CBD region were used in two separate PCR

reactions with primers SwoNsiI and SwoXbaI, respectively. A 1-mm aliquot

from each reaction was then combined for a second PCR reaction with primers

SwoXbaI and SwoNsiI for cloning of the resulting product into the pRLMex

vector.

Microprojectile bombardment of intact T. asperellum T-203 conidia was

performed as described in Viterbo et al. (2002). A total of 1 mg DNA was

loaded for cotransformation with the two plasmids, pAN7 and pRL-Swo or

pRL-SwoDCBD. The transformants were screened for the presence of the

selectable marker by plating on PDA supplemented with 300 mg/mL

hygromycin B. Then the transformants were screened for ectopic insertion

of the transgenes by PCR on genomic DNA (Viterbo et al., 2002) using a

forward primer located on the pki1 promoter (5#-CGTGGCAGCTCGAGA-

TAACG-3#) and a reverse primer located in the ORF of TasSwo (5#-CCAGT-

AGGGCCGCTGCCACCAG-3#). Primers for detection of the hygB gene were

5#-TGAACTCACCGCGACGTCTG-3# and 5#-CCGCAGCGATCGCATCCAT-3#.

Expression of the transgene was analyzed by RT-PCR using a forward primer

(5#-CACGCAGTTCTGGCCTTCTC-3#) and reverse primer (5#-GTAGCCAG-

CTTCTCCTACAGCATA-3#) generating a 121-bp TasSwo PCR product.

The plasmid pSilent1 (Nakayashiki et al., 2005) was obtained from the

Fungal Genetics Stock Center (McCluskey, 2003). A 334-bp fragment from the

TasSwo encoding region was cloned into pSilent1 in sense and reverse/

complementary orientations on both sides (XhoI/HindIII sites and StuI/ApaI

sites) of the 147-bp intron 2 of the cutinase gene from Microdochium oryzae

driven by the PtrpC promoter. The coding region, in sense orientation, was

amplified by PCR with primers SwoXhoI (5#-CCGCTCGAGGGTGGCAGC-

GGCCCTACTGG-3#) and SwoHindIII (5#-CCAAGCTTATACATAGTTCCG-

GATTTGC-3#). The coding region in antisense orientation was amplified by

PCR with primers, SwoApaI (5#-AAAGGGCCCGGGTGGCAGCGGCCCT-

ACTGG-3#) and SwoStuI (5#-AAAAGGCCTATACATAGTTCCGGATTTGC-3#).

A total of 1 mg DNAwas loaded for microprojectile bombardment transformation

with the pSilent-1-TasSwo/RNAi plasmid. Expression of the transgene in

cellulose-induced cultures was analyzed by comparing the relative gene expres-

sion of TasSwo pSilent-1-TasSwo/RNAi lines to wild type by real-time RT-PCR

using the same primer sets described above.

RNA Extraction and Gene Expression Analysis by
Real-Time RT-PCR

Total RNA from fungal mycelium or plant leaves and roots was extracted

according to Viterbo et al. (2004, 2005). RNA was DNase treated and further

cleaned using RNeasy mini columns (Qiagen). Total RNA (2 mg) was subjected

to first-strand synthesis using SuperScript II reverse transcriptase (Invitrogen)

according to the manufacturer’s procedure, using oligo(dT) as a primer. As a

negative control, the same reactions were performed in the absence of the

enzyme.

TasSwo expression was followed by amplification of a 121-bp fragment (see

previous paragraph). The b-tubulin cDNA (AY390326) was used as a control

reference. A 185-bp fragment was amplified with the primers QTF (5#-GAC-

CTGCTCCACCATCTTCC-3#) and QTR (5#-CAGTGGAGTTGCCGACAAAG-3#).

