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Funghi del genere Trichoderma come agenti di biocontrollo

(Trichoderma spp. as biocontrol agents)
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Food security and safety - P

By 2050 the world’s population will reach 9.1 billion, 34% higher than today.

E Food production must increase by 70%. Action is needed now to ensure that the required
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"" &f"g ﬂ 70% increase in food production is achieved, and that every human being has access to
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In 2009, the EU Directive 2009/128/EC invited Member States to achieve a sustainable

a E use of pesticides in the EU by reducing the risks and impacts of pesticide use on
E human health and the environment.

SUSTAINABLE
adequate and safe food.

The 2030 Agenda for Sustainable Development consists in 17 Sustainable Development Goals (SDGs) to make the
world community reaffirming its commitment to Sustainable Development (2015).

The challenge of food security and food safety is highlighted by SDG number 2 [End hunger, achieve food security and
improved nutrition and promote sustainable agriculture] aimed to find out sustainable solutions to end hunger in all its
forms by 2030 and to achieve food security.

Pratect, restore and promote sustainable use of terrastrial
ems, sustainably managed forests, combat desertification,
and reverse land degradation and halt biodiversity loss
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g Furnpesn Green Deal | e EU adopted the European Green Deal (2020), an ambitious package of
nrivoctmicts f | " measures aimed to make the EU's climate, energy, transport and taxation
policies fit for reducing net greenhouse gas emissions by at least 55% by 2030,

compared to 1990 levels, to preserving Europe’s natural environment.
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Farm to Fork Strategy

At the heart of the European Green Deal there is the
Farm to Fork Strategy aiming to make the EU food
systems fair, healthy and environmentally-friendly.




Farm to Fork Strategy

To accelerate the EU transition to a sustainable food system that should:

1) have a neutral or positive environmental impact;

1) help to mitigate climate change and adapt to its impacts;

111) reverse the loss of biodiversity;

1v) ensure food security, nutrition and public health, making sure that
everyone has access to sufficient, safe, nutritious, sustainable

food;

V) preserve afforflablhty of 'f.ood while generating fairer economic . e
returns,- fost§r1ng competitiveness of the EU supply sector and Sustaimable Fm:;g_ﬁm &
promoting fair trade Food camsumptiin Distribution

The proposal for a legislative Framework for Sustainable Food Systems (FSFS) is one of the flagship initiatives of the
Farm to Fork Strategy that set two key targets for pesticides:

- Target 1: aimed to reduce by 50% the use and risk of chemical pesticides by 2030;

- Target 2: aimed to reduce by 50% the use of more hazardous pesticides by 2030.
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Plant diseases

v" Plant pathogens play a crucial role in the decrease of crop productivity and in yield loss.
v Plant diseases are, directly or indirectly, responsible to an estimated 40 million $ loss every year,

corresponding to the 20-40% of total losses in crop yield.

Within the scenario of the plant disease management, biocontrol based on the use of beneficial
microorganisms, such as fungi, bacteria and yeasts, is a valid and ecofriendly alternative to the chemical

control and to the use of transgenic plants.

Beneficial microorganisms

can interact with plant pathogens by direct or indirect mechanisms
in most of the cases more than one mechanism of action is involved
the effect of these interaction is to reduce plant disease symptoms as
well as yield and quality loss

v" can be used as main ingredient of commercial biopesticides
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Biopesticide

Active ingredient . .
’ Biopesticides
The A.I has to grow into thenvironment where development
it has been applied R P
It has to be effective against the
t t .
MBS — Isolation
, It doesn’t be harmful for the environment
(including man and animals)
— Selection
Co-formulants
®
They must guarantee a long “shelf life” (at
least 18 months) — Biomass production
They must favor growth and
—»
efficacy of the A.L. . Lat
— Formulation
They must guarantee the technological

aspect of the products
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Biopesticides market 021 - 2026) 4 Gowan \
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Biopesticides Market : Market Size By Region, Global, 2020

Trichoderma asperellum (ICC 012)
wrichoderma gamsii (ICC 080)

