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Fungi belonging to the genus Trichoderma are among the
most active and ecologically successful microbes found in
natural environments, because they are able to use a variety
of substrates and affect the growth of other microbes and
virtually any plant species. We isolated and characterized a
novel type II hydrophobin secreted by the biocontrol strain
MK1 of Trichoderma longibrachiatum. The corresponding
gene (Hytlo1) has a multiple role in the Trichoderma—plant—
pathogen three-way interaction, while the purified protein
displayed a direct antifungal as well as a microbe-associated
molecular pattern and a plant growth promotion (PGP) ac-
tivity. Leaf infiltration with the hydrophobin systemically
increased resistance to pathogens and activated defense-re-
lated responses involving reactive oxygen species, superoxide
dismutase, oxylipin, phytoalexin, and pathogenesis-related
protein formation or activity. The hydrophobin was found to
enhance development of a variety of plants when applied at
very low doses. It particularly stimulated root formation and
growth, as demonstrated also by transient expression of the
encoding gene in tobacco and tomato. Targeted knock-out of
Hytlol significantly reduced both antagonistic and PGP
effect of the wild-type strain. We conclude that this protein
represents a clear example of a molecular factor developed
by Trichoderma spp. to establish a mutually beneficial inter-
action with the colonized plant.

Fungi of the genus Trichoderma are widely known for their
activity as pathogen killers and inhibitors, disease suppressor
and resistance stimulators (Harman et al. 2004; Seidl et al.
2006a; Shoresh et al. 2010) growth promoters, sources of use-
ful genes and compounds (Lorito et al. 2010; Vinale et al. 2008),
soil cleaners and enrichers, and commercially successful inte-
grated pest management (IPM) tools (Lorito and Woo 2014).
Many Trichoderma spp. may have ancestrally evolved as preda-
tors (Druzhinina et al. 2011) and still use different mycopara-
sitic strategies (Atanasova et al. 2013). However, an increasing
number of genetic characters somehow related to a mutual
beneficial interaction with plants have been identified in the
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last couple of decades (Hermosa et al. 2012). Two typical
direct effects on the plant have been extensively found also in
field applications: systemic enhancement of disease resistance
and growth promotion (Vos et al. 2014). Activation of either
induced systemic resistance (ISR) or systemic acquired resis-
tance pathways, or both, has been reported for strains belong-
ing to different species on a variety of plants (Segarra et al.
2009; Velazquez-Robledo et al. 2011; Yoshioka et al. 2012),
although the mechanism is still not fully understood. The
involvement of both microbe-associated molecular patterns
(MAMPs) (proteins, sugars, and secondary metabolites) or
elicitors recognized by specific receptors (Avni et al. 1994)
and defense-related hormones (Martinez-Medina et al. 2013)
has been demonstrated. Plant response to pathogens, modified
by Trichoderma spp., corresponds to a differential expression
of dozens of genes (Alizadeh et al. 2013; Mastouri et al. 2012;
Tucci et al. 2011), may include a priming status (ISR-prime
and ISR-boost phase) (Brotman et al. 2012; Conrath et al.
2006; Perazzolli et al. 2011; Tucci et al. 2011; Vos et al. 2014),
and could result in enhanced pathogen-associated molecular
pattern-triggered immunity and effector-triggered immunity
(Lorito et al. 2010). Fungal molecules found to be involved
include i) enzymes such as cellulases and xylanases (Collen et
al. 2005; Martinez et al. 2001), although the catalytic activity
may be unrelated to the elicitation property (Furman-
Matarasso et al. 1999; Rotblat et al. 2002); ii) other proteins
such as the Trichoderma virens 18-kDa serine protease (Hanson
and Howell 2004) or SM1, EPL1, and EPLT4, secreted by T.
virens, T. atroviride, and T. asperellum, respectively (Djonovic
et al. 2006; Seidl et al. 2006a,b; Vargas et al. 2008; Wang et al.
2013a); iii) a T. asperellum swollenin also supporting root
colonization (Brotman et al. 2008); and iv) secondary metabo-
lites such as the 6-pentyl-o-pyrone and harzianolide (Malmierca
et al. 2012; Vinale et al. 2012). In contrast, much less is known
about the molecular factors eventually supporting the Tricho-
derma plant growth promotion (PGP) activity. The outcome,
which can be strongly dependent on the plant genotype (Tucci
et al. 2011), may include enhancement of plant size, root sys-
tem, stem length and thickness, leaf area, chlorophyll content,
size or number of flowers or fruit, and yield. These effects may
be due to improved nutrient availability (Altomare et al. 1999)
or production by the fungus of phytohormons or molecules
acting as such (Qi and Zhao 2013; Vinale et al. 2009; Zhang et
al. 2013) or substrate detoxification (Caporale et al. 2014).

The near ubiquitous filamentous fungi hydrophobins are
among the most active surface or secreted proteins known
(Linder et al. 2005). They are classified on the basis of chemi-
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cal properties (hydrophobicity and solubility) into two classes
(Wessels 1999), where the class II hydrophobins have a degree
of solubility in water much higher than those of class I, espe-
cially in the presence of ethanol or sodium dodecyl sulfate
(SDS) (Wang et al. 2013b). In most cases, these proteins have
been found to support developmental processes, including
the formation of aerial hyphae, spores, and fruiting bodies
(Whiteford and Spanu 2002; Wosten 2001). However, several
hydrophobic proteins and peptides, isolated from fungi, have
been shown to affect plant development (i.e., QID74 of Tricho-
derma spp.) (Samolski et al. 2012), resistance to disease (i.e.,
SM1, EPL1, and EPLT4, all from Trichoderma spp.) (Djonovic
et al. 2006; Seidl et al. 2006b; Wang et al. 2013a), or health
(i.e., cerato-ulmin and members of the cerato-platanin family)
(Baccelli et al. 2014; Martellini et al. 2013). In addition, fungal
hydrophobins are known to be involved in the plant-ectomy-
corrhiza interaction which, to a certain extent, may resemble
the Trichoderma—plant interaction (Acioli-Santos et al. 2008;
Tagu and Martin 1996).