Primers for real-time RT-PCR experiments with cucumber genes were as in

Yedidia et al. (2003) for hpl and pal1 genes and as in Shoresh et al. (2005) for prx,

b-glucanase, and chitinase 1 genes. PCR was carried out in a 20-mL reaction

containing 13 SYBR Green PCR Master Mix (PE Applied Biosystems), 500 nM

primers (for each forward and reverse primer), and one-twenty-fifth of the RT

reaction. Quantitative analysis was performed using the GeneAmp7300

sequence detection system (PE Applied Biosystems) with PCR conditions of

95�C for 15 s and 60�C for 1 min for 40 cycles. The absence of primer-dimer

formation was examined in no-template controls. Three independent exper-

iments were carried out. Each sample was examined in triplicate using

relative quantification analysis. This method normalizes the expression of the

specific gene versus the control reference with the formula 2 2 DDCT, where

DCT 5 CT-specific gene 2 CT reference gene, and DDCT 5 DCT 2 arbitrary

constant (the highest DCT; for further elaboration, see PE Applied Biosystems

Sequence Detector User Bulletin No. 2). The threshold cycle value is defined as

the PCR cycle number that crosses an arbitrarily placed threshold line.

Root Colonization Assay

Root colonization assays were performed according to Viterbo et al. (2005).

Briefly, roots were detached 48 h postinoculation and extensively washed in

water. After sterilization in 1% NaOCl for 2 min, the roots were washed with

sterile distilled water, weighed, and homogenized using an ULTRA-TURRAX

apparatus (Janke & Kunkel) in 20 mL of water for 1 min. Serial dilutions were

plated for colony forming unit counts on Trichoderma selective medium

(Vargas Gil et al., 2008) at 28�C.

CBD Infiltration to Cucumber Leaves and Infection
with Botrytis cinerea

The 36-amino acid CBD synthetic peptide (ALYGQCGGIGWSGATCCVS-

GAQCNALNDYYSQCVLS; BioSight Ltd.) was diluted in a 0.2% Glc solution

(Wassenberg et al., 1997) to give a 500 mM stock solution. Cucumber seedlings

(Kfir variety) were grown in soil in 250-mL pots in a controlled environment.

One hundred microliters of a 5 mM water-diluted solution, or mock solution

(0.002% Glc), were infiltrated in cucumber leaves of 10-d-old plants or

detached leaves, using a syringe without needle 24 h postinfiltration. Leaves

were inoculated with 5-mm-diameter mycelial agar discs of B. cinerea strain

BC03 (vine pathovar from Prof. Paul, Dijon, France) taken from 10- to 7-d-old

cultures maintained on PDA. The disc (approximately 2 3 106 spores) was

placed in the middle of each leaflet (Elad, 1990). After 24 h, the discs were

removed and disease development was assessed 3 to 4 d after inoculation.

Whole plants were wrapped in plastic bags with wet paper and detached

leaves were placed in closed plastic containers on wet filter paper to maintain

high humidity. The containers were placed at room temperature during the

entire experiment.

CBD Treatment of Cucumber Seedlings and
Cotyledons and Infection with Pseudomonas
syringae pv lachrymans

Cucumber seedlings were grown in axenic hydroponic growth systems as

described in the previous section. Fully expanded cotyledons were infiltrated

with a 5 mM CBD solution or mock solution (0.002% Glc). After 24 h, the

seedlings were inoculated with 10 mL of bacterial suspension and colony

proliferation was assayed after 48 h as described in Yedidia et al. (2003).

Six-day-old seedlings with fully expanded cotyledons were transferred to

small vials containing 400 mL of a solution of 10 or 25 mM of CBD solution or

mock (0.002% Glc). The vials were then placed in a sterile polycarbonate

culture box (Djonovic et al., 2006). After 48 h, the seedlings were inoculated

with 10 mL of bacterial suspension.

Southern Hybridization

T. asperellum chromosomal DNA was isolated according to Raeder and

Broda (1985). The hybridization was performed as described in Sambrook

et al. (1989) at stringent (65�C) and nonstringent (55�C) conditions. The blot

was probed with a TasSwo fragment located between bases 1,744 and 2,151 of

the genomic sequence.

Statistical Analysis

All experimental data were subjected to Student’s t test or ANOVA with

the Benjamini-Hochberg correction for multiple testing when necessary
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(Benjamini and Hochberg, 1995). Values of P , 0.05 were considered signif-

icant.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession number EU370698.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. ISR in cucumber by Trichoderma wild type and

swollenin overexpressor T1.

Supplemental Figure S2. Southern-blot hybridization of Trichoderma

genomic DNA with TasSwo.

Supplemental Figure S3. Cucumber leaf protection against B. cinerea on

whole plants by CBD.

ACKNOWLEDGMENTS

We thank N. Leviatan for statistical analysis assistance and Prof. R. Perl-

Treves for critical reading of the manuscript.