CAGR (Compounded Average Growth Rate)
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Beneficial fungi

v" Direct effect vs the pathogen: hyperparasitism, antibiosis (competition for infection sites, interference
competition), lysis, hypovirulence

v" Indirect interaction vs pathogen: competition for nutrients (exploitation competition)

v" Plant mediated effect: induction of resistance
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2 Adhesion

3 Lyhc eiyines relemss

Hyperp araSitism Active ingredient (predator), pathogen (prey)

Several structures of the pathogen can be parasitized

(physical contact) (hyphae, conidiophores, conidia, resting structures)
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Antibiosis and enzymatic lysis

(mechanism at distance)

- Demonstrated for a high number of fungal and bacterial isolates.
- Any physical contact between the pathogen and the beneficial organism is required.

- Acquisition of resistance by the pathogen is only a theoretical risk.

Chaetomium globosum

¥ . . . .
2l vs Bipolaris sorokiniana

Fps 51 .62 Biis MCT 3]

Burkolderia cepacia
vs Fusarium graminearum
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Competition

Competition for nutrients Siderophores

(Exploitation competition) 501 N R
§ide FE3+

- Indirect mechanism
- For a source (es. O,, C, N,, ....) in limiting quantity

. . FE]*
- Any physical contact with the pathogen — who can’t
) . : ; Fe 2
survive without that substance — 1s required N, o
Fedt
Dutside the Ced
For infection sites
(Interference competition) et | i
G- AN ) v

- Direct mechanism A statistical protocol to describe differences among nutrient
- Often associated with direct mechanisms (antibiosis) TR AR HE NS Rk S it Nyt
- Specific mechanism since it works only against those pathogens with an e M o ot f (Al Pty

infection site
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AF-X1

Aspergillus flavus (1solate MUCLS54911)

Aspergillus flavus MUCL54911 vs
A. flavus e Aspergillus parasiticus

- A. flavus e A. parasiticus responsibles of aflatoxin contamination of maize

- Natural 4. flavus isolates defined ‘“‘atoxigenic”, not able to produce aflatoxins (AF).

- The use of aflatoxigenic isolates as biopesticides (MUCL54911) significantly reduces AF
contamination (up to 90%) -AF36, Aflasafe, AF-X1)

Competitive exclusion

- Toxigenic isolates are excluded or are limited in their
development due to the higher competitive ability of the
active ingredient of the biopesticide (isolate-specific
feature).

- Competition requires a wide adaptability to ecological
conditions in the filed to be efficient
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modulation of plant defense genes.

- With good results agains a huge number of pathogens
- Low risk of resistance
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Trichoderma spp. are free-living fungi, common in soil and root ecosystems.
Opportunistic, avirulent plant symbionts, as well as parasites of other fungi.
Some isolates establish robust and long-lasting colonization of root surfaces.

They can penetrate into the epidermis and a few cells below this level (endophytes).

They produce or release a variety of compounds that induce resistance responses.

v
v
v
v
v
v

Root-microorganism associations cause substantial changes to the plant proteome and
metabolism.

AN

Plants are protected from several plant pathogens by responses that are similar to systemic
acquired resistance and rhizobacteria-induced systemic resistance.

v" Root colonization by Trichoderma spp. also frequently enhances root growth and
development, crop productivity, resistance to abiotic stresses and the uptake and use of
nutrients.
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Trichoderma as beneficial organism

In honor of John Bissett: authoritative guidelines on molecular
identification of Trichaderma
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T6085 Genome

Proteins expansions
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Peptidases

IPRO00250 Peptidase G1
IPR001969 Aspartic peptidase
IPRO15366 Peptidase S53
Cazy

IPR001139 Glycoside hydrolase, family 30
IPR003159 Polysaccharide lyase family 8
IPR006102 Glycoside hydrolase, family 2
IPR009939 Fungal chitosanase

IPR013780 Glycosyl hydrolase, family 13
IPR013994 Carbohydrate-binding WSC
IPR014718 Glycoside hydrolase-type carbohydrate-binding|
IPR013812 Glycoside hydrolase, family 2/20
IPR018087 Glycoside hydrolase, family 5
IPR029019 Beta-hexosaminidase
IPR008929 Chondroitin AC/alginate lyase
IPRO15338 EXTL2