In this article, we present a novel 7.2-kD hydrophobin con-
stitutively secreted by T. longibrachiatum, and the evidence
that it has multiple roles in the fungus and different effects
both on plants and other microbes, including direct inhibition,
ISR, and growth promotion. Our data suggest that this protein,
which may be related to peptides with similar properties found
in other Trichoderma spp., may represent an example of a fac-
tor specifically developed by rhizosphere-colonizing fungi to
support a mutually beneficial interaction with plant roots.

RESULTS

Purification and characterization.
The search for MAMPs with chitin-binding ability (van den
Burg et al. 2003, 2006) in the low molecular weight secre-
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Fig. 1. Silver-stained sodium dodecyl sulfate polyacrylamide gel electro-
phoresis of HYTLO1 hydrophobin from Trichoderma longibrachiatum ex-
tracted from culture filtrate obtained by growing the fungus on Murashige
and Skoog (MS) amended with plant tissue. Lane 1, pure HYTLO1 from
T. longibrachiatum; lane 2, total protein (secreted) extract from 7. longi-
brachiatum culture filtrate; lane M, molecular weight markers in kilodaltons.
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tome of the T. longibrachiatum biocontrol strain MK1 revealed
a protein of about 8 kDa (Fig. 1) profusely produced when
the fungus was grown in salt liquid media enriched, as the only
carbon source, with plant tissue, fungal biomass, or cellu-
lose. Sequencing of the N’ terminal followed by a 3’ random
amplification of cDNA ends (RACE) resulted in identifica-
tion of a gene encoding a class II hydrophobin (Supplemen-
tary Fig. S1) from various fungi, including T. reesei, T. harzi-
anum, T. virens, T. atroviride, Claviceps purpurea, and Meta-
rhizium anisopliae. The new gene was named Hytlol (acces-
sion number EF419429, originally named Hytral). Its cDNA
sequence was 216 bp long, while the predicted protein had
71 amino acids, with eight cysteine residues arranged in the
strictly conserved hydrophobin motif X,-C-Xs.;o-C-C-X|_44-
C-X3.23-C-X;5.9-C-C-X4.13-C-X,,, and a molecular weight of
7,218 Da. The genomic copy, obtained by polymerase chain
reaction (PCR), was 361 bp and contained two introns of 72
and 73 bp. Southern analysis indicated the presence of a
single copy of Hytlol in the genome of T. longibrachiatum
MKI1 (Fig. 2). Northern analysis showed that the expression
of this gene was both constitutive and particularly stimulated
by growing the fungus in Murashige and Skoog (MS) me-
dium with 1% cellulose, 1% chitin, or 1% tomato tissue ex-
tracts. Interestingly, the presence of Rhizoctonia solani cell
walls or culture filtrate decreased Hytlol expression (Fig. 3).
Purification of HYTLO1 from culture filtrate of 7. longi-
brachiatum was obtained by growing the fungus for 7 days in
liquid MS, with a yield of 15 mg/liter of culture. In this study,
genomic sequences reacting with the Hytlol probe (entire se-
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Fig. 2. Southern analysis of different Trichoderma spp. by using the
Hytlol hydrophobin gene as a probe (entire genomic sequence). Lane 1,
Trichoderma virens; lane 2, T. reesei; lane 3, T. gelatinosa; lane 4, T. ham-
atum; lane 5, T. harzianum; lane 6, T. minutisporum; lane 7, T. viride; lane
8, T. aggressivum; lane 9, T. longibrachiatum; lane 10, T. atroviride; lane
11, T. strictipile;and lane 12, T. brevicompactum.

Fig. 3. Expression of Hytlol gene from Trichoderma longibrachiatum
MKI1 in the presence of different carbon sources, plant pathogen culture
filtrates (CFs), or cell wall. Lane 1, Murashige and Skoog (MS) + 1%
(wt/vol) cellulose; lane 2, MS+ 1% (wt/vol) chitin; lane 3, MS + 1%
(wt/vol) tomato leaves; lane 4, MS + 1% (vol/vol) Rhizoctonia solani CF;
lane 5, MS + 1% (wt/vol) R. solani cell walls; and lane 6, MS + 1%
(wt/vol) sucrose.
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quence) were found only in 7. minutisporum and T. aggressi-
vum among 12 species of Trichoderma tested by Southern
analysis (Fig. 2).

Direct antifungal activity.

Purified HYTLOlwas able to directly inhibit both spore
germination and hyphal elongation of Botrytis cinerea and
Alternaria alternata in vitro even when used at very low con-
centration (starting at 1 uM), with no apparent effects on T.
longibrachiatum (Fig. 4A). Interestingly, type II hydrophobins
purified by using the same methods from two strains of 7. har-
zianum did not show the same inhibitory effect (Fig. 4B).
Antifungal activity was found when the protein was either
dispersed in the liquid or incorporated into an agarized growth
medium.

Plant protection effect.