Received January 13, 2008; accepted April 2, 2008; published April 9, 2008.

LITERATURE CITED

Beer I, Barnea E, Ziv T, Admon A (2004) Improving large-scale proteomics

by clustering of mass spectrometry data. Proteomics 4: 950–960

Benitez T, Rincon AM, Limon MC, Codon A (2004) Biocontrol mechanism

of Trichoderma strains. Int Microbiol 7: 249–260

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a

practical and powerful approach to multiple testing. J R Stat Soc Ser B

57: 289–300

Boraston AB, Bolam DN, Gilbert HJ, Davies GJ (2004) Carbohydrate-

binding modules: fine-tuning polysaccharide recognition. Biochem J

382: 769–781

Brown RL, Chen ZY, Cleveland TE, Cotty PJ, Cary JW (2001) Variation in

in vitro a-amylase and protease activity is related to the virulence of

Aspergillus flavus isolates. J Food Prot 64: 401–404

Carpita NC (1996) Structure and biogenesis of the cell walls of grasses.

Annu Rev Plant Physiol Plant Mol Biol 47: 445–476

Cosgrove DJ (2000) Loosening of plant cell walls by expansins. Nature 407:

321–326

Cosgrove DJ, Durachko DM (1994) Autolysis and extension of isolated

walls from growing cucumber hypocotyls. J Exp Bot 45: 1711–1719

Darley CP, Li Y, Schaap P, McQueen-Mason SJ (2003) Expression of a

family of expansin-like proteins during the development of Dictostelyum

discoideum. FEBS Lett 546: 416–418

Djonovic S, Pozo MJ, Dangott LJ, Howell CR, Kenerley CM (2006) Sm1, a

proteinaceous elicitor secreted by the biocontrol fungus Trichoderma

virens induces plant defense responses and systemic resistance. Mol

Plant Microbe Interact 19: 838–853

Djonovic S, Vargas WA, Kolomiets MV, Horndeski M, Wiest A, Kenerley

CM (2007) A proteinaceous elicitor Sm1 from the beneficial fungus

Trichoderma virens is required for induced systemic resistance in maize.

Plant Physiol 145: 875–889

Elad Y (1990) Production of ethylene by tissues of tomato, pepper, French

bean and cucumber in response to infection by Botrytis cinerea. Physiol

Mol Plant Pathol 36: 277–287

Friesen TL, Stukenbrock EH, Liu Z, Meinhardt S, Ling H, Faris JD,

Rasmussen JB, Solomon PS, McDonald BA, Oliver RP (2006) Emer-

gence of a new disease as a result of interspecific virulence gene transfer.

Nat Genet 38: 953–956

Gaulin E, Drame N, Lafitte C, Torto-Alalibo T, Martinez Y, Ameline-

Torregrosa C, Khatib M, Mazarguil H, Villalba-Mateos F, Kamoun S,

et al (2006) Cellulose binding domains of a Phytophthora cell wall

protein are novel pathogen-associated molecular patterns. Plant Cell 18:

1766–1777

Goldstein MA, Takagi M, Hashida S, Shoseyov O, Doi RH, Segel IH

(1993) Characterization of the cellulose-binding domain of the Clostrid-

ium cellulovorans cellulose-binding protein A. J Bacteriol 175: 5762–5768

Harman GE, Howell CR, Viterbo A, Chet I, Lorito M (2004) Trichoderma

species-opportunistic, avirulent plant symbionts. Nat Rev Microbiol 2:

43–56

Kudla U, Qin L, Milac A, Kielak A, Maissen C, Overmars H, Popeijus H,

Roze E, Petrescu A, Smant G, et al (2005) Origin, distribution and 3D-

modeling of Gr-EXPB1, an expansin from the potato cyst nematode

Globodera rostochiensis. FEBS Lett 579: 2451–2457

Laine MJ, Haapalainen M, Wahlroos T, Kankare K, Nissinen R, Kassuwi

S, Metzler MC (2000) The cellulase encoded by the native plasmid of

Clavibacter michiganesis spp. sepeonicus plays a role in virulence and

contains expansin-like domain. Physiol Mol Plant Pathol 57: 221–233

Levasseur A, Saloheimo M, Navarro D, Andberg M, Monot F, Nakari-
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