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ABSTRACT

Sarrocco S., Matarese F., Baroncelli R., Vannacci G., Seidl-Seiboth V., Kubicek C.P., and
Vergara M. 2016. The constitutive endopolygalacturonase TvPG2 regulates the induction of plant

systemic resistance by Trichoderma virens. Phytopathology

Trichoderma spp. are opportunistic fungi some of which are commonly present in the rhizosphere.
Several species, such as Trichoderma virens, are also efficient biocontrol agents against
phytopathogenic fungi and exert beneficial effects on plants. These effects are the consequence of
interactions between Trichoderma and plant roots, which trigger enhanced plant growth and
induce plant resistance. We have previously shown that 7. virens 110 expresses two
endopolygalacturonase genes, tvpgl and tvpg?2, during the interaction with plant roots; tvpg/ is
inducible while tvpg? is constitutively transcribed. Using the same system, the tomato
polygalacturonase-inhibitor gene Lepgip! was induced at the same time as tvpg/. Here we show
by gene disruption that TvPG2 performs a regulatory role on the inducible tvpg! gene and in
triggering the plant immune response. A tvpg2-knockout strain fails to transcribe the inducible
tvpgl gene neither in vitro in inducing media containing pectin or plant cell walls, nor during the
in vivo interaction with tomato roots. Likewise, the in vivo induction of Lepgip! does not occur,
and its defence against the pathogen Botrytis cinerea is significantly reduced. Our data prove the
importance of a T. virens constitutively produced endopolygalacturonase in eliciting plant Induced

Systemic Resistance (ISR) against pathogenic fungi.

Keywords Endopolygalacturonase genes_ Gene knockout  Trichoderma virens/tomato

interaction _ polygalacturonase inhibiting proteins _ Induced Systemic Resistance
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INTRODUCTION

Trichoderma is a fungal genus originating from mycoparasites that evolved into opportunistic
fungi. It is able to colonize diverse habitats that harbor living organisms including plants
(Druzhinina et al. 2011; Kubicek et al. 2011). Due to their mycoparasitic abilities, many species
have been reported as suitable for the biocontrol of fungal plant pathogens (Benitez et al. 2004;
Hermosa et al. 2012; Kubicek et al. 2001). In addition, the ability of some isolates to colonize the
plant rhizosphere, and thereby to trigger plant resistance and enhanced plant growth, has fostered
practical applications (De Meyer et al. 1998; Salas-Marina et al. 2011; Velazquez-Robledo et al.
2011). In the interaction with plants they can colonize the first or second layers of the root cell
walls but — unlike plant pathogens — usually do not penetrate further (Chacon et al. 2007; Harman
et al. 2004). They thus induce metabolic changes in the plants (Fiorini et al. 2015), which can
cause systemic resistance to a wide range of pathogens (Shoresh et al. 2010), and sometimes also

lead to growth promotion (Salas-Marina et al. 2011).

Examples are Trichoderma asperellum and Trichoderma harzianum which induce systemic
resistance and plant defense responses in cucumber (Elsharkawy et al. 2013; Yedidia et al. 1999
respectively). T. virens can enhance biomass and root growth in Arabidopsis (Contreras-Cornejo
et al. 2009), and induces phytoalexin production and resistance to Rhizoctonia solani in cotton
roots (Howell et al. 2000), and to Botrytis cinerea in Arabidopsis (Velasquez-Robledo et al. 2011).
Such plant responses are triggered by fungal proteins that come into contact with the plant cell

wall (Kubicek et al. 2011; Kubicek et al. 2014; Mukherjee et al. 2012).

Plant cell wall degrading enzymes (CWDEs), such as xylanases, were the first fungal proteins that
were found to induce such a reaction (Lotan and Fluhr 1990). In plant pathogenic fungi, pectin
degrading enzymes, notably endopolygalacturonases (EPGs), act as virulence factors because they
are produced in the early stages of contact with plant tissues (Annis and Goodwin 1997; Di Pietro

and Roncero 1998). EPGs, together with pectin lyases, can disrupt the middle lamella of the plant
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and consequently macerate the plant tissue (Herron et al. 2000), which is a prerequisite for
penetration into the host and for using it as a carbon source. The importance of this step for plant
pathogenic fungi is also reflected in the presence in plants of polygalacturonase inhibiting proteins
(PGIPs) (Federici et al. 2001), and by the fact that oligogalacturonides - formed by the

polygalacturonases - elicit the plant defense reactions (Cervone et al. 1989).

Although polygalacturonases are much more abundant in the genomes of plant pathogenic fungi,
saprotrophic fungi also contain several polygalacturonase genes to feed on decaying plant material
(Kubicek et al. 2014; Zhao et al. 2013). The genomes of Trichoderma spp. contain up to four
polygalacturonase genes (Kubicek et al. 2011), but their potential role as plant elicitors has not
been extensively investigated. One canonical EPG gene from the T. harzianum strain T34, which
is induced upon contact with the plant, and is present in all Trichoderma spp. (C.P. Kubicek,
unpublished findings), has been reported to be involved in beneficial associations with plants

(Moran-Diez et al. 2009).