Co-application of purified HYTLO1 and B. cinerea on
tomato leaves significantly reduced or almost completely
blocked the appearance of symptoms when the protein was used
at a rate of 2.5 uM or more in the treating solution applied as a
spray (Fig. 5). A similar effect was recorded on cucumber,
sweet pepper, and zucchini challenged also with B. cinerea
(data not shown). In terms of systemic enhancement of disease
resistance, HYTLO1 was able to significantly reduce lesions
caused by this pathogen when infiltrated at a rate of 2.5 pM in
distal leaves (Fig. 6A). If the hydrophobin was applied as a
spray treatment to the basal leaves of plants challenged with

B. cinerea on the upper leaves, the difference with the control
was less remarkable (Fig. 6B). However, the reduction of
symptom development was more pronounced if plants were
seed-treated with the biocontrol strain T22 of T. harzianum
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Fig. 5. Effect of HYTLO1 application on the lesion development on
tomato leaves challenged with the pathogen Botrytis cinerea. For each
concentration, 10 pl of pure HYTLO1 was applied on tomato leaves and,
after 2 h, 10 ul of a B. cinerea spore suspension (1 x 10° spores/ml) was
applied at the same point. Measures were taken 72 h postinoculation. Values
are means of at least three different experiments, with five replicates and a
total of 15 leaves used per treatment. Bars indicate standard deviations.
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Fig. 4. Direct antifungal activity of HYTLO1 hydrophobin from Tricho-
derma longibrachiatum. Inhibition of Botrytis cinerea and Alternaria al-
ternata observed in A, axenic liquid cultures and B, enzyme-linked im-
munosorbent assay plates. In the latter case, lightly colored versus dark
spots (fully grown fungal colony may tend to melanize) indicate an inhibi-
tory effect, determined also by comparing HYTLOI1 with two similar
hydrophobins extracted from 7. harzianum strains T22 and M10.

Fig. 6. Effect of HYTLOI1 application, alone or in combination with
Trichoderma harzianum T22, on the induction of systemic resistance in
tomato and pepper. A, Tomato plants were leaf-infiltrated with 10 pl of a
2.5-uM water solution of the hydrophobin and lesion development was
evaluated on distal, not treated leaves. Treated and control leaves are the
two on the right and the two on the left, respectively. B, Sweet pepper
plants were sprayed on the basal leaves with a HYTLO1 water solution at
two different concentrations (10~ and 10 M = —5 and —6 in the graph),
and inoculated after 24 h with 10 pl of a Botrytis cinerea spore suspension
at 1 x 10%ml on the upper leaves. For treatment with T22, seed were
soaked in a 1 x 107 spore/ml suspension of the fungus and allowed to dry
before seeding. Size of necrotic area were determined 2 and 3 days postin-
oculation (dpi). Values are means of at least three different experiments,
with five replicates and a total of 15 leaves used per treatment. Bars indi-
cate standard deviations. For each group, different letters indicate a signifi-
cant difference (P < 0.001).
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(Fig. 6B), a fungus that yielded a type II hydrophobin lacking
the direct antifungal activity shown by HYTLOI1 (Fig. 4B).

PGP effect.

Purified HYTLO1 was able to generally enhance plant
growth by affecting seed germination, plantlet development,
stem size, root and leaf formation, and so on. The application
rate used determined the nature (positive or negative) of the
effect on the germination of tomato seed, with a partial or to-
tal inhibition when the protein was applied at a concentration
in the media higher than 0.31 pM (up to 10 uM were tested)
and an enhancement of germination when it was used at 0.31
to 0.1 uM (data not shown). The same results were obtained
when the effect on seedling development was determined
(Fig. 7A). Soaking of a tomato plantlet in a HYTLO1 0.01 uM
water solutions generally resulted in enhanced root develop-
ment (Fig. 7B). Furthermore, formation of new roots was stim-
ulated when tomato stem cuttings where treated with the
fungal hydrophobin at 0.31, 0.075, or 0.018 uM concentra-
tion (Fig. 7C). Application of HYTLO1 (0.01 uM water solu-
tion) to tomato plants strongly promoted growth both below
ground and above ground in sterilized soil (Fig. 8). Spraying
versus drenching produced the best results, with an obtained

increase of about 50 to over 100% of plant height, root length,
number of leaves, stem diameter, and total fresh weight com-
pared with water-treated controls (Fig. 8). Interestingly, the
spray application of the hydrophobin was more effective than
the treatment with the HYTLO1-producing strain MK1 (Fig.
8).

In another experiment performed in natural, unsterilized soil,
HYTLOL1 applied as drenching produced a constant increase in
tomato plant height, root length, root and stem fresh weight,
and root and stem dry weight not only versus treatment with
water but also in comparison with the commercial formulation
of T. harzianum T22 or an auxin-based commercial product,
Germon-E (Fig. 9). Purified HYTLOI1 displayed a PGP effect
also on Arabidopsis, cacumber, Lotus japonicus, and artichoke
plants, as tested in vitro or in vivo (Fig. 10).

Plant molecular response.

The purified T. longibrachiatum hydrophobin produced a
strong biochemical response when injected into tomato leaves
as a 10-ul water solution, depending on the dose used (from
0.31 to 10 uM). Macroscopically, HYTLO1 applied at 0.31,
0.62, and 1.25 pM produced no response up to 96 h postinjec-
tion (hpi) (Fig. 11A). Concentrations of 2.5 and 5.0 uM only

Control

Control

Fig. 7. Effect of purified HYTLOL1 application to tomato seedling development and rooting. A, Trichoderma longibrachiatum hydrophobin was incorporated
into the agarized medium at the indicated concentration. B, Roots were dipped into a HYTLO1 solution at 0.01 pM. C, Tomato stem cuttings soaked in a

