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ABSTRACT:

Trichoderma atroviridéSC1 (SC1) was isolated from hazelnut wood and it is effective in the biocontrol of
soil-borne pathogens. However, its effectiveness decreases as its population declines iovbgised. To
improve its persistency in the soil, lignocellulosic materfavood pellet) were tested to be used as carriers to
sustain the population of SC1 and facilitate its incorporation into the soil. A method was developed to coat
wood pellets of fir, beech and, chestnut with a conidial suspension to reach a presetatmtéine. 16,

10, and 16 cfu/ g of wood). The growth of SC1 on each type of wood was compared. Chestnut pellets were
excluded from further experiments because they had low counts of dolonmyg units (cfu) of SC1. Beech
pellets were preferred over fir pellets for showing msu@able physicochemical characteristics for soil
application. In addition, for the same wood type, increased initial coating concentrations did not impact the
final colony counts of SC1 and no significant difference was observed between the coufts@f a6d 16

cfu/g of wood at the end of the experiment. The addition of small quantities of nitrogen increased the final cfu
on all types of wood pellets. The growth of SC1 on beech pellets was then tested by adding cheap nitrogen
sources namely, soy flo, soy protein isolates, and proteins that originated from animal wastes. The best
results were obtained with soy protein isolates (1 g/L) and the population of SC1 reabtbtied d ©f beech

wood. Finally, this carrier of coated beech pellets with smtein isolates was tested in the soil under
controlled conditions, in an experimental greenhouse at 25°C and 60% of soil humidity. The pellets were
coated to reach a final concentration of 5>/ g of beech and 10 g of beech coated pellets were witied

1 kg of soil in plastic pots to reach the final contentarion of 5¢fl@ g of soil. The carrier increased the
bacterial richness and diversity of the soil and decreased the fungal ones. Theadtalermapopulation
persisted in the first montmd then declined after three months with competition from other bacteria such as
Massiliaspp. and fungi such &tachybotryspp. andMortierella spp.

Keywords: Trichodermasoil, formulation, wood, coating, metabarcoding
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Chapterl: Introduction

Chapter 1: Introduction

Trichodermaspecies (Ascomycetes, Hypocreales) are ubiquitous, and
dominante the sorhicroflora ©omsch et al., 1980; Gams and Bissett,
1998 Klein and Eveleigh, 1998; Killham, 1994). Considering the
morphological characteristics of the genus, Bissett (1991 a,db¢)an
identified four sectionstrichodermaPachybasiunlLongibrachiatum
andHypocreanumTo date, 256 species haween describednd some

of these species are considered the anamorplymbcreaspecies
(Samuels 1996; Samuels, 2006; Bissteal, 2015).Trichodermaspp.
reproduce asexually by growing from hyphae fragments or by
producing spores (GanamdBissett, 1998).

Trichodermaspp. are important biological control agents, with specie
such ag'. hamatumT. harzianumandT. virensshowing igh potential

for biocontrol (Harman et al.,, 20Q4)This is due to their high
competitiveness in the soil as thegn survive under various stressful
conditions using a variety of enzymes and volatile compounds (Qi and
Zhao, 2013; Jalali et al., 2017; Ragt al., 2017)Trichodermaspp.
tolerate different climates from cool temperate to tropical (Danielson
and Davey, 1973a; Papavizas, 1985; Kubicek et al., 2008; Kredics et
al., 2014). They can be found in various agricultural soil types as well
as in forets, and sandy deseils Domsch et al., 1980; Haget al,

2003; Roiger et al., 1991). This is due to their versatility in growing and
degrading very diverse carbon sources such as sucrgsanbBose, B
xylose, Dgalactose, and fructose (Danielson ahDavey 1973h
Domsch et al., 1980; Klein and Eveleigh, 1998; Papavizas, 1985).
Species of the genusichodermaare able to increase plant growth by
changing the structure of roots or releasing substances such as
siderophores (to chelate iron) and orgaacids. These compounds
stimulate the production of auxins and increase the concentration of
essential elements such as Ca, P, K, and Mg in the soil. These elements
can directly influence shoot height, root proliferation and plant
productivity (LopezBucio et al., 2015; Pascale et al., 2017; Porras et
al., 2007; Contrera€ornejo et al., 2009)Trichodermaspp. can also
prduce different antibiotics such as pyrones (Claydon et al., 1987) and
other secondary metabolites (SivasithampasadGhisalberti, 1998
These matbolites helped confer Tachodermaspp. their biocontrol
activity by antibiosis, mycoparasitism, or simply by competition for
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space and nutrients. These activities against many fungal pathogens
have rendered them a suitable substitute for chemical compounds for
disease control (Benitez et al., 2004). Mycoparasitism is the direct
attack of one fungus on another and is referredigaally, as direct
antagonism (DixandWe b st er , lghichlase, chiinash and
proteinases being the main lytic enzymes involved in the degradation
of the host cell wall (Cheand Baker, 1981; Harman et al., 2004).
Trichoderma spp. can also inhibit the growth of other
microorganisms/pathogens by antibiosis, which is the release of toxic
substances such as pyronespenoids, steroids, polyketides, and-non
ribosomal peptides (peptaibols) (Sivasithamparam and Ghisalberti,
1998; Howell, 1998).