IPR000073 Alpha/beta hydrolase fold-1
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IPR000639 Epoxide hydrolase-like
IPR0O00868 Isochorismatase-like
IPRO01680 WD40 repeat
IPR002347 Glucose/ribitol dehydrogenase
IPR008030 NmrA-like

IPR025870 Glyoxalase-like domain
IPR010497 Epoxide hydrolase

IPR010636 Cerato-ulmin hydrophobin family
IPR023346 Lysozyme-like domain
IPR016292 Epoxide hydrolase
IPR018017 Nucleoside phosphorylase
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IPR019587 Polyketide cyclase/dehydrase
IPR020842 Polyketide synthase/Fatty acid synthase
IPR020843 Polyketide synthase, enoylreductase
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Trichoderma:
a wide spectrum of lifestyles

v" Saprotrophism

v" Mycoparasitism

v" Rhizosphere colonization
v Endophytism

Myc VSV Stress tolerance

| Inacti\dr)n
pathgg__en‘s 4

enzymes o
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. . . . . Eole and genetic basis of specialised secondary =

The diversity of lifestyles and the beneficial effects of Trichoderma in crop plant metabolites in Trichoderma ecophysiclegy -
protection are supported and often rely in their Secondary Metabolites (SMs) e AN e WD
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Roles of specialized metabolites in fungal ecophysiology

v’ transitions between growth and formation of
specialized structures (conidia, perithecia...)

v' adaptation to abiotic stresses (T°, light, UV, pH,
nutrients availability...)

v" signalling cascades regulating genetic elements such
as transcription factors (TFs) inducing changes on
gene expression and modulating fungal physiology

Roles of SMs associated with interactions between
fungi and living organisms:
- competitive interactions (mycotoxins,
antimicrobials, virulence factors...),
- chemical shields for escaping from fungivores
- cooperative interactions (e.g., plant
growth/defence regulators, anti-feedants,
metabolites able to solubilize nutrients, etc.).

Isabel Vicente, PhD
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Roles of specialized metabolites in Trichoderma ecophysiology

v" Environmental factors regulating specialized
SMs biosynthesis in Trichoderma and associated fungal
responses mediated by SMs (blue)

v' Effects of Trichoderma SMs on the host plant during
fungus/root interactions (green).

v" Antagonistic effects of Trichoderma SMs during its
interaction with phytopathogenic organisms in the
rhizosphere (red)

v" Volatile organic compounds (VOCs) involved in at
distance communication with other organisms (brown)
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Terpene synthases inventory in 7. gamsii T6085

Table 1, Terpere synthuse genes found b thee genorme of T gorsii Tel85. [G) accessbon numbers of aacl
proteln are shown in the first column. Protein names ame shown i Bhe second colume Putabve protein
functions derved feoms computational anabesis are shown in e third oelumn, Terpene synihases used

i e ex pression analyzed are shionwn in baold

V' Trichoderma spp. are reported to produce a broad diversity of
terpenoids, including volatile compounds.

v' Terpenoids play important roles in the physiology of Trichoderma
and in the interactions with other organisms, acting as toxins,
chemical messengers, structural components of membranes,
regulators of genes related to stress, and inducers of plant defense
responses
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Combined Comparative Genomics and Gane
Expression Analyses Provide Insighis into the
Terpene Synthases Inventory In Trckoderia
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Putative #ri5 cluster

v’ Secondary metabolism in 7. gamsii T6085 (terpene synthases and a putative 7ri5 cluster).
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Modulation of the expression of the putative #ri5 cluster
in 7. gamsii T6085/wheat interactions

72hpi with T6085 on wheat roots
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Andrea D’Agostino, Master
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Trichoderma-plant interaction
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Beneficial effects of Trichoderma spp.

Interactions of Trichoderma with plant roots

Trichoderma colonize and penetrate roots

* Once in roots they establish chemical

communication with plants that causes plants to wall
off fungal hyphae (T)

* The best strains establish long-term relationships
with plants that are highly beneficial

espite Trichoderma spp. being able to exploit several mechanisms of action to protect plants from biotic stresses, the
modulation of the defense response in the host 15 the one that has received the most attention 1n recent decades, also supported
by the avalabihty of modern NGS technologies that allow a deeper mvestigation of the molecular mechamsms underpmning
the dialogue occurring among the biocontrol agent, pathogen and plant.

UNIVERSITA DI P1sA




v" Endophytic colonization of wheat roots Endophytic abillty

(modulation of plant defense genes)

/ v" Endophytic colonization of spikes tissues \

Endophytic colonization of
spike’s tissues
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Modulation of defense-related genes expression in wheat

T6085 root inoculation T6085 spike inoculation
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Modulation of defense-related genes expression in wheat

T6085 root inoculation, induction of resistance in leaves
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Relative expression of pall, prl, loxI and pgip2 genes in wheat seedling leaves at 7 (A) and
14 (B) dpi with T6085 on root
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Isabel Vicente, Samuele Risoli, Sabrina Sarrocco
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plants MDPI

Trichoderma-Induced Resistance to Botrytis cinerea in Solanum
Species: A Meta-Analysis

Samuele Risoli !0, Lorenzo Cotrozi &30, Sabrina Sarrocco 240, Maria Muzzaci 40, Elisa Pellegrini =3

and Antenella Vitk 5

- To summarize the outcomes of studies focusing on the resistance induced by Trichoderma spp. against Botrytis cinerea in tomato,
for the first time, results of a meta-analysis performed on studies published from 2010 to 2021 concerning the cross-talk occurring
in the tomato—Trichoderma-B. cinerea system.

- Starting from an initial set of 40 papers, the analysis was performed on 15 works and included nine parameters

- The resulting work not only emphasizes the beneficial effects of Trichoderma in the control of grey mold in tomato leaves (reduction
in disease intensity, severity and incidence and modulation of resistance genes in the host), but carefully drives the readers to reply to two
questions:

(1) What are the overall effects of Trichoderma on B. cinerea infection in tomato?

(i1) Do the main effects of Trichoderma difter based on the tomato species, Trichoderma species, amount, type and duration of

treatment?

- This meta-analysis highlights some weak points of the available literature and should be seen as an invitation to improve future
works to better the conceptualization and measure.
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Figure L. Effects of Triondérmid against Bofrydis cinend infection [Le. disease inlensity, severity
and incidence) and defense-related genes involved in jasmonic (JA; Le, profeinase inhibibors | and
IL PINT and PINIE, and tomato lipesygenase A and C, Tomrlor A and Tomlor C) and salicylic ackd
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represent the mean percentapge change due to Tricrosdermi imeatment relative 1o conirol (e, B oo
iniechion withowt T dnderms treatmentl, and the bars show the 85% confidence mterval, Number od
observations and papers are shown in parentheses; mean THdwdermt spp. conaentrations are given
along the nght ¥ axs

On the whole, the analysis emphasizes the positive effect of Trichoderma spp. in the control of grey mold in tomato leaves, both as a
significant reduction in disease intensity, severity and incidence, as well as an overexpression of some genes, connected with
resistance, such as those involved in the JA pathway (but not in SA, whose expression did not significantly change).
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Among the six tomato species analyzed in the selected papers, based on the exclusion criteria here assessed for meta-regression, only in two (S.
lycorpesicum and S. habrochaites) was it possible to perform the analysis, resulting in a different response of the host to the application of
Trichodema spp. This varied response is not surprising since it is well known that the activation of plant signaling pathways and the
reprogramming of plant gene expression by Trichoderma spp. strongly depend on the plant genotype
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Figure 3. Differential effects of Tridhoderma on Bof rytls anerea infection (le., disease severity) in tomato
leaves on the basis of Trichoderma species (Tricroderma harzigeum, T, asperedlum, T, atroviridac and T.
virenes). Symbaols represent the mean percentage change due to Trichoderma treatment relative to
control (Le., B, ciner tnfection without Trichodermia ireatment), and the bars show the 95'% confidence
interval. Mumber of observations and papers are shown in parentheses; mean Thic Fouderind spp
concentrations are given along the right ¥ axis