0.018-uM hydrophobin solution versus water-treated control.
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caused a strong auto-fluorescence under UV light starting from sive hypersensitive response (HR), and a clear autofluores-
12 hpi (Fig. 11B and C). HYTLO1 at 5 uM generated necrotic cence already at 24 hpi (Fig. 11E). Leaf injection of HYTLO1
spots at 96 hpi (Fig. 11D), while treatment with 10 uM pro- generally stimulated the activation of defense-related responses,
duced a strong necrogenic reaction, possibly due to an exten- including reactive oxygen species (ROS), superoxide dismu-

OControl ®WHYTLO1W WLHYTLO1S HEMK1

Fig. 8. Effect of Trichoderma longibrachiatum HYTLO]1 applied ectopically on tomato plants. Plants were sprayed (HYTLO1 S) or watered (HYTLO1 W)
with a 0.01-uM solution of the hydrophobin or watered with a 1 x 107 spore/ml suspension of T. longibrachiatum MK1 weekly for 1 month. Control plants
were sprayed or watered with sterile water. Values are means form at least three different experiments. For each group, different letters indicate a significant
difference (P < 0.001).
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Fig. 9. A to C, Effect of HYTLOI treatment on the growth of tomato cuttings compared with Trichoderma harzianum T22 and the commercial hormone
(NAA) formulation Germon-E (Gr-E) (L. Gobbi s.r.l., Genova, Italy). Tomato cuttings were soaked in 7. harzianum T22 spore suspension, Germon-E, 0.01
uM HYTLOI1 water solution or B, 0.01 pM HYTLO1 water solution in combination with Germon-E. In A, Percentage of increase was obtained by using
HYTLOL versus the indicated treatment.
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tase (SOD), oxylipin, phytoalexin, and pathogenesis-related
(PR) protein formation or activity (Figs. 12 and 13).
Superoxide anion production was rapidly enhanced by the
fungal hydrophobin in the treated leaves although, after an
early peak, the ROS level decreased to that of the control (Fig.
12A). HYTLOL1 at 0.15 and 2.5 pM increased the O,” amount
to a level that remained constant for up to 48 hpi or progres-
sively increased in time, respectively (Fig. 12A). Instead,
HYTLO1 5.0 uM caused a strong early reaction that, however,
totally dissipated between 6 and 24 hpi (Fig. 12A). Activation
of SODc at pH 7.8 (putatively cytosolic) and SODp at pH 10.0
(putatively peroxisomal) in response to ROS accumulation was

also stimulated by the treatment, mainly 48 hpi with the pro-
tein applied at 2.5 uM (Figs. 12B and C). No effect on O, ac-
cumulation and SOD activity was found in distal leaves (data
not shown). Concentration of peroxides (R-OOH), as related to
a typical oxidative burst reaction, was systemically increased
by HYTLOI, especially when the hydrophobin was applied at
the lower dose, in both the treated and distal leaves (Fig. 12D
and E). Trichoderma MK1 hydrophobin also activated lipoxy-
genase (LOX) in treated (Fig. 12F and G) but not in distal
leaves (data not shown). In particular, some products of LOX
activity (namely, 9- and 13-H(P)ODE), known to be related to
stress, jasmonate synthesis, and HR (Montillet et al. 2004),
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Fig. 10. Plant growth promotion effect of HYTLO1 on A, Arabidopsis growth and B, seed germination and of root development of C, Lotus japonicum and
D, artichoke plants. HYTLO1 was applied by root irrigation (A and B) or incorporated into the medium (C and D).

Fig. 11. Response of tomato leaves injected with purified HYTLOL1 solution of Trichoderma longibrachiatum, Images show accumulation of fluorescent
defense-related compounds and necrotic plus chlorotic reactions. The hydrophobin was used at A, 1.25 uM (96 h postinoculation [hpi]); B and C, 2.5uM (12
hpi); D, 5.0 uM (96 hpi); or E, 10 uM (24 hpi). Effect on control leaves injected with the solvent at 96 hpi F, under visible light and G, under UV light).
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were positively affected at 24 and 48 hpi when HYTLO1 was
used at a concentration of at least 2.5 pM (Fig. 12G). The pro-
duction of the phytoalexin rishitin appeared also to be stimu-
lated on injected leaves 24 and 48 hpi, particularly if the hy-
drophobin was applied at 2.5 uM (Fig. 12H), which is the
same treatment that produced the maximum increase of oxylipin
production (Fig. 12G). Finally, the fungal protein amended to
the growth medium of tomato seedling at 0.15, 2.5, and 5.0
UM enhanced expression of PR1 and PR4 but not that of PIN2-
encoding genes (Fig. 13). Also, in this case, the strongest re-
sponse (up to a 14-fold increase) was obtained with 2.5 uM.
Interestingly, watering of Arabidopsis with a solution of 0.1
UM doubled the level of jasmonic acid, while that of salicylic
acid was not altered after 4 weeks of growth (data not shown).

Transgenic expression and targeted knock-out.

Hytlol was transgenically expressed in tomato and tobacco
by using the Agrobacterium tumefaciens transient assay (ATA)
and a Potato virus X (PVX)-based construct. Hytlol expression
in planta was confirmed by DotBlot hybridization and reverse-
transcriptase (RT)-PCR (data not shown), and two different to-
mato lines (HYTLO2 and HYTLO4) were selected for further
testing. The effect of the transgenic expression of the fungal
hydrophobin in planta includes i) a promoted growth associ-
ated with an epinastic deformation of the leaves in tomato

(Fig. 14A); ii) an enhanced formation and development of new
roots in tomato, as seen, for instance, when cuttings of lateral
stem branches or of leaves were simply dipped in water for a
few days (Fig. 14B); and iii) an increased weight and develop-
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Fig. 13. Effect of HYTLOLI application on PR1, PR4, and PIN2 expression
in tomato seedlings. Protein solution at the indicated concentration was ap-
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ment. Expression levels are reported as fold increase relative to the untreated
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ment of tobacco leaves (Fig. 14C and D). Further, the two se-
lected transgenic lines of tomato developed smaller necrotic
areas when leaf-inoculated with B. cinerea (Fig. 15), as de-
tected 1 to 3 days after the pathogen application.