The Trichoderma virens strain 110 is an efficient biocontrol agent (Catalano et al. 2011; Sarrocco
et al. 2009; Sarrocco et al. 2006; Vannacci and Pecchia 2000). We have previously shown that the
transcripts of two EPG genes (tvpgl and rvpg?2) were highly abundant in this strain during the in
vivo association with tomato roots. Data also suggested an EPG-PGIP recognition in that system
(Baroncelli et al. 2016). Interestingly, the expression of tvpgl was inducible, whereas fvpg2 was
constitutive. Constitutively expressed genes usually represent the core of an organism’s
physiological inventory because they encode essential proteins involved in basal pathways or
processes. Constitutive EPGs may release pectin degradation products, which can induce other
EPG encoding genes (Wubben et al. 1999).

In this study, we further investigated the role of typg2, and then of tvpg! during the interaction of

T. virens with tomato. This entailed exploiting reverse genetics to investigate whether TvPG2
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would elicit a defense response against plant pathogens in their host, such as an Induced Systemic

Resistance (ISR), using Botrytis cinerea and tomato plants as a model.

MATERIALS AND METHODS

Fungal strains, culture conditions and plant material

The T. virens 110 isolate (CBS 116947) was used as the wild-type strain. The strain B14 (7. virens
1104tku70, Catalano et al. 2011) was used to delete the tvpg2 gene, since the disruption of tku70
strongly increases the homologous recombination efficiency. Botrytis cinerea (SAS 56) was

kindly provided by Prof. F. Faretra (Dept. Soil Science, Plant and Food, Bari University, Italy).

All fungi were maintained on PDA (Potato Dextrose Agar, Difco, NJ, USA), under mineral oil, at
4°C, in the fungal collection of the Plant Pathology & Mycology Lab of Dept. Agriculture, Food
and Environment (Pisa University). The fungi were grown on PDA plates at 24°C, with a daily
cycle of 12 h light and 12 h dark. When needed, fungal liquid cultures in a basal mineral Fries
medium containing glucose or apple pectin (Sigma Aldrich, Milan, Italy) or tomato cell walls, all
at 0.5% (w/v), were set up as described in Baroncelli et al. (2016).

Tomato seeds, Solanum lycopersicum cv. Micro-Tom, were provided by Nicky’s Nursery Ltd,

Kent, UK (www.nickys-nursery.co.uk).

Deletion of fvpg2 and transformation

In order to disrupt tvpg2 (ID 192705 in the T. virens Gv29-8 genome sequence database v2.0,

http://genome.jgi.doe.gov/TriviGv29_8 2/TriviGv29 8 2.home.html), 1.32 kb of its 5’non-

coding and 1.45 kb of its 3’non-coding regions were amplified by PCR. The 5’ upstream region

was amplified with the primer pair A/B (the forward A containing the restriction site Spel, the



Phytopathology "First Look" paper  http://dx.doi.org/10.1094/PHY TO-03-16-0139-R ¢ posted 01/17/2017
This paper has been peer reviewed and accepted for publication but has not yet been copyedited or proofread. The final published version may differ.

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

6
Sarrocco Phytopathology

reverse B with a BamHI site); the 3° downstream region was amplified with the primer pair C/D
(the forward C with a HindIlI site, the reverse D with a X#ol site) (Table 1). Both regions were
cloned into a pGEM-T easy vector (Promega, Madison, WI, USA). The hygromycin
phosphotransferase B gene, hphB, conferring resistance to hygromycin B, was excised as a
BamHI/Hindlll fragment from pLHhph (Hartl et al. 2007), whereas Pdml/Xmnl were used to
linearize the vector. First the PCR upstream (Spel/BamHI), then the downstream (Hindl1l/Xhol),
fragment and finally the 4phB resistance marker (2.4 kb between up- and downstream regions
BamHI/Hindlll), were ligated into the vector pBluescript SK, resulting in the rvpg2 knockout
vector pSGEPG (8.1 kb). The right orientation of fragments inside the deletion cassette (5.2 kb)
was checked by PCR with the primer pair A/D (Table 1), using the Expand Long Template PCR
System (Roche, Indianapolis, IN, USA). The 5.2 kb cassette was used to delete the tvpg2 gene in
T. virens 1104tku70 (B14) strain. The transformation was carried out with B14 protoplasts, as

previously described by Catalano et al. (2011).

PCR and Southern blot analysis of transformants

Fungal genomic DNA was isolated from transformants and control strains 110 and B14 as
described in Hartl and Seiboth (2005). Southern blot analysis was carried out following standard
protocols (Sambrook and Russell 2001). Probe labelling and hybridization were performed with
the DIG nonradioactive system according to the manufacturer’s instructions (Roche, Indianapolis,
IN, USA). A specific probe, including both flanking regions of tvpg2 and the hphB gene, was
amplified from the pSGEPG DNA with the primer pair A/D (Table 1) and used on genomic DNA
digested by EcoRV.

A PCR analysis was performed with the Expand Long Template PCR System (Roche,

Indianapolis, IN, USA) according to the manufacturer’s instructions. Genomic DNA was
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amplified with the primer pair A/D (Table 1). All primers were provided by MWG-BIOTECH

(Ebersberg, Germany).

Physiological analysis of transformants

Fungal growth rates were quantified in 96-well microplates (Pbl International, Milan, Italy) in
PDB (Potato Dextrose Broth, Difco, NJ, USA), using a spectrophotometric approach (Catalano et
al. 2011). ODsos values were plotted against time to create growth curves, which were then
subjected to ANOVA for regression, in order to compare the slope of each curve, assuming
P<0.05 as a significant level. The experiment was independently replicated three times.

To quantify conidial germination, three spore suspensions (10° conidia-ml™) were prepared for
each strain grown on PDA and used to evaluate the germination ability, as described by Catalano
et al. (2011). Data were submitted to one-way ANOVA, assuming P<0.05 as a significant level.
Three independent biological replicates were made, each consisting of three slides for each strain.
Forty conidia were counted for each slide.

For in vitro confrontation tests the antagonistic and mycoparasitic abilities of transformants were
tested in dual cultures against Botrytis cinerea as described by Catalano et al. (2011). In order to
compare the growth of the pathogen in the presence/absence of the antagonist (wt or
transformants), growth curves on PDA were subjected to ANOVA for regression using Systat
(SPSS Inc., Chicago, IL) P<0.05 was assumed as a significant level. Three independent replicates
were made for each antagonist/pathogen combination.

On the same plates, after 21 days, overgrowth and sporulation of the antagonists on B. cinerea
colonies were assessed. Interaction zones and overlapping regions for each antagonist/pathogen
combination were then analysed on water agar (agar 15 g-1" of distilled water) by microscopic
investigations in order to detect possibly occurring coilings of 7. virens strains around the host

hyphae.
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RNA isolation and expression analysis by one step RT-PCR

Samples obtained from fungal liquid cultures containing glucose or pectin or tomato cell walls
were collected after 48, 72 and 96 h. Total RNAs were then isolated following a guanidinium
isothiocyanate/phenol—chloroform method (Baroncelli et al. 2016).

A one step Reverse Transcription PCR (RT-PCR) analysis was performed using 1 pg of RNA
from each sample, according to the manufacturer’s instructions (AccessQuick™ RT-PCR System,

Promega, Madison, WI, USA). The primers used are listed in Table 1.

Quantitative RT-PCR

Tomato roots were inoculated by 7. virens strains in order to monitor the expression of fungal
EPG genes tvpgl, tvpg?2 (accession numbers KF963272 and KF963273 respectively) and the
tomato endopolygalacturonase inhibitor gene Lepgip! (Accession Number [.26529). Experimental
conditions for in vivo root colonization, total RNA isolation, primers (Table 1) and protocols for
quantitative RT-PCR (qRT-PCR) were those described by Baroncelli et al. (2016). Two biological
replicates were carried out for each experimental condition. Specific primers used in this
experiment were: for 7. virens tvpgl E/F, for tvpg2 G/H, and for S. lycopersicum Lepgipl M/N.
The following primers targeting housekeeping genes were used as a reference: for 7. virens both
[-tubulin 1/J, and the translation elongation factor 1-alpha tef7 K/L; for tomato the translation
elongation factor LeEF1A4 O/P. All primers, supplied by MWG-BIOTECH (Ebersberg, Germany),
are listed in Table 1. Three internal technical replicates were made for each of the two biological

replicates.

In vivo biocontrol assay
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Tomato seeds were sterilized for 5 min with 50% NaClO (1% active chlorine) in a solution (v/v)
of 50% ethanol, and then rinsed for 5 min each three times with distilled water. A pre-germination
three-day step was performed in a humid chamber in the dark at 4°C. The germinated seeds were
then transferred at room temperature to pots containing a commercial plant growing substrate
(Universal soil Esselunga®, supplied by Berco Stl, Calcinate, Bergamo, Italy). Four days later, the
soil around the plantlets was pre- inoculated by 0.5 ml of 7. virens spore suspensions (10°
conidia-ml1™) or by water alone (control). After additional seven days, a B. cinerea suspension
containing 10° conidia‘ml™ was sprayed on all leaves (0.5 ml/plant) of pre-inoculated and
untreated plants (B. cinerea control). Both control and inoculated plants were evaluated for the
presence of foliar symptoms two weeks after inoculation. The disease was quantified by counting
the number of necrotic lesions developed on each inoculated true leaf. The experiment consisted
of two pots with three plants each per treatment, and was performed three times. ANOVA was

carried out using Systat (SPSS Inc., Chicago, IL).

Root and rhizosphere colonization test

The same experimental scheme used for the biocontrol assay was employed for the root and
rhizosphere colonization test. Seven days after the 7. virens pre-inoculation (in the biocontrol
assay, B. cinerea was also inoculated at the same time), treated and control (untreated) tomato
roots were collected. The roots were gently shaken to detach loosely adherent plant growing
substrate and were then rinsed with 20 ml of sterile distilled water, and the washing water was
collected. This represented the rhizosphere suspension. The roots were then washed again under
tap water and sterilized as described in the previous section for seeds, except for the sterilization
time which was reduced to 1 min. Each root was drained on sterile filter paper and divided into
four-five pieces which were laid on Trichoderma semi-selective agar plates (TSM: PDA amended

with 50 ppm streptomycin sulphate, 7500 w.i-1” bacitracin sulphate, and 0.3 g'l'l hymexazol). At
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the same time, 200 pl of the rhizosphere suspension from each root were spread on the surface of
a TSM plate. All plates were incubated for up to two weeks at room temperature in order to detect
the presence of Trichoderma colonies emerging from root tissues or from the rhizosphere.
Whenever T. virens developed out of at least one piece of each root, that root was considered as
colonized. As an additional control, particles of plant growing substrate used for potting plants
were scattered over the surface of TSM plates (about 0.1 g per plate, 18 plates) and incubated for

up to two weeks at room temperature.

To verify the presence/absence of 7. virens, Trichoderma colonies arising from roots, rhizosphere
and plant growing substrate (as a control) were isolated on TSM plates. They were then compared

with T. virens 110 reference colonies of the same age grown on TSM.

RESULTS
Generation and verification of 7. virens tvpg2 knockout mutants

The gene to be deleted was the 7. virens constitutive endopolygalacturonase fvpg2 (Baroncelli et
al., 2016). A 5.2 kb deletion cassette, including a 5° tvpg2 upstream region (1.32 kb), the AphB
marker (2.4 kb) and a 3’ tvpg2 downstream region (1.45 kb), was inserted into the final pPSGEPG
vector and used for transformation. In order to facilitate the integration of the vector pSGEPG into
the native tvpg?2 locus, we made use of a 7. virens mutant (B14) derived from the 110 isolate
which bears a knocked out #ku70 gene responsible for ectopic integration (Catalano et al. 2011).
The transformation and the selection for mitotically stable, hygromycin resistant transformants

resulted in three strains (2, 8 and 12) with the tvpg2 gene potentially replaced.

To prove the knockout in these transformants, they were analyzed by PCR with primers including
the tvpg2 5” and 3’ flanking regions (A/D in Table 1) comparing them to wild-type 110 and

110Atku70 B14 strains. The expected molecular amplicon weights, 4.0 kb in the wild-type and
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B14, and 5.2 kb (displaced tvpg?2 + cassette) in mutants were observed (Fig. 1A), confirming the

deletion event in all transformants. To verify the integration of the vector into only a single site of
the mutants’ genomes, an £coRV Southern blot analysis was performed, since this enzyme cuts at
5’ and 3’ tvpg? flanking regions, which were both inserted in the deletion cassette. The probe was
obtained by PCR on the plasmid pSGEPG with A/D primers (including the deletion cassette). The
results were consistent with expectations: a 2.8 kb fragment (unaltered tvpg2, 2829 bp) in 110 wild
type and in B14, and a 4.1 kb fragment (deleted fvpg2, 4061 bp) in knockout strains were found,

indicating a single site insertion in the transformants’ genomes (Fig. 1B).

Phenotype comparison of the knockout strains

Since the presence of the knocked out tku70 locus in the transformants impaired all attempts to
complement the deleted rvpg?2 strains, we used three independent transformants (2, 8 and 12) in

order to assess their basal physiological properties.

Fungal growth rates. After regression analysis of growth curves (all highly significant, R*>0.95
and P<0.0001) no differences between the parent strains [10 or B14 and the three mutant strains

were detected (Pgiope>0.108) (Fig. 2A).

Conidial germination. Spore germination percentages were submitted to ANOVA, after angular
transformation, to compare 110 and B14 with the three transformants. Efficiency of germination
was not statistically altered in 2 and 12 compared to strain 110, but 8 showed a significant
reduction in the percentage of germination. No differences were recorded between B14 and the

three transformants (Fig. 2B).

In vitro confrontation tests. The ability of the three mutants to antagonize and mycoparasitize
Botrytis cinerea was evaluated and compared with 110 and B14, previously reported as antagonist

against this pathogen (Catalano et al. 2011). When growth curves of the pathogen in dual cultures
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were analysed, all mutant strains significantly inhibited the growth of B. cinerea (Psjop. <0.002)
(Fig. 2C). After 21 days, all transformants sporulated on the pathogen, thus indicating
mycoparasitism. No differences were apparent among the three knockout strains and 110 or B14
(Fig. 2D). No coilings around B. cinerea hyphae were observed, neither by the wt [10 and B14, in

agreement with Catalano et al. (2011), nor by any of the transformants.

Because of the consistency in the analyzed phenotypes, a single mutant (number 2) was selected

for further analyses, hereafter Atvpg?.

In vitro expression analysis in response to pectin or plant cell walls

In order to check the expression of tvpgl and tvpg2 genes on different carbon sources, the strains
110, B14 and Atvpg2 were grown in liquid cultures amended with glucose as a control and two
potentially inducing substrates, pectin and tomato cell walls. Samples were collected at 48, 72, and
96 h after inoculation and analysed by Reverse Transcription PCR. No differences were seen in
the expression shown by the parent strains 110 and B14 (Fig. 3A and B respectively), which is in
accordance with the pattern reported earlier in strain 110 (Baroncelli et al. 2016). Instead, none of
the transcripts were present in the Atvpg2 knockout mutant (Fig. 3C) suggesting that tvpg?2 plays a

regulatory role in tvpgl expression.

The fungal growth on different media was also evaluated. The biomasses obtained from strains
110, B14, and Atvpg? in each liquid inducing medium were measured, and no significant

differences were detected among the three fungi in any condition (data not shown).

TvPG2 plays an essential role in the expression of 7. virens tvpgl and tomato Lepgpil during

the interaction with tomato roots
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To investigate the consequences of tvpg?2 deletion on the interaction between 7. virens-and tomato
roots, we tested the expression of tvpgl, encoding the inducible endopolygalacturonase
(Baroncelli et al. 2016), and of tomato Lepgpil, which encodes an endopolygalacturonase
inhibitory protein (PGIP). To this end, tomato roots were in vivo inoculated with 110wt, B14 or
Atvpg?2 for 24, 48 and 72 h. T. virens strains (110, B14, Atvpg?) in the soil without plants, and non-
inoculated roots were grown as controls. Consistent with earlier findings (Catalano et al. 2011),
the 110 isolate constitutively expressed tvpg2 whereas tvpg! was induced with a peak at 48 h (Fig.
4 A), and the Lepgipl expression paralleled that of tvpg/ with highest levels at 48 h (Fig. 4 B). As
expected, the B14 expression pattern overlapped the pattern shown by 110 (Fig. 4 A/B). On the
other hand, during the interaction with tomato roots the expression of all Afvpg2 genes exhibited a
different pattern compared to 110 and B14 genes. The expected lack of tvpg?2 transcripts was
evident, however tvpgl and Lepgipl were not expressed either (Fig. 4 A/B). These results suggest
that TvPG2 plays a regulatory role in the induction of tvpg!, and as a consequence is also crucial

for the expression of Lepgip].

Induction of systemic resistance in tomato

The results described so far prompted us to investigate whether TvPG2 is necessary for triggering
an ISR in plants. Tomato plants were thus in vivo pre-inoculated with the 7. virens strains 110,
B14 or Atvpg2 and after one week plants were inoculated by B. cinerea. Specific B. cinerea
necrotic symptoms occurring on plant leaves were evaluated 15 days after infection (dpi). In order
to quantify the plant response, the number of lesions per leaf was recorded for all inoculated
leaves present on plants. The resulting data (Table 2) revealed a significant difference between
110/B14 and Atvpg2, and all three were in turn significantly dissimilar to the B. cinerea control (in
all cases P<0.001). Evidently, the induction of the resistance mechanism prompted by 110 and B14

strains in the plant is strongly reduced (about 100-fold) using the mutant Afvpg?2. Pre-treating roots
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with the strain Arvpg? still resulted in some protection of the tomato against B. cinerea (about five
times less than the B. cinerea control) revealing, however, that TvPG2 is not the only signal of 7.

virens that acts as an elicitor of ISR.

Root and rhizosphere colonization

The ability of 110, B14 and Arvpg?2 to grow in the tomato roots or to colonize the rhizosphere was
evaluated on two-week-old plants, seven days after inoculation of the roots. Observations were
made two weeks after plating roots and rhizosphere suspensions on TSM. The plant growing
substrate itself was also plated on TSM and no 7. virens colonies were observed. The few
Trichoderma colonies present had a clearly different morphology compared to 7. virens 110 when
grown on the same medium (data not shown). Moreover, no Trichoderma colonies were observed
also in plates seeded by roots or rhizosphere suspensions derived from control plants, suggesting
that the isolates naturally present in the plant growing substrate were unable to grow in the roots

and unable to colonize the rhizosphere (H,O ctrl, Table 3).

From this semi-quantitative analysis, no differences in the percentage of plant roots colonized by
each strain was detected. The morphology of all the developed colonies was similar to that of a
pure colony of 7. virens 110 grown for the same time on TSM. The ability of 7. virens [10 and its
mutants to grow in plant roots is, therefore, very limited (11%) and is not affected by the
mutations investigated in this paper. Instead 7. virens was recorded on all plates (100%) derived
from the rhizosphere of plants inoculated with 110, B14 and Atvpg2 (Table 3). These results
confirm that I10 is a good rhizosphere competent isolate and not an endophyte. This suggests that
mutations in B14 and in Atvpg?2 do not modify the relationships established between 110 and

roots/thizosphere of tomato plants.
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DISCUSSION

Some Trichoderma spp. colonize the rhizosphere and establish interactions with plant roots,
although the physical association is usually limited to the outermost external layers (Harman et al.
2004). This association triggers a molecular cross-talk between the two organisms which leads to
reciprocal beneficial events, such as nutrients supply for Trichoderma and growth promotion, or
immunity against pathogens in plant. Pectinases, and especially endopolygalacturonases (EPGs),
are required by plant pathogenic fungi to gain access to the host. In turn, plants recognize the

presence of pectinases and activate appropriate plant defense responses (Cervone et al. 1989).

In contrast to other plant cell wall degrading enzymes (Enkerli et al. 1999), the activity of
endopolygalacturonases is essential for this stimulation, since plant cell wall-derived
oligogalacturonides within a limited range of polymerization, function as elicitors of plant
responses (Cervone et al. 1989). The release of these oligomers initiates a PGIP
(PolyGalacturonase Inhibiting Protein) mediated signaling mechanism and elicits defence
reactions (Federici et al. 2006). PGIPs thereby reduce the pectinase activity, which would
otherwise continue to degrade the oligomers and produce molecules that are too short to function

as elicitors (D’Ovidio et al. 2004).

Previous in vivo investigations on tomato roots inoculated by 7. virens showed the expression of
two EPGs (an inducible gene, tvpgl, and a constitutive gene tvpg?2), and the induction of a plant
PGIP encoding gene, Lepgip1, which paralleled the expression of tvpg/ (Baroncelli et al. 2016).
These data suggested the activity of an EPG-PGIP recognition system. In addition, the availability
of both constitutive and inducible EPGs in 7. virens suggests the potential for different
functionalities during its interaction with plants, as reported elsewhere (Kemp et al. 2004). In
fungi, the presence of constitutively expressed EPGs has been linked to aggressiveness and
pathogenic potential against plants (Shieh et al. 1997; Wubben et al. 1999). It may shorten the

time of contact with the plant and allow the pectin methyl esterase to degrade the esterified pectin
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and thus decrease the pH thereby triggering the expression of the inducible genes (Kemp et al.
2004). In this regard it is notable that, with the exception of 7. atroviride, TvPG2 has no ortholog
in other Trichoderma spp. Proteins with the highest similarity were found in Fusarium spp. (C.P.
Kubicek, unpublished data) suggesting its possible origin as a result of horizontal gene transfer.
This would explain the “pathogen-like” behaviour of the constitutive TvPG2 towards plants.
Furthermore the alkaline isoelectric point of TvPG2, theoretical 9.6, fits models where a
constitutive enzymatic activity opens the plant cell wall and thus provides access for other
degrading enzymes working at a lower local pH, such as TvPG1 which has a theoretical isoelectric

point of 6.3 (Baroncelli et al. 2016; Kemp et al. 2004).

Our study showed, both in vitro and in vivo, that the inducible tvpg! is also not expressed in the
absence of TvPG2, thus indicating a regulative action by the constitutive tvpg2 on tvpgl. In
addition, the deletion of rvpg?2 leads to a simultaneous loss of tvpg! and Lepgip! transcription
during the interaction between 7. virens and tomato. This outcome confirms the coordinated action
of the two fungal genes and the plant gene under analysis, implying that TvPG2 is needed in order

to induce the expression of both tvpgl and Lepgipl.

These findings may be explained by hypothesizing that the constitutive TvPG2 works at the first
contact with plant roots and consequently triggers the expression of tvpg! in T. virens and of
Lepgipl in tomato. For the moment it is unclear whether tvpg?2 induces Lepgip! directly (by
releasing oligogalacturonides) or indirectly (by activating the expression of tvpg/ which in turn

releases oligogalacturonides).

Structural properties of EPGs have been widely studied and the target amino acids crucial for the
PGIP recognition, the formation of an EPG-PGIP complex and therefore EPG inhibition by PGIP
have been identified (Raiola et al. 2008; Stotz et al. 2000). Note that both 7. virens TvPGI1 and
TvPG2 (Baroncelli et al, 2016) contain, at fixed positions in relation to the active site, the three

amino acid residues that are strictly required for interacting with PGIPs in Fusarium moniliforme
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pectinases, i.e. H188, R267 and K269, (Federici et al. 2001). This in silico result is consistent with

the potential ability of TvPG1 and TvPG2 to recognize a plant PGIP.

In order to verify whether the PGIP activation by 7. virens in tomato is able to also elicit a plant
immune response, a three-way plant-pathogen-antagonist interaction system has been developed.
Trichoderma-plant-pathogen interactions have already been used for monitoring the induction of
plant resistance (Howell et al. 2000), for the analysis of the Trichoderma atroviride proteome
(Marra et al. 2006), and to study the function of selected Trichoderma genes during biological
control (Mukherjee et al. 2012; Vinale et al. 2008). With regards to the latter, a gene encoding an
inducible EPG, Thpgl, was silenced in T. harzianum and shown to be involved in tomato root
colonization. However, and unlike the present study, in vivo biocontrol assays on plants infected
with B. cinerea did not show significant differences between the wild-type and the Thpg! silenced
strain (Moran-Diez et al. 2009). In our approach, tomato roots had been in vivo inoculated by T.
virens and leaves were then sprayed by B. cinerea. The effective systemic response of the tomato
plants to B. cinerea infection, which was promoted by root pre-treatment with the 7. virens wild
type strain, was strongly impaired when the 7. virens mutant with a deleted rvpg2 was used. These
data again underline the importance of constitutively expressed EPGs and confirm the crucial role
of the tvpg?2 gene in triggering the PGIP signaling pathway, which in turn activates an ISR

response in plants.

Data regarding the root and the rhizosphere colonization showed no difference in behavior
between the mutant and the two control strains. This observation, although within the limits of a
semi-quantitative technique, suggests that there is no interference of a possible impaired
colonization with the reduced induction of the plant response by Atvpg?2. Furthermore the poor
ability to penetrate into plant roots and the high rhizosphere competence shown by 110 isolate is
consistent with other reports on rhizosphere competent fungi inducing systemic resistance without

needing to be endophytic (Druzhinina et al, 2011; Harman et al, 2004).
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In conclusion we believe that our investigation contributes to understanding the interaction of a
biocontrol agent with a plant and how it modulates the plant reaction to a pathogen attack. The
data set reported shows a coordinated regulation between the two 7. virens EPGs and a tomato
PGIP, which results in the activation of ISR against B. cinerea. All these events are dependent on
the presence of the constitutive tvpg2, which appears to regulate the cross-talk between 7. virens
and tomato, mimicking the behavior of a fungal plant pathogen. Given the importance of eliciting
systemic plant defense responses as an antagonistic mechanism versus pathogens, the beneficial
effects of this 7. virens isolate and the role of its TVvPG2 offer strategies for further improvements

towards successful biological control.
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CAPTIONS FOR FIGURES

Fig. 1. Molecular analyses of transformants
110: T. virens wild type strain; B14: [10AKu70 strain; 2, 8 and 12: tvpg2 knockout transformants
derived from B14. A. PCR with A/D primers external to the tvpg2 coding region. B. Southern blot

with genomic DNAs restricted by EcoRV and a probe containing the deletion cassette.

Fig. 2. Phenotypic analyses of transformants

The samples are the same as in Fig. 1. A: Growth curves of 110, B14 and transformants 2, 8, 12
grown in PDB. Each value represents the average of three independent replicates. Curves were
used for the ANOVA for regression. B: Conidial germination (expressed as percentage) of 110,
B14 and transformants. Different letters correspond to significantly different values according to
ANOVA analysis (P<0.05). Data represent the average of three biological replicates, each
consisting of three slides per strain; forty conidia were counted for each slide. C: Growth curves
of B. cinerea in the presence/absence of each of the three transformants. For each
antagonist/pathogen combination three independent replicates were made. Curves were used for
the ANOVA for regression. D: Overgrowth and sporulation of 110, B14 and transformants on B.

cinerea.

Fig. 3. RT-PCR patterns of 110, B14 and Arvpg?2 in response to pectin or plant cell walls.
G48, G72, G96: glucose cultures after 48, 72, 96 h; P48, P72, P96: pectin cultures at the same
times; W48, W72, W96 plant cell wall cultures at the same times. A: [10; B: B14; C: Atvpg2. For
each isolate, the first line corresponds to E/F primers for tvpg/ (171 bp), the second line to G/H

primers for tvpg2 (194 bp), and the third line to K/L primers for fef7 (258 bp) as a reference gene.
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Fig. 4. qRT-PCR during the 7. virens/tomato interaction

A: tvpgl and tvpg?2 gene expression; B: Lepgiplgene expression. Tc: [10 control; TR: roots
inoculated by 110. Be: B14 control; BR: roots inoculated by B14. Ac: Atvpg2 control; AR: roots
inoculated by Atvpg2; Rc: tomato roots control. Times of sampling: 24, 48, 72 hours after fungal
inoculation on roots in perlite. Transcript levels are indicated in relative units, assuming as unitary
the sample with the lowest expression value. Each value is the mean +/- s.d. To normalize data
tef1 and S-tubulin were used as fungal reference genes for tvpgl and tvpg2 expression, LeEF1A4 as
a plant reference gene for Lepgipl expression. Data represent the average of three internal

technical replications, carried out for each of the two biological replicates of the experiment.
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Table 1 Primers used for transformation and RT-PCR

Name Sequence 5°-3° Gene T annealing Product size
CGACTAGTGAAAGAAACCGGCTAT
A: PgaSSpelf s .
ACACG* 5’ flanking 56 °C 1321b
B Peasgamir,  GCGGATCCTAAGAGTTTACTGGCG tvpg? p
8 GACAAG*
C: Pga3HindIlIf GATAAGCTTCAGAGAATGCGAGTA ’ .
GCCTC* 3’ flanking 56 °C 1449 b
_ GTCTCGAGGGATGAGTTTGTTGGA tvpg2 P
D: Pga3Xholr
TTTG*
E: TvpglF GTA TCA AGG CGA CTG CTG GT
tvpgl 57°C 171 bp
F: T2NR AGATGTTCTGGACGACGAGG
G: Tvpg2F TGG AGC GACTGG TTCTGTTT
tvpg?2 57 °C 194 bp
H: EPT1IR ACG TAT TTG TGC CAC CCG AC
I: BT2A GGTAACCAAATCGGTGCTGCTTTC
p-tubulin -~ 53 °C 258 bp
J: BT2B ACCCTCAGTGTAGTGACCCTTGGC
K: EF1728F CATCGAGAAGTTCGAGAAGG
tefl**  53°C 258 bp
L: EF1986R TACTTGAAGGAACCCTTACC
M: PGIPtomF CCG GATAAATGCTCT CACC
Lepgipl  55°C 203 bp
N: PGIPtomR ATT CAG GGATCG GACCTGT
0: LeEFIAF GCTGCTGTAACAAGATGGATGC Tomato ) o b
p
P:LeEFIAR  GGGGATTTTGTCAGGGTTGTAA tef1**

*Underlined nucleotides correspond to target sites of restriction enzymes
**tefl: translation elongation factor 1-alpha
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Table 2. Botrytis cinerea disease severity on tomato leaves

Treatment Lesions* Total leaves**
B. cinerea ctrl 5.12 +3.14 a*** 107
B. cinerea + 110 0.01 +0.08 c 145
B. cinerea + B14 0.01+0.11 c 141
B. cinerea + Atvpg?2 0.96 + 1.52 b 121

Plants infected by B. cinerea (15 dpi) without any pre-treatment (ctrl), or
pre-inoculated by 110, B14 or Atvpg2. * Averaged numbers of lesions (+
standard deviation) per leaf, resulting from three replicates each
consisting of two pots, three plants per pot. **Number of leaves
observed for each treatment, corresponding to the sum of inoculated
leaves in all replicates. ***Different letters correspond to significantly
different values (P<0.001), according to ANOVA analysis.
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Table 3. Colonization of tomato roots or
rhizosphere by 7. virens strains

Treatment Roots (%) Rhizosphere (%)

H,O0 ctrl 0 0

110 11 100
B14 11 100
Atvpg?2 11 100

Plant roots, one week old, were inoculated by 110, B14
or Atvpg2 and by water (ctrl). Roots: samples rinsed,
removed from the plant, sterilized, cut in pieces and laid
on TSM plates. Rhizosphere: roots washing off spread
on TSM plates. All samples were observed up to two
weeks after plating for checking the presence of T.
virens. Data represent the percentage of roots or
rhizosphere samples giving rise to 7. virens colonies.
Three independent replicates, each consisting of two
pots per treatment, each one containing three plants,
were tested.
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Fig. 1. Molecular analyses of transformants
110: T. virens wild type strain; B14: I10AKu70 strain; 2, 8 and 12: tvpg2 knockout transformants derived
from B14. A. PCR with A/D primers external to the tvpg2 coding region. B. Southern blot with genomic DNAs
restricted by EcoRV and a probe containing the deletion cassette.

89x66mm (150 x 150 DPI)



Phytopathology "First Look" paper  http://dx.doi.org/10.1094/PHY TO-03-16-0139-R ¢ posted 01/17/2017
This paper has been peer reviewed and accepted for publication but has not yet been copyedited or proofread. The final published version may differ.

OD (595 nm)

Page 30 of 32

Radial growth (mm h-1)

10 g 120
- 10 = 10 B14
— ’ a
0s{ 25 B g 100f ab ab b ab
— g o=
06| —* 12 E ®
D &
o &
5«
02 3
e 2
o
0.0 o,
0 2 % ) 80 e\e 1w B4 2 8
Time (h) Isolate
~=4=  B.cinerea —a— B cinerea —+—  B.cinerea
== B.cinerea vs 2 —&— B cinereavs 8 == B.cinereavs 12
° 10 20 » w0 S0 © ) 10 20 30 w0 © © 0 10 20 » w0 S0 ©
Time (h)

Fig. 2. Phenotypic analyses of transformants
The samples are the same as in Fig. 1. A: Growth curves of 110, B14 and transformants 2, 8, 12 grown in
PDB. Each value represents the average of three independent replicates. Curves were used for the ANOVA
for regression. B: Conidial germination (expressed as percentage) of 110, B14 and transformants. Different
letters correspond to significantly different values according to ANOVA analysis (P<0.05). Data represent the
average of three biological replicates, each consisting of three slides per strain; forty conidia were counted
for each slide. C: Growth curves of B. cinerea in the presence/absence of each of the three transformants.
For each antagonist/pathogen combination three independent replicates were made. Curves were used for
the ANOVA for regression. D: Overgrowth and sporulation of 110, B14 and transformants on B. cinerea.
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Fig. 3. RT-PCR patterns of 110, B14 and Atvpg2 in response to pectin or plant cell walls.

G48, G72, G96: glucose cultures after 48, 72, 96 h; P48, P72, P96: pectin cultures at the same times; W48,
W72, W96 plant cell wall cultures at the same times. A: 110; B: B14; C: Atvpg2. For each isolate, the first
line corresponds to E/F primers for tvpgl (171 bp), the second line to G/H primers for tvpg2 (194 bp), and

the third line to K/L primers for tefl (258 bp) as a reference gene.
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Fig. 4. gRT-PCR during the T. virens/tomato interaction

A: tvpgl and tvpg2 gene expression; B: Lepgiplgene expression. Tc: 110 control; TR: roots inoculated by

110. Bc: B14 control; BR: roots inoculated by B14. Ac: Atvpg2 control; AR: roots inoculated by Atvpg2; Rc:
tomato roots control. Times of sampling: 24, 48, 72 hours after fungal inoculation on roots in perlite.

Transcript levels are indicated in relative units, assuming as unitary the sample with the lowest expression

value. Each value is the mean +/- s.d. To normalize data tefl and B-tubulin were used as fungal reference
genes for tvpgl and tvpg2 expression, LeEF1A as a plant reference gene for Lepgipl expression. Data
represent the average of three internal technical replications, carried out for each of the two biological

replicates of the experiment.
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