Thefag-growingnature ofTrichodermaspp. along with all the above
mentioned characteristics grant these fungi the ability to outcompete
less aggressive colonisers for space and nutrients giiiXVebster,
1995; Papavizas, 1985), and makes them very proliticarbiocontrol

of soilbornepathogens. However, the short lifespan of-native fungi

of these species is a major drawback in the soil as well as in storage.
Hence, formulations have been developed to solve these issues, and
many substrates and carriefsave been tested with different
Trichodermaspp to facilitate their soil incorporation, support their
survival in the soil and prolong the sh#ifé of their mycelia biomass,

and conidia (John et al., 2011; Jin and Custis, 2011; Kumar et al., 2014;
Cumagin, 2014).

Trichoderma #&oviride SC1 is an isolate that was isolated from
hazelnut wood in northern ItaffPertot et al., 2008). It tolerates a wide
range of temperature (59C30°C) and pH (4) and was demonstrated

to possess good biocontfmbtential (Pertot et al., 2016).

Aims of the PID. thesis

The aims of this thesis were to develop an easy way to introduce conidia
of Trichodermaspp. into the soil by testing lignocellulosic materials in
general, and wad pellets in particular, to based as carriers of
Trichodermaspp. for soil application, and to test the effect of such a
carrier on the microorganisms of the soil.



Chapterl: Introduction

Thesis format (outline)

The thesis is composed of six chapters. A general introduction, one
submitted revievarticle, two submitted original papers, a conclusion /
future perspectives, and finally the references (organised by chapter, in
their order of appearance in the text).

The review paper is composed of four different parts discussing the
current situation fthe survival ofTrichodermaspp. in the soil with and
without formulations, the biocontrol effectiveness of these fungi, and
their impact on nottarget microorganisms. The third and fourth
chapters both comprise an abstract, an introduction, a matenidls
methods section, a results section, a discussion section, and a
conclusion.
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Abstract

Trichodermaspp. aresaprophytic fungi that have gained increasing
attention as biocontrol agents against soil borne plant pathogens.
However, the decline of the populationTaichodermaspp. in the soil
often renders field treatments inefficient. This decline depends on the
applied strain ofTrichodermaspp., the soil abiotic factors, namely
temperature, moistur@and pH, and the complex interactions with the
microbial biomass of a soil and the plants. Since increasing the initial
inoculum concentration ofrichodermaspp. does not prevent the
decline of the population, formulations were often proposed to
overcomethis obstacle. Formulations can enhance the proliferation of
the fungus and increasiee consistency of soil treatments but can be
ineffective when the plant pathogen is present at high levels in the soil.
In addition, they must avoid any excess of nutdg¢hat can advantage
soil borne plant pathogens. Understanding the behaviour of
Trichodermaspp. and soil microbiota after the inoculation is crucial to
enhancing the efficiency of the treatments. Applications of
Trichodermaspp. can shift the microbialommunity of the sail,
however with a transient effect. Although cultimdependent analysis
partially clarified the impact of introducingrichodermaspp. on soil
microbiota, several aspects of the complex interactions among the
plants,andsoil microorgaisms including plant pathogens during time
are still unknown. Moreover, the effect of agricultural practices on the
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survival of introduced isolates ofrichodermaspp. needs to be
explored to improve biocontrol in practice.

Keywords: Trichodermaspp., sdi treatment, population dynamics,
survival, interaction, microorganisms.

Introduction

The applicatiorof microbial biocontrol agents (BCAS) is considered a
promising alternative to the use of chemical soil fumigants (Graham
and Strauss, 2021). However, many challenges still affect the practical
application of BCAs against soil borne diseases on cropsnidst
important one is the difficulty to replicate the conditions of naturally
suppressive soils, which are based on a precise combination of the
physicochemical conditions of the soil and the composition of the
microbial populationWeller et al.,2002) Since the discovery of the
antagonistic properties dfrichoderma lignorum(Weindling, 1932)
many studies have shown tHatchodermaspp. can be effective in the
biocontrol of soil borne plant pathogens and several isolates of the
genusTrichodermahave been implemented for such (Benitezet al.,
2004)