Targeted gene knock-out of Hytlol was obtained in 7. longi-
brachiatum MK1 and confirmed by RT-PCR and Northern and
Southern analysis (Supplementary Fig. S2A through C). Com-
pared with the wild type (WT), the six transformants, selected
among those showing a single insertion, had a comparable
growth rate on solid or liquid substrates, produced spores simi-
lar in color and shape, and did not accumulate in the culture
filtrate a HYTLO1 band detectable by silver staining (data not
shown). The mutants were much less mycoparasitic than the
WT when tested on dual-culture plates against R. solani,
Pythium ultimum, or B. cinerea but acted similarly to the WT
against A. alternata (Supplementary Fig. S3). Coating of tomato
seed with the selected AHytlol mutants resulted in a reduced
ISR-mediated biocontrol effect, as demonstrated by following
the development of necrotic lesions caused by B. cinerea inocul-
ated on the leaves (Fig. 16A). In addition, the loss of Hytlol
function negatively affected the MKI1 ability to stimulate root
development (Fig. 16B) and increase the plant fresh weight.

DISCUSSION

Hydrophobins have a recognized role in a variety of biologi-
cal functions in fungi, ranging from formation of aerial struc-
tures to stimulation of the interaction with potential hosts or
symbiotic partners (Sunde et al. 2008; Tagu et al. 2002). They
may also affect soil structure and properties; for example, by
supporting the formation of hydrophobic patches that prevent
water penetration (Rillig 2005). Fungi of the Trichoderma ge-
nus have been found to produce a wide range of hydrophobins,

with 42 class II of them identified from nine different species
and grouped in the three clearly distinct clades HFB1/2, HFB3,
and HFB4 (Kubicek et al. 2008). HYTLOI is a class II hydro-
phobin, as deduced from its nucleotidic and aminoacidic se-
quence, and belongs to HFB1/2 clade, together with HFB2
(Hypocrea iecorina), TCK2 (T. cf. koningiopsis), HV_la (H.
virens), and TAE_3 (T. aggressivum var. europeae).

Strains of Trichoderma, especially those selected for agri-
cultural applications, are well described as capable of interact-
ing in a variety of ways with other microbes, plants, soil com-
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pounds, nematodes, and so on (Le et al. 2009; Liu et al. 2013;
Maag et al. 2014). It is not uncommon to find in literature re-
ports that describe the ability of specific strains to concurrently
act as mycoparasites or direct pathogen antagonists, plant de-
fense response inducers, as well as growth stimulators, by using
multiple molecular mechanisms. Therefore, it is expected to
find, in the interaction proteome or metabolome, molecules
having different roles and biological properties (Vinale et al.
2012). The results presented in this article indicate that the
newly found hydrophobin HYTLOI1, constitutively produced
and abundantly secreted in culture filtrate by 7. longibrachia-
tum MKI1, is involved in mycoparasitism, ISR activation, and
plant growth stimulation.

The direct antifungal activity of HYTLOI1 seems to be a
peculiar characteristic of this hydrophobin produced by T. longi-
brachiatum, because similar proteins isolated, for instance,
from two strains of T. harzianum, including the widely used
T22, were not inhibitory on at least two different fungal patho-
gens (Fig. 4B). In fact, this property was not reported for other
hydrophobic proteins isolated from T. virens, T. atroviride, and
T. asperellum such as SM1, EPL1, and EPLT4. Coherently, we
found a role for HYTLO1 in mycoparasitism based on the
reduced ability of the knock-out mutants to overgrow different
fungal hosts in dual-culture plate assays. Direct antifungal ac-
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Fig. 16. Effect of targeted Hytlolknock-out on Trichoderma longibrachia-
tum A, induced systemic resistance and B, plant growth promoting ability.
A, Lesion development on leaves of tomato plants challenged with Botry-
tis cinerea and seed-treated with water (Control), T. longibrachiatum MK1
wild type (WT), a selected AHytlo/mutant (T3), or an empty vector trans-
formant (Thph), as tested for up to 5 days postinoculation (dpi). B, Root
growth of tomato plants seed-treated with water, MK1 WT, three selected
AHytloImutants (T1, T3, and T4), or an empty vector transformant (Thph)
after 4 weeks of growth. Mutant T4 is a spontaneous hygromycin-resistant
mutant that lacked a stable hph cassette insertion and deletion of Hytlol.
Bars indicated standard deviations.

tivity may also have allowed the hydrophobin to inhibit the
growth of B. cinerea when co-applied on tomato leaves (Fig.
5). This peculiarity may be related to the capability of T. longi-
brachiatum, including strain MK1, to grow at 37°C and even-
tually colonize a variety of living tissues (Salas et al. 2011).
Indeed, the potential use of this species for biocontrol has
recently received more attention by the scientific community
(Sobowale et al. 2010; Yi and Chi 2011; Zhang et al. 2014).