With respect to Trichoderma spp. (i.e. T. harzianum, T. asperellum, T. atroviride and T. virens) used in the selected articles,
the metaregression analysis did not highlight a significant difference based on the species these isolates belong to - each
one seemed to guarantee a significant level of disease control (disease severity) - with 7. atroviride and T. virens as the
most efficient.
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Cross-talk at distance between 7. gamsii T608S and F. graminearum

A genome-wide transcriptomic analysis was carried out to deepen our knowledge about the sensing phase, i.e. before contact between 7.
gamsii T6085 and F. graminearum

i) Tgam vs Tgam: self-interaction
ii) Fgra vs Fgra: self-interaction 1
iii) Tgam vs Fgra: non-self-interaction \

| Mycelium collected when edges
of the colonies were 5-8 mm
apart each other

Libraries were sequenced with an Illumina NextSeq500 sequencer, with 75bp paired-end reads

v Identification and annotation of differentially expressed genes (DEGs)

v" Analysis of secreted DEGs

v" Functional interpretation of DEGs:
- GO term enrichment analysis of DEGs (Biological process; Cellular component; Biological function) :

Promrsd Comear sy and Rimbepy

- GO term enrichment analysis of secreted DEGs =
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Identification and annotation of DEGs

Fgram -

Ayerage iog-expression

up-regulation in Fgram: buzzing mode

10

L 3 |

- bl
- 1" - . '., ke - @ up-regulated
s -
- - - e @ down-regulated
- s [ - 5 -
P - - L Fold-change threshold of 2/-2
i = L
" i
. -
- = = =
- L
i ¥ L]
o = 10

Average log-ox presson

down-regulation in 7gam: stealth mode




Buzzing mode of Fusarium graminearum

down-regulated genes
(involvement of iron as enzyme cofactor)
viron-ion binding: 5 genes belonging to the cytochrome P450 superfamily with CypX domain (secondary
metabolites biosynthesis and defense mechanisms)
v'heme-binding: 2 peroxidases (response to oxidative stress)

up-regulated genes
v'secreted killer toxins: 4 members of the “killer-toxin Kp4/SMK” family (chitinase-like). They cause plasma
membrane pores formation and block Ca?" channel, interrupting cell growth and development (U. maydis).
Contribute to the enrichment of “pathogenesis” biological process (4. nidulans vs B. cinerea and R. solani)
v'PAF-AHs (Platelet-activating factor Acetyl-hydrolases): role in stress tolerance (self protection to killer toxins)
and/or connected with buzzing mode for their involvement in ergosterol production.
v'"Membrane transporters: MFS (Major Facilitator Superfamily) and ABC transporters (multidrug transporters)
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Stealth mode of Trichoderma gamsii

down-regulated genes
v" chitinase activity: 6 genes coding for extracellular chitinases. Glycosyde Hydrolase family 18 (GH18, ChtBD1) and one of
them belongs to the LysM superfamily.

up-regulated genes

secreted proteins

v - 3 hydrolytic enzymes: involved in carbohydrate metabolic process (polygalacturonase, pectate lyase, cellulase/b-
glucosidase). Role in fungal-fungal interaction deserves further attention. Up-regulation could be due to the attempt to face
Fgram for nutrient competition.

v’ - serine peptidase: up-regulated proteolytic activity known to be involved in Trichoderma-plant and Trichoderma-fungal
interaction (this is the first report in at distance interaction).

v - lipid metabolism: lysophospholipase whose role in fungal-fungal interaction is still poor known (Cryptococcus
neoformans and Candida albica).

not secreted proteins
v" ferric reductase: involved in iron up-take (competition) and ROS production
v 2 MFS transporters: Major Facilitator Superfamily involved in multidrug resistance (killer toxins?)
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Biological contral of plant diseases - What has been achieved
and what |5 the direction?
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Beneficial effects of Trichoderma spp.
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Trichoderma atroviride T11

Biopesicide fo prevent soil-bome Trichoderma asperellum T25
diseases

T asperellumT25and T
atrovinde T11 against Fusarniunm,
Phytophihora, Pythivm
Rivzocionla and Scleralinia

TUSAL is in granules [WE), can
be sabwed in water, can be applisd
immediatly after preparing the
EUSF!E'I'I SN



Mode of action:

| Competition for space and nutrients

Mycoparasitism
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Against S. sclerotiorum on lettuce
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T34 BIOCONTROL®

134

Biocontrol®

| BICCONTROL s
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T34 BIOCONTROL®
Trichoderma asperellum isolate T34. —B4

1x10° cfu g! (g 12 on 100 g of product)

Biocontrol®

What is T34 Biocontrol®?

T34 is an innovative and highly concentrated
biofungicide.

For its development, the T34 strain of
Trichoderma asperellum was selected and
isolated from the natural environment.

Thanks to its characteristics, its efficiency is
comparable to that of any current chemical
fungicide, as well as being a vigorous and
proven plant-growth stimulator.
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T34 Biocontrol® Biocontrol®

T34 is an efficient and sustainable biological product which controls the main crop diseases,
protects plants from pathogens, improves their productivity and obtains healthier products for
consumers.

T34 Biocontrol® helps the plan improve the attainment of soil resources, protects it from
diseases and helps it maximise its genetic potential, thus allowing for a greater crop production.

It can be applied throughout the whole cultivation cycle, although in order to get the best results
it 1s advised that the product is applied in a preventive manner.

It works against Pythium aphanidermatum (Solanacee and Cucurbitacee), against Fusarium oxysporum f. sp.
dianthi and Dydimiella bryoniae
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-Applicable and suitable for a wide range of environments.
. 2 " = ﬁf
I = A F

ACTION MECHANISMS

Effects on pathogens: Effects on plants:

Activation of defence mechanisms {ISAL
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Beneficial effects of 7. afro-harzianum ( T. harzianum) T6776 on tomato plants:
an intimate dialogue that improves growth and defense responses

Beneficial isolate on tomato:
- endophyte
- growth promoter
- resistance inducer (biotic and abiotic stresses)
- mycoparasite (R. solani)

- enhanced photosynthetic activity
- enhanced hormones production
- enhanced sugar metabolism
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Tomato growth promotion by T6776
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Carbohydrate contents

Tahle 4 Carbolrpedmic contont &t leaves, siems and rooi level of § weck old (28 DPD oot inoculsted (CNT) and inoculsied with
Tric hoeferma harsamem TETH (TETTE) pmaiy plants

Treatment Gilueose F rucise ST Smrch
Lesves
CNT 0 2+057a 63+0.56a 42 540004 M a,
TeTTh 121+ 1506 95+ 108 41 80600 M.
Sk
CNT 19.5+2 454 0TH13% 44+].10a Nd
TeTT6 19.5+2 45a 07 +0.07a B0+ 1 30b N
Risois
CNT E X5 e | 99+1.10n 263+087a 2840. 142
TeTTH 937+063b 12 7+0.60 352+ 61k 5068 b

The content of ghcose, fructose, Rue e and dech wene exposssad in pmol of hexoee equivalent for | g of fresh weight (FW) of laves,
sl sl roapds tissue, Valees (umol heoese equiv, g1 FW) reprosent the mean + SE of 3 replicates for treatment (n=31, At different lettos
within the same column come guond values sign Beantly differont, acconding to Tukey's st (P-<0.05). CNT: el plants; TETT6: plants
imnscul ated with T harziomem ToTT6. N, mot detomninod
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Conclusions

Blological control of plant diseases — What has been achleved
and what is the directian?

v" The global sustainability agenda is increasing the demand for reduction in inputs into agricultural production while
maintaining profitable yield of quality products;

v" Plant diseases are a major constraint for both yield and product quality;

v" Beneficial fungi will give a huge contribution to reach the fixed target to reduce by 50% the use and risk of chemical
pesticides by 2030 and the use of more hazardous pesticides;

v" Trichoderma spp. can be considered as a valid candidate to be developed as active ingredient of biopesticides to be
used in the management of plant diseases.
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