The importance ofrichodermaspp. in biocontrol emanates from their
diverse mechanisms of action in antagonising soil borne plant
pathogens. Thegre highly competitive in colonising a wide range of
substrates, which contributes to the displacement of less competitive
microorganisms (Papavizas, 1985). This phenomenon is often referred
to as ficompetition for s prindieectan d
way of antagonism, however, it is highly dependent on the ability of the
fungus to proliferate and establish in the soil. LucKilyichoderma

spp. possess other weapons in their arsenal. They are able to induce
plant resistance when appliedthe root system, by releasing elicitors
that can be peptides, proteinad/or lowmolecularweight compounds

that stimulate plant defence responses (Harmiaal., 2004). The
release of these chemicals elicits the production of ethylene or terpenoid
phytcalexins, which are linked to plant resistance to plant pathogens
(Howell et al.,2000). MoreoverTrichodermaspp. can act by antibiosis
through the production of certain secondary metabolites belonging to
the class of diketopiperazines, isocyano deriestiv peptaibols,
polyketides, pyrones and terpenoids (Sivasithamparam, and
Ghisalberti, 1998). These metabolites have antifungal and antibacterial
properties and inhibit the growth of other microorganisms (Beeitez

al., 2004). Finally,Trichodermaspp. @n attack other fungi directly
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using a variety of celvall-degrading enzymes such as chitinases,
glucanasesand proteases (Benitet al., 2004). The process of this
mechanism of action is quite complex and involves four different steps
(Chetet al.,1998). The first step consists the recognition of the plant
pathogen by the BCA through the secretion of chemicals by the former
that stimulate the latter. After the recognitidmichodermaattaches to

the plant pathogen lectins with celbll carbohydrags, coils around the
plant pathogen, forms appsesia, then starts to produce ecelall-
degrading enzymes and peptaibols, which assist in killing the targeted
plant pathogen (Benitezt al.,2004).

However, when it comes to a practical lasgale appliction, the main
challenge is to keep their concentration in the soil etpual higher

than the effective threshold for a sufficient time in order to exert their
antagonistic properties against the plant pathogen(s) (Adams, 1990).
Moreover, most of the stiies focused on the efficacy dfichoderma

spp. in antagonising a specific pathodervitro or under controlled
conditions (Kay and Stewart, 1998choemaret al, 1996 Gracia
Garzaet al, 1997; Lewis and Lumsden, 2001), while subsequent
application under field conditions often yields inconsistent results. This
is due to the complex interaction of the factors that affect the
effectiveness of soil treatments. Soil temperature, moisturengianic
matter and nutrients content, as well as microbial biomass and
composition can influence the rate of soil colonisatioff ighoderma

spp. (Carreiro and Koske, 1992; Klein and Eveleigh, 19B8erefore,
good understanding of the ecology and dyits of Trichodermaspp.
populations in the field is crucial enhancinghe biocontrol efficiency
(Chet, 1990; Paulitz, 2000; Gerhardson, 2002).

Several studies addressed the role of the abwa@ioned factors

on Trichodermaspp. survival in the soil,ut, unfortunately, due

to the different experimentaktupsand lack of monitoring of the
population over time, generalizing conclusions is difficult. This
chapter aims to collect and elaborateavailable information on
the fate of exogenoukrichodermaspp. isolates when applied in
the soil and the role of formulations or substrates on their survival.
Moreover, it provides aroverview of recent findings regarding
the factors that can affect the efficiency of soil treatments with
Trichodermaspp., and th side effects ofrichodermaspp. on the
microbial communities of soils.
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The decline of nofiormulatedTrichodermaspp. after their
application in the soll

Soil temperature, moisture, pH, organic matter, nutrient cqraedit
plant types are key factors that influence the proliferation of
Trichodermaspp. in the soilwhereas soil texture is less relevamt
influence their soil colonization (Danielson and Davé@73a,b
Widden and Abitbol, 1980Papavizas, 1983astburnand Butler,
1991). Although Trichoderma spp. tolerate a wide range of
temperatures, soil temperature has a relevant impact on their enzymatic
activity and volatile compound production (Tronsmo and Dennis,
1978). Temperature also affects the water avditalm the soil, which

in turn controls the germination of conidia and the hyphal growth of
Trichodermaspp. (Eastburn and Butler, 1991ix and Webster, 1995
Clarksoret al.,2004). GenerallyTrichodermaspp. prefer humid acidic
soils, with optimal greth and conidia germination in a pH ranging
between 3.5 and 5.6 (Danielson and Davey, 19@&enschet al.,
1980).

The proliferation off richodermaspp. can also be affected by biological
factors that include the competition between diffeflegirthodermaspp.
isolates present in the soil (Widden and Hsu, 1987) and the inhibition
by bacterial species such Rseudomonaspp. (Hubbardet al., 1983

de Boeret al.,2003). Unfortunately, early studies focused only on the
effect of the soil microbial communiti@gjainst the antagonistic activity

of Trichodermaspp., without providing information on the interaction
with resident bacterial or fungal species (Naar and Kecskes, 1998;
Kredics et al., 2003). Moreoverlittle is known aboutthe effect of
agronomic prad@tes on the dynamics ofrichodermaspp. in sall,
except for the effect of a crop rotation with soybean, maize, potato

on the increase of indigenous populationr¢hodermaas compared

to potato monoculture (Larkin, 2003).

Since differenfTrichodermaspp. isolates can be found in different soil
habitats and their biocontrol efficacy depends on the isolate that is used
in relation to the targeted soil borne plant pathogen @edl., 1980),

the goal of several studies wasttansfer effective indigenous isolates
from suppressive soils to soils where they do not belong naturally
(Wells et al.,1972; Papavizas and Lewis 1981; Lewis and Papavizas,
1991).
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The level of indigenousTrichodermaspp. in soils, whichvaries
between 0 and 18 colony forming units (CFU)/g of soil, depends on
the combination of physicochemical and biological fac{Bapavizas
1981; Roigeeet al, 1997, Larkin, 2003; Sarialet al, 2005;Longa and
Petot, 2009) When an exogenou3richoderma spp. isolate is
introduced into a soil, its fate depends not only the genetic
characteristics of the isolate, but also on the environmental factors that
affect the dynamics of the indigenous species. Fomple conidial
suspensions of. harzianumsolates added to a naterile sandy loam
soil, at the rate of YaCFU/g of soil, declined over time, reaching a
concentration lower than 1@FU/g of soil after four months, which is
the natural level for thatod (Papavizas, 1981). A nemative
Trichodermaspp. isolate can be considered established in a new soil
habitat when it maintains a stable population levelfiong time after

the inoculation l(ewis, and Papavizas, 1984everal studies showed
that this commonly occurs abmcentrations similar to those of the
indigenousTrichodermaspp.(Leandroet al.,2007; Longeet al.,2008;
Savazziniet al., 2008; Oskieraet al.,2017) However, the rate of the
decline, defined as the decrease in CFU countBrichodermaspp.
populaton in time, varies for the same isolate and depends on the
abiotic and biotic conditions of the soil where it is introduced. For
instance,T. atroviride SC1 incorporated in three soils fX0OFU/g of

soil) with different physicochemical characteristicsg(etwo sandy
loam and one clay loamy) survived at high rates (betweariD10
CFU/g of soil) 45 days after the inoculation (Longg al., 2008;
Savazziniet al.,2008). In contrast, the decline ©f atroviride|-1237
(inoculated at 10CFU/g of soil)occurred just after 21 days in a neutral
clay loamy sail, but after three months in an acidic sandy loam soil
(Cordier and Alabouvette, 2009).

Increasing the concentration of thErichoderma spp. inoculum
commonly does not prevent the decline and/or influence the final
concentration of the established population. For example, when a high
concentration ofT. atroviride SC1 conidia was incorporated into the
first layer of two types of soils (2 x 1¢ CFU/g of dry soil), it decreased
within 12 months to levels close to the concentration of the indigenous
Trichodermaspp. of those soils to levels ranging from 1 *tb03.9 x

10 CFU/g of dry soil (Longa and Pertot, 2009).

Although assessing theteraction of the effect @verysingle factor of
soils and the genetic traits of each specific isolate may explain the
reasons for the decline of any introduced exogefioieodermaspp.
isolate in soils, this approach would be extremely expensivéirand
consuming For this reason, research commonly focuses on the
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behaviour of specifiTrichodermaspp. isolates over time under the
specific conditions of the target use (Table 1).

In summary, the soil physicochemical factors influence the fluctuations

of indigenousTrichodermaspp. populations and determine the fate of
any introduced exogenoisichodermaspp. isolate that needs to adapt

to a new habitat. The population of the introdudedhodermaspp.
isolates usually ends up declining in time evemgh inoculum levels

are added to the soil. Therefore, more research is needed to understand
the impact of the interaction among soil abiotic and biotic factors and
the role of agronomic practices to enhance the proliferation of
Trichodermaspp. in soilsWe deem the information provided in Table

1 necessary to create a robust database of studies that report the decline
rate ofTrichodermaspp. and we encourage future studies to follow the
same protocol by reporting the initial inoculum, the period of the
experiment, the soil conditions, and the final recuperated concentration
at the end of the experiment. Moreover, using a unified index for the
dynamics of Trichodermas p p . such as Afol d/ w
magnitude/ weeko decrease/ alowsr e a s
comparing the population dynamics of the safmehodermaspp.
isolates over time in different soil conditions, which in terms can
facilitate evaluating the effects of each soil parameter on the fungus. In
addition, following this protocol, compag between decline rates of

two different isolates will become easier even when reported in two
separate studies that share similar soil habitats.

Effect of Trichodermaspp. formulations and/or nutritional
supplements on the fate of the fungal population

To prevent the decline dfrichodermaspp., various formulations have
been proposed (Gagil and Tanovi
blending of biomass of active ingiedts, such as conidia or
chlamydospores ofrichodermawith inert carriers, to improve the
physical characteristics (Kumar, 2013). The biomas$rishoderma

spp. is normally produced by submerged fermentation, -selici
fermentation, or on solid substiea (Lewis and Papvizas, 1991). The
most common substrates used to grdwichoderma spp. are
agricultural byproducts such as wheat bran, sawdust, bagasse, ,straws
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and other liquid substances such as molasses and jaggery solutions
added to inert solids (Pavizas and Lewis, 1981; Lewis and Papavizas,
1991). The final product can be formulated as wettable powders, dusts,
gels, emulsions, prill, pellets and granules (Lewis and Papavizas, 1991;
Fravelet al, 1998). The formulation aims to stabilise the BCAimiy

the production and distribution, increase its shelf life during the storage
at room or controlled temperature, protect conidia from the adverse
conditions of the soil and/or provide the fungal propagules with
nutrients that support the growth and emdetheir activitBurges and
Jones, 1998)

Within a formulation, the carrier is the component that facilitates the
distribution of the active ingredient in the substrate, and it can be inert
such as, Pyrax or talc, a food base, such as powdered wheat by
fibre, or a combination of both (Lewis and Papavizas, 1991). A good
carrier should be netoxic to the BCAs and plants, cheap and available
in sufficient quantities, and easy to sterilize to avoid contaminants
(Leggettet al.,2011). For the soiapplication inert carriers, such as,
peat, talc, vermiculite, charcoal and alginate pellets, are most
commonly used (Lewis and Papavizas, 199tijchodermaspp. are
sensitive to soil fungistasis (Steiner and Lockwood, 1969; Lukéck
al., 2004) and formwted products display enhanced longevity in time
as compared to the ndarmulated conidia (Table 1). For example,
while nonformulated population of. harzianundeclined from 10to

10* CFU/g of soil eight weeks after inoculation, bentowigemiculite
formulated conidia of the same isolate did MéaitinezMedinaet al.,
2009).

If formulations may help delay the decline of fungal populations of
Trichodermaspp. over time and therefore, extend the biocontrol effect
of the introduced BCA, their effect varies among isolates. For instance,
T. virensG1-21 andT. harzianumT-22, when applied as granular
formulations, were still present after 15 weeks in buld sbia
concentration of 1.2 x 18 CFU/g of sail in contrast to unformulated
conidia, but onlyT. virensG1-21 was still detectable after one year
(Larkin, 2016)

An efficient formulation may delay the decline of the population of
Trichodermaspp., but the final outcome always depends on the
soil/rhizosphere competence of the specific isolate (Harman, 3i80;

et al, 2008) Rhizosphere competence is associated to the plant and its
resident microflora, which adds an additional layer of complexity to the
system, suggsting that the formulation of Brichodermaspp. isolate

may need to be adjusted not only to the soil and the isolate, but also to

10
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the crop. In fact, some species Tichodermaspp. isolates showed
rhizosphere preferences, &s harzianumand T. hamatunthat were
more often associated with the rhizoplane of cucumber or tomato,
respectively, which is probably related to the differences in plant
exudates among these crops (Kurakov and Kqs2ipad).

In general, without the addition of a carbon source ® $bil,
Trichodermaspp. isolates tend to decline fast until stabilising at a
concentration, which varies according the specific soil conditions,
regardless of the initial inoculated population level (Loetga.,2008).

The competitiveness of an introcietcTrichodermaspp. isolate may
increase with the addition to the soil of a carbon source that can support
its growth. Several compounds have been tested, as components of the
formulation, on various isolates and fungal stages providing different
outcomeqTable 1). Many carriers combined with nutrients increased
the populations offrichodermaspp. in the soil (Renganathan al.,

1995 Smolinskaet al., 2014; Medeiroset al., 2020. However, the
positive effect on the fungal growth of increasing dosageshef
nutritional substrate usually reaches a plateau (Lewis and Papavizas,
1984). On the contrary, increasing tfheichodermaspp. inoculum
levels in the nutritional substrate does not increase the final
concentration in the soil over time. For instanbe,dpplication of two
rates ofT. harzianum(10 and 20 g of a talbased formulation per kg

of farmyard manure) to a sandy loam soil resulted in the same
proliferation pattern almost eight weeks (60 days) after the inoculation
(Prasacet al, 2002) and the population @f harzianumincreased to
10°CFU/g of soil from an initial concentration of 4DFU/g of soil with

both doses. Cho and Lee (1999) also observed a similar behaviour with
T. viride ATCC 52440 in a sandy loam soil (pH=4.6; angamatter
=19.3%) by entrapping three wet biomass weights (0.4, 0.8, and 1.4 mg)
of the fungus in gluten granules. The number of CFU. @fride ATCC

52440 reached the level of 4657 x 10 CFU/g of soil nearly 50 days
after incorporation into the sdibr all tested biomass of the fungus.

The type of propagules of the introdudeichodermaspp. isolate, may
have an effect on its fate in soil, with mycelial propagules being more
active than conidia, which need to find favourable conditions to
germinateFor example, wheat bran added at 1% weight/weight (w/w)
did not prevent the decline of the populationsToharzianumandT.
viride, unless fresh mycelium is used instead of conidia, with an effect
on the survival that varied according to the isolatéath, when wheat
bran was addedl,. harzianumand T. viride increased from an initial
concentration of 10to 5 x 10 and 16 CFU/g of soil, respectively,

11
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before stabilizing at ¥0and 16 CFU/g of soil after 36 weeks,
respectively llewis and Papavizasl984). However, conidia and
chlamydospores are preferred over fresh nigcel the formulation
process due to the sensitivity of mycelial propagules to the dry
conditions in storage at room temperature (Papavizas and Lewis, 1989;
Lewiset al, 1990).

Concentrations of nutritive substances in the substrates are important.
For example, high concentrations of carbon sources in a formulation do
not necessarily guarantee bett&richoderma spp. proliferation,
because the carbon increase can nourish plant pathogens instead of the
introduced inoculum (Kelley, 1976; Cook and Baker, 21382nmings

et al.,2009). Implementing formulations that can support the growth of
Trichodermaspp. for long time is the key to guarantee a better
proliferation of the fungus, and the optimization of the formulation
and/or its nutritional components for veide range of soils is the
challenge for a wide use ®fichodermaspp. isolate for soil treatments.

To improve the development of formulations, it is important to enhance
our understanding of the ecologyTtrichodermaspp. their interactions

with the migobiota of the soil, and the effect of agricultural practices
on their proliferation. In addition, a good knowledge of the plant
pathogen system can improve the choice of carriers, substrates, and
additives that must be suited for the mode of action amdelivery of
Trichodermaspp. to obtain better biocontrol.

12



Chapter 2: Fate of formulated and norformulated Trichodermaspp. strains after application in the soil and side effect on nen
target of microorganisms

Table.1 Fate of formulated and ntarmulatedTrichodermaspp. isolates applied in the soil at a specific

concentration.

Strain Initial Final Duration of | Sall type and | Food support | Reference
concentrat | Concentration | the proprieties/greenhouse| /Formulation | and year
ion (cfug?) | (cfu g?) experiment | conditions

(week)

T. harzianum

T-1

T-5

T-14 104 0130 18 Sandy loam (pH=6) No Papavizas,

H-54 1981

WT-6

WT-6-1 (Uv-

induced biotype)

T. viride T-1-R4 10¢ @ 100 36 Loamy sand (pH=6.4 Bran 1% of| Lewis and

T.harzianumwT- | 10% 10 0.4% organignatter) soil t(w/w) Papavizas,

6-24 1984
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T.hamatumT382 |2 x 10 103 34 Potting mix (7585% | Compost Leandro et
Canadian sphagnul added al., 2007
peat moss, 120% | regularly
perlite, 510%
vermiculite)

T. atrovirideSC1 | 1.2 x 16 1.15x 10 18 Sandy clay SOi Longa and
(pH=7.78) Pertot,

Sterilized 2009
5.1 x10 Sandy loam soi| boiled rice
(pH=7.64)

T.atroviride SC1 108 10°-10 6 Two sandy loam and on Sterilized Longa et
clay loamy soil boiled rice al., 2008

T.atroviride|-1237 | 1P 1.7 x 10 3 Neutral clay loam No Cordier and

Alabouvett
e, 2009
2.2 x 10 13 Acidic sandy loam
T. harzianum 100 10 8 Peat No Martinez
Medina et
al., 2009
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108 100 Bentonite
vermiculite
T. virensG1-21 6.57x1¢ | 1-1.2x 10 15 Bulk soil Granular Larkin,
T. harzianumT-22 formulation 2016
T. harzianum 10 10 8 Sandy loam (pH=6.2) | Talc/molasseq Prasad et
-based al., 2002
formulation
10t 108 Sandy loam (pH=6.2)
T.harzianumth-10 | 10¢ 108 8 the rhizosphere Dried banang Thangavelu
soil of banana leaves et al., 2004
immersed in
jaggery
solutions

#Proliferation of fresh threday-old mycelia
®Both applied doses of 10g and 20g of formulation per kg of manure yielded the same cfu counts at 8 weeks
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Factors influencing the effectiveness of soil treatments with
Trichodermaspp.

The difference between general and specific suppression is that the first
is related to the biological conditions of a soil (total biomass of
microorganisms in a soil acting synergistically to keep plant pathogens
under control) and the latter relies onesific agents (a single
microorganism that is effective against a specific pathogen, commonly
known as fungal antagonism) (Wellet al., 2002). The specific
suppression is transferable, i.e. transferring an effective isolate of
Trichodermaspp. from a supressive soil to a conducive soil can stop
the occurrence of a certain disease, even if the two soils do not share
the same microbiota composition. However, as the specific suppression
is an induced suppression, its effect is transient because it does not
combine both general and specific suppression characteristics, and as
the population of the BCA starts to decline, repetitive treatments are
needed to control a given plant pathogen by reaching its suppression
(Simon and Sivasithamparam, 1989).

Although a Trichodermaspp. isolate can have sufficient efficacy
(capacity to produce the desired effect under optimal conditions) and
effectiveness (consistency of that efficacy under real conditions)
against plant pathogens, the efficiency (ability to produce énees
result with minimum use of input and waste and at minimal cost) may
depend on several factors, such as the abiotic and biotic characteristic
of the soil, the suitability of the formulation for large scale application,
and the interaction with soil migorganisms other than the targeted
plant pathogen (Fig. 1). For example, Adams (1990) considered
Trichodermaspp. inefficient BCAs because *1GFU/g of soil are
required to suppress a pathogiamsity inoculum of 2 x ZOCFU/g of

soil.

The proportion betwen the applied biomass of the BCA and the plant
pat hogenos popul ation density i
important factor affecting the effectiveness of the soil treatment. The
concept that higher concentrations of the BCA result in higher
biocontol efficacy has been commonly accep{étad, 1980; Lewis

and Papavizas, 1987;apavizas and Lewis, 1989However, this
concept cannot be generalised. For instance, increasing concentrations
of T. harzianumandT. viride (1%, 1 and 16 CFU/g of sail) increased

the control ofMeloidogyne javanicauntil it reached a plateau (af?

CFU/qg of soil) and further increase of the BCAsIIFU/g of soil)

17
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did not result in better biocontroAl-Hazmi and TarigJaveed, 2016)
applied under unfavourable conditions, even high inoculum levels may
not yield sufficient bioconticactivity. For instance]. harzianunirh-

10 applied in the soil at the rate of 4 ¥%0FU/g of dried banana leaf
treated with jaggery solution, resulted in a similar plant disease
reduction as a talbased formulation of the same isolate applied with
lower concentrations, with 49.9% of disease incidence reduction as
compared to 40.1% (Thangavedtal.,2004). Although not discussed

in the study of Thangavelet al (2004), investigating the lofgrm
impacts of inundating the soil with high concentmasiof a BCA on the
dynamic equilibrium of the soil could be very informative.

When high levels of plant pathogen propagules are present in the soll
increasing the concentration of tAeichodermaspp. BCA can be
insufficient to suppress the plant diseé8bet and Baker, 1980For
example, in soil applications &t harzianumo controlFusarium udm

(the causal agent of the pigeon pea wilt) an increase dosage of the BCA
(from 10 to 20 g/kg of farmyard manure) resulted in an increase of
disease control (from 42. to 61.5%) at low plant pathogen inoculum
(0.48 CFU/g of sail). In contrast, when the sacd@sages ofT.
harzianumwere used with higher concentrations of the plant pathogen
(0.69 and 0.72 CFU/g of sail) the increased dosage of the BCA did not
result in an increased efficacy, which dropped to 32.3 and 35.3% and to
22 and 30.9%, with the two dages, respectivelyfasacet al.,2002)

The abovementioned results suggest that the control of plant disease
may depend on many other factors that need to coexist for an efficient
biocontrd. These factors may be: i) the choice of a suitable
Trichoderma spp. isolate against an adequate susceptible plant
pathogen that is present in the soil at concentrations that can be
managed by the BCA (Cummingsal.,2009; Leggetet al, 2011); ii)
theuse of an efficient formulation that sustains the proliferation of the
BCAs in the specific soil conditions without causing increase and/or
emergence of other diseases (Papavizas, 1985; Lewis and Papavizas,
1991; Leggettet al., 2011); iii) the outcome fothe interaction of
introducedTrichodermaspp. with the indigenous microbial population

of the soil, which can inhibit its biocontrol activitjédar, 1984)These
requirements explain the low consistency of biocontrol of soil borne
plant pathogens byrichodermaspp. (Lewis and Papavizas, 1991;
Weller et al., 2002; Cummingset al., 2009) and call for a better
understanding of the mechanisms of action involved in the biocontrol
of each targeted plant pathogen, and of the interaction between plants,
plant pathogens anttichodermaspp.
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When it comes to specific plant g
treatments seems to be more related to the type and combination of the
mechanisms of action of th&richodermaspp. isolate than to the
concentration of its population in the s(ilae and Knudsen, 2003h
addition, he antibiotics released bjrichodermaspp., which vary
according to the isolate of the fungus, may display different efficacy
levels in relation to the isolate of the plant pathogen used for the
elicitation (Dennis and Webster, 1971; Vinaeal.,2009) This might
explain the reduced effectiveness in controlling a plant pathogen
through the simple increase of populationd o€hodermaspp. (Chet

and Baker, 1980; Sivan and Chet, 1989). The choice of the appropriate
Trichodermaspp. isolate that shows high efficacy inntolling a
specific plant pathogen is very important to ensure a good disease
control, and a deep knowledge of the mechanism(s) of action involved
in the biocontrol plays a crucial role in this selection: if biocontrol
activity relies strictly on the conepition for space and nutrients or
modification of the rhizosphere, higher inoculum levels of the BCA
might not be effective in controlling high plant pathogen population
levels (Sivan and Chet, 1989; Prasadl.,2002). This is probably due

to a lack ofnutrients that were already colonized by the plant pathogen,
which inhibits the proliferation ofrichodermaspp., and/or the ability

of high inoculums of the plant pathogen to cause a plant disease even
with reduced propagules (Sivan and Chet, 1989)th@nother hand,
when the biocontrol activity relies on the production of antibiotics, lytic
enzymes and/or volatiles (direct mycoparasitism) further research is
needed to quantify the effect of increased population levels of
Trichodermaspp. on the diseaseippressiveness. In fact, in the case of
direct mycoparasitism using lytic enzymes, higher population levels
may provide better control (Ojha and Chatterjee, 2011; Wijesiaghe
al., 2011; Elamathet al.,2018).

In some cases, the higher the concemmadif the plant pathogen in the
soil, the longer it take3richodermas p p . to suppress
inoculum. For instancd,. asperellumacting by direct mycoparasitism,
decreased three plant pathogen inoculum levelsThiElaviopsis
paradoxa (1C° 10* and 16 CFU/g of soil) to concentrations lower than
10* CFU/g of soil (the lowest disease causing concentration level),
within six, seven and nine weeks from inoculation, respectively
(Wijesingheet al.,2011) Another important aspect to be considered
and that requires more sted is the possibility of conidia to migrate
and thus colonize wider volumes of soils compared to the treated area.
For exampleT. atrovirideSC1 migrates up to 4 m horizontally and-0.3
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0.4 m vertically, passively transported by the water movement in the
soil (Longa and Pertot, 2009).

In conclusion, the factors to consider while testing the efficiency of
biocontrol with a newlrichodermaformulation are the right choice of
the BCA regarding mechanism of action, the identification of the
minimum concentratin of the propagule oflrichodermaspp. to
inoculate, the selection of the concentration/quantity of additives and
carriers and the application rate of the formulation to the soil and the
time needed to exert the biocontrol activity for a given plant g&tmo
inoculum. However, further research is needed to understand the
complex interactions between soil microorganisms and the applied
Trichodermaspp. isolate in order to understand the functioning of a
combined effect of general and specific disease sappaness on the
effectiveness of disease control.

& Conidiumand mycelium of Trichoderma \ ﬂ \ 7
spp.
. Soilborna plant pathogans. 7>\

Carrier £ nutrients + Trichederma spp.
isolate

Effective biocontrol?

Competitive

Rhizosphere

Quick decline over time B Longer time of survival
Soil pH/Temperature/moisture/organic matter/nutrients
TCER e

Non-Formulated e Trichoderma spp. isolate == Formulated

Figure 1. Factors affecting the effectiveness of soil treatments
Trichodermaspp. and the role of formulations in prolonging i
survival of the biocontrol agent and enhancing its antagor
activity.
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Effect of Trichodermaspp. inoculum concentration and formulations
on nontarget soil microorganisms

The concentration offrichodermaspp. and the formulation may
influence the plant and the microflora in the soil and therefore the
outcome of the soil treatment. For examgiggh concentrations of
Trichodermaspp. can reduce the plant growth due to the production of
volatiles that can have phytotoxic effefitsmsderet al, 1990) or can
result in shifting the microbial community and in the increase of
diseases that were previously under the control of the indigenous
Trichoderma spp. or other microorganisms (Papavizas, 1985). For
instance, applyingl. harzianumT22 at high rates or repeatedly,
displacedT. virensand other fungi, which could be a disadvantage for
simultaneous applications of different BCAs into the gbirman
2000).

Soil borne plant disease occurrence is often linked with an unbalance in
the soil microbial community structure. In fact, analyses of infected
soils from different studies reported reduced biodiversity in soil plots in
which the plant dissseoccurs as compared to the control (Mao and
Jiang, 2020). Moreover, soil microbial communities often act
synergistically to control soil borne plant pathogens and altering this
equilibrium may lead to the emergence of other diseases that were
previously under control. For instance, a combination of fluorescent
pseudomonads and npathogenicF. oxysporuncollaborate in soil
suppressiveness by competing with plant pathogEnioxysporum
isolates for iron and carbon, respectiveWeller et al., 2002)
Displacement of one or the other may lead to the development of
diseases caused by plaatthogenid=. oxysporunthat were previously
under control. Therefore, studying the effects of repetitive treatments
with Trichodermaspp. and their formulations on the microbiota of the
soil is crucial. Unfortunately, only interactions betwdétseudomonas
spp. andr'richodermaspp. have been studied extensively, whereas little
is known on the interactions betwednichodermaspp. and non
pathogenicFusariumspp.. Except for some specific conditions, the
competition betweenPseudomonasspp. and Trichoderma spp.
increased in the case of lack of iron in the soil, resulting in a slower
growth of the latter (Hubbard, 1983adar, 1984). In contrast,
Pseudomonaspp. do not affect the biocontrol activity Bichoderma
BCAs when sufficient iron is avable in the soil (Bin, 1991
Dandurand and Knudsen, 1993).
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Repeated treatments can modify the soil microbial population. For
example, the relative abundances of speciesFo$arium and
Gibberelladecrease ant@irichodermaand Chaetomiumncreaseafter
three years of repetitive application ®f hamatunMHT11134. This

also led to an increase in Actinobacteria and an improvement in the
microbial community structure of the soil that positively affected the
soil quality (Mao and Jiang 2020).

The knowledge onhe effect of the introduction dfrichodermaspp.
isolates in soil increased dramatically in the last two decades in parallel
with the advancements in molecular techniques that have facilitated the
study of soil norculturable microbial population. Initigl the
combination of the culturbased technique with pioneering genetic
fingerprinting techniques (e.g. ARDRA, DGGE, RAPD, RISA, TGGE
and TRFLP) provided information on the comparative analyses of
microbial population dynamics. Using these technigtles,effect of

the introduction ofT. atroviride 11237, T. atroviride