Particularly noticeable is the effect of the purified HYTLO1
on plants, applied either by infiltration, root dipping, spraying,
or transgenically. The main macroscopic response was a hor-
mone-like promotion, as seen at very low doses, of growth and
development, especially at the root level, whereas the protein
was phytotoxic if applied at higher concentrations (Figs. 7, 8,
and 10). The stimulatory activity was even more pronounced
than that of a commercially available formulation based on
naphthalene acetic acid (NAA) (Fig. 9), with a response com-
parable with or stronger than that obtained with the application
of the living fungus (Fig. 8). Actually, the effect of either MK1
or the commercial strain T22 could be significantly enhanced
by adding to the soil or spraying on the plants purified
HYTLOL1 at a concentration as low as 0.01 uM (Figs. 8 and 9).
The positive interaction was noted not only on roots but also
on stem and leaves, and concerned a variety of plants (Fig.
10). Enhanced de novo root formation was clearly observed
also on cuttings from tomato plants transgenically expressing
the hydrophobin gene (Fig. 14). Finally, the expression of
Hytlol was increased by adding cellulose or tomato tissue
extracts in the fungus-growing medium (Fig. 3), whereas
AHytlol mutants lost some of their ability to stimulate the
plant root development compared with the WT (Fig. 16). All
together, these data suggest that HYTLO1 has been naturally
selected because it supports the mutualistic symbiosis that
MK is able to establish with the plant, allowing the formation
of more roots while providing protection from pathogens. We
are further investigating the molecular base of this mechanism,
and have preliminary data suggesting that HYTLO1 reduces
the level of indole-3-acetic acid while it increases that of
abscisic acid in Arabidopsis (M. Nigro and M. Grant, personal
communication), and stimulates hypocotyl bean curving due to
an accelerated development (data not shown).

HYTLO1 was also able to act as a MAMP, by eliciting the
plant defense response. For instance, tomato and bean leaves
were more resistant to B. cinerea when the hydrophobin was
applied transgenically or in a purified form (Figs. 6 and 15).
This was a somehow expected effect, because it has been
reported also for SM1 on cotton cotyledons challenged with
the foliar pathogen Colletotrichum sp. (Djonovic et al. 2006).
Several reports indicate that the proteome and metabolome of
plants interacting with effective Trichoderma strains are sub-
stantially modified, including an upregulation of genes involved
in defense response, ROS scavenging, stress response, isoter-
penoid and ethylene biosynthesis, photosynthesis, and amino
acid and carbohydrate metabolism (Marra et al. 2006; Segarra
et al. 2007; Shoresh et al. 2010). In particular, colonization by
T. harzianum T22 substantially enhanced the redox state of
tomato, increasing the activity of SOD and peroxidase as well
as that of ROS scavenging (Mastouri et al. 2012). In fact, the
treatment with purified HYTLO1 stimulated tomato antioxi-
dant defenses. The detected reaction in tomato included an
increase in i) superoxide anion formation, followed by a rapid
decline of the ROS level; ii) SOD activation, but not on distal
leaves; iii) concentration of peroxides, as typically associated
with an oxidative burst, also on distal leaves; and iv) LOX9
and LOX13 activity (Fig. 12). LOX stimulation has been re-
ported in cucumber (Shoresh et al. 2005), Arabidopsis (Segarra
et al. 2009), and tomato (Mastouri et al. 2012; Tucci et al. 2011)
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treated with living Trichoderma spp., while peroxidase was en-
hanced, both locally and systemically, by the application of
either the microbe or the hydrophobin-like protein SMI1
(Brotman et al. 2013; Djonovic et al. 2006; Segarra et al. 2007,
2009; Yedidia et al. 2003). A controlled formation of lipoper-
oxides due to LOX activity on polyunsaturated fatty acids such
as linoleic and linolenic acid can serve as a source of second-
ary messengers (Vijayan et al. 1998) and defensive compounds
(Hamberg 2000). These data, together with the increased accu-
mulation of the phytoalexin rishitin (Fig. 12H) and other phe-
nolic compounds (Fig. 11), PR1 and PR4 (Fig. 13), as well as
of jasmonic acid content, clearly indicate that T. longibrachia-
tum, also by means of HYTLOL, elicits a plant defense pro-
gram somehow similar to that activated by a pathogen
(Bhattacharya et al. 2010; Zipfel 2008). In fact, plants treated
with HYTLO1 were more resistant to a pathogen challenge,
both locally and systemically (Figs. 5 and 6). Interestingly, we
have recently demonstrated that the same 7. longibrachiatum
strain that secretes HYTLOI1 also increases tomato attractive-
ness to beneficial insects (predators and parasitoids) by sub-
stantially modifying the pattern of released volatile compounds
(Battaglia et al. 2013).

The data presented in this article clearly indicate that
HYTLOL or the encoding gene represents an important rhizo-
spheric signal in plant-Trichoderma spp. interaction and could
be regarded as a symbiosis-related protein. Finally, it has a sig-
nificant biotechnological value, because this fungal hydrophobin
can be useful for direct treatment of crops or transgenically to
enhance plants or beneficial microbes.

MATERIALS AND METHODS

Fungal strains and plant species.

The HYTLOI1 hydrophobin and the encoding gene were ob-
tained from strain MK1 of T. longibrachiatum (Battaglia et al.
2013), which was isolated from tomato roots and selected for
its rhizosphere competence, PGP effect, and biocontrol ability.
Hydrophobins were also obtained from the commercially used
strain T22 (Trianum, Koppert) and the biocontrol fungus 7.
harzianum M10 (Vinale et al. 2013). The pathogens B. ci-
nerea, A. alternata, P. ultimum, and R. solani were obtained
from the culture collection of the Department of Agriculture of
the University of Naples Federico II, Italy. Mature spores or
fresh mycelia, both obtained in potato dextrose agar (PDA)
petri dishes, were used for the assays. T. longibrachiatum was
grown in MS base medium plus 1% sucrose unless differently
indicated. The plants (Arabidopsis thaliana, Capsicum annuum,
Cucumis sativus, Cucurbita pepo, Nicotiana benthamiana, So-
lanum lycopersicum, Lotus japonicum, and Cynara cardun-
culus) used in this study were grown in a growth chamber at
25°C and 80% relative humidity (RH) with a photoperiod of
16 h of light, or in vitro in agarized MS base medium amended
with 1% sucrose.

Hytlo1 purification and characterization.

A T longibrachiatum spore suspension (100 pl of 10®
spores/ml) was used to inoculate Erlenmeyer flasks containing
100 ml of MS plus ground tomato tissue (1%). After 7 days at
25°C and 150 rpm, the culture filtrate (CF) was separated from
the biomass by filtration with Miracloth paper (Calbiochem,
La Jolla, CA, U.S.A.) and subsequent centrifugation at 20,000
rpm for 20 min. The obtained clear CF was poured into a sepa-
rator funnel, vigorously shaken for 5 min, and decanted for an
additional 5 min. The upper phase, made of stable foam, was
recovered and dissolved in 70% ethanol. Protein concentration
was determined fluorometrically by using the Qubit protein
assay kit (Invitrogen) and samples were stored at —20°C until
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use. For SDS polyacrylamide gel electrophoreses (PAGE), ali-
quots of 1 pg of proteins obtained from the foam were dissolved
in a 0.05 M Tris-HCI (pH 8.8) and 6 M urea buffer and then
loaded onto 16% polyacrylamide gels for SDS-PAGE, as de-
scribed elsewhere (Marra et al. 2006). Sequencing of the
excised protein band was performed at the CNR-ISPA, Italy.
ExPASy, EMBOSS, and ClustalW were used for computa-
tional analysis and sequence alignments.

Cloning and analysis of Hytlo1 gene.

Starting from the 15 amino acids obtained by N-terminal
sequencing, the cloning of the complete Hytlol cDNA was
obtained by using the 5’/3” RACE kit (Roche, Basel, Switzer-
land), following the manufacturer’s directions and the forward
primer (Hytlolfor = GCTGTCTGCCCTACC). The obtained
amplicon of about 400 bp in size was excised from the gel and
cloned in the pGEMT Easy vector (Promega Corp., Madison,
WI, U.S.A)), followed by sequencing (MWG Biotech AG,
Ebersberg, Germany) and BLASTX analysis. To obtain the
Hytlo1gDNA the primer Hytlolrev (= ACCTCGCCGAAGAC
GACGT) was designed and used in combination with Hytlo1for.

For Southern analysis, 5 pg of genomic (g)DNAs from the
T. longibrachiatum WT or the transformants were overnight
digested with HindIll and a standard protocol was used
(Ruocco et al. 2009) Hybridization was performed at 42°C for
18 h in digoxigenin (DIG) easy Hyb buffer (Roche, Basel,
Switzerland) by using the complete DIG-labeled gDNA as a
probe (361 bp). For Northern analysis, 2-day-old mycelia for
RNA extraction were obtained in MS + 1% celluose, chitin,
tomato tissue, glucose, R. solani CF, or R. solani cell walls.
The protocol is described elsewhere (Ruocco et al. 2009), with
the DIG-labeled 361-bp Hytlol gDNA used as the probe.

Targeted disruption of Hytlo1.

For targeted gene disruption, the following primers were
used to obtain two Hytlol 5" and 3’ fragments of 201 bp (MA-
MB) and 227 bp (MC-MD), respectively: MA (GCTGCAGAT
CTACCGGCCTCTTCTCC) and MB (GGGCTTAGGCCTCA
GAACACCCTGC), containing Bg/II and Stul restriction sites,
respectively, at 5"; and MC (CAGTAATCTAGAGTTTGCTTT
ACC) and MD (TTTTTTAAGCTTCTTTTCTCATATG), con-
taining Xbal and HindlIl restriction sites, respectively, at 5.
The pAN7-1 (Punt et al. 1987) was digested with Xbal and
HindIlI to accommodate the MC-MD fragment and with Bg/II
and Stul to insert the MA-MB fragment. The resulting con-
struct, containing Hytlol interrupted by the hph gene, was used
with a standard protoplast transformation to obtain AHytlol
mutants of 7. longibrachiatum MK1 (Ruocco et al. 2009).
Progenies were selected on PDA + hygromycin at 100 ppm,
single spored, and PCR analyzed by using the Hytlo1for and
Hytlol1rev primers, as well as by Southern and Northern analy-
sis as described above.

Direct antifungal activity.

T. longibrachiatum and pathogen spores were incubated in
potato dextrose broth (PDB) (Difco) in flat-bottom tissue culture
plates at 25°C (Lorito et al. 1996) in the presence of HYTLOL1 at
the indicated concentrations. Assay mixtures contained 20 pl of
a conidial suspension (10° to 10° conidia/ml) of the tested fungi
(B. cinerea, Alternaria alternata, or T. longibrachiatum), 70 pl
of 1x PDB, and 10 pl of HYTLO1 water solution. Controls con-
tained water + ethanol (HYTLOI1 solvent) at the appropriate
concentration (<0.5%). Spore germination was evaluated opti-
cally and microscopically after 24 h (Fig. 4A) and 72 h (Fig.
4B). Dual-plate inhibition assays of AHytlol mutants against R.
solani, B. cinerea, A. alternata, and P. ultimum were performed
as described by Ruocco and associates (2009).



Plant protection assays.

For all of the tests, plant seed were sterilized in 2% sodium
hypochlorite for 20 min and thoroughly washed in sterile dis-
tilled water before seeding in pots (two plants each) containing
1 liter of soil. Co-application experiments (Fig. 5) were per-
formed by adding 10 pl of a solution of purified HYTLO1 at
different concentration and 10 pl of solvent solution (0.5%
ethanol) as the control. A B. cinerea spore suspension (10 ul at
10° mI™!) was applied 2 h later at the same point, and plants
were enveloped in transparent plastic bags and incubated in a
growth chamber at 18°C with a photoperiod of 16 h of light.
Necrotic lesions area was determined 24, 48, and 72 hpi. In-
duced resistance experiments (Fig. 6) were performed by 1) de-
termining the development of symptoms in leaves distant from
those injected with 10 pl of the HYTLO1 solution (Fig. 6A)
or ii) spraying with the HYTLOI1 solution the basal leaves of
5-week-old plants, of which the upper part was enveloped in a
plastic bag, followed by B. cinerea infection (see above) after
24 h on the nontreated leaves. When a Trichoderma treatment
was present (WT or mutants), the protocol described by Tucci
and associates (2011) was used.

PGP assays.

In vitro tests were performed by germinating plants on
agarized MS + 1% sucrose containing HYTLOL1 at different
concentrations or water (<0.5% ethanol) as a control, or by
leaving cuttings for 15 days at 25°C and 80% RH in the indi-
cated HYTLOI solution. For in vivo tests, plants were treated
with Trichoderma spores or HYTLO1 or the commercial
(NAA) hormone formulation Germon-E (L. Gobbis.r.l., Genova,
Italy) by soaking (Fig. 9) the plantlets or soaking the seed fol-
lowed by watering or spraying (Fig. 8). In the latter case,
plants were irrigated weekly with 50 ml of an MK1 10° ml™!
spore suspension or sprayed with 20 ml of a solution con-
taining HYTLOI1 at 0.072 pg/ml (0.01 uM) once per week for
1 month. For comparison experiments shown in Figure 9, roots
were detached from 2-week-old tomato plantlets which were
then soaked for 5 min in water (control) or in a suspension of
T. harzianum T22 spore (107 spores per ml), Germon-E (at the
dose indicated by the manufacturer), HYTLO1 at 0.01 uM, or
Germon-E plus HYTLO1 at the same concentrations as the
compounds applied alone. AHytlol mutants were tested by
using the seed coating protocol described by Tucci and associ-
ates (2011).

Plant molecular response.

Macroscopic effect of HYTLOI1 leaf injection was deter-
mined by using the protocol described above. Molecular re-
sponse of tomato plants was determined on lyophilized tissues
(10 mg) collected 6 to 48 hpi and homogenized in liquid nitro-
gen. Anion superoxide (Fig. 12A) was detected by measuring
the reduction of 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino) carbonyl]-2H-tetrazolium hydroxide (XTT) to
formazan (Sutherland and Learmonth 1997), with XTT levels
expressed as mean absorbance values per milligram of tissue *
standard errors of the means. Total hydroperoxides (R-OOH)
(Fig. 12D and E) were spectrophotometrically analyzed at 560
nm by monitoring the oxidation of xylenol orange with the
modification described by Banerjee and associates (2003).
SOD at pH 7.8 and 10.0 (EC 1.15.1.1) and LOX enzyme (EC
1.13.11.12) activities (Fig. 12B, C, and F) were determined as
described elsewhere (Reverberi et al. 2006). Hydroperoxyocta-
decadienoic acid (9- and 13-HPODE) content was measured
by high-performance liquid chromatography mass spectrome-
try using the protocol described by Reverberi and associates
(2006). For determination of rishitin content, 50 mg of tissue
was extracted with methylene chloride (2 ml) in the presence

of 100 ug of BHT. Tubes were left in a fume hood for 15 or 20
min and occasionally shaken, while the extracts were filtered
(Whatmann 3 MM) and dried under nitrogen flow. Rishitin
was quantified by gas chromatography mass spectrometry as
described by Fanelli and associates (1992). Quantitative RT-
PCR analysis of the genes encoding for PR1, PR4, and PIN
was performed in tomato by using the protocol described by
Tucci and associates (2011). All the PCRs displayed efficien-
cies close to 100%, which allowed normalization and realistic
comparisons.

Hytlol1 transgenic expression in plant.

In order to make the ATA construct, the full-length Hytlol-
c¢DNA was amplified by PCR with primers Hytlol CLAfor (5’-
ATCGATTATGGCTGTCTGCCCTACCGGC-3") and Hytlol-
SALrev  (5-GTCGACTAACTGGGTGCCGATGGGC-3'),
which introduced a Clal and a Sall restriction site at the 5" and
3’ end, respectively. The obtained amplicon was subcloned
into pGEM-T Easy vector, and ligated as a Clal-Sall fragment
in the pGR106 vector (Takken et al. 2000). The construct con-
taining the insert in sense orientation was designated PVX::
Hytlol. The obtained binary vector and the pGR208 vector
(Rairdan et al. 2008) containing the green fluorescent protein
cDNA ligated in the pGR106 vector were transferred to Agro-
bacterium tumefaciens GV3101. N. benthamiana and S. lyco-
persici seedlings at fourth true-leaf stage were used for A. tu-
mefaciens inoculation by wounding the leaves with a toothpick
previously streaked over an agar plate containing the appropri-
ate A. tumefaciens clone (Horsch et al. 1985). Each PVX con-
struct combination was assayed on three different leaves of at
least 10 different plants, and each experiment was repeated at
least twice. Plants were challenged with B. cinerea as de-
scribed above 2 weeks after A. tumefaciens transformation and
appearance of necrotic areas was assessed 2 to 3 days after
inoculation. PGP effect was determined as described above.

Statistical analysis.

Normally, mean values from at least three different experi-
ments with at least five replicates per treatment were used for
the graphs, with either standard deviation or error or the
Tukey’s and Dunn’s tests at the significance level P < 0.001
calculated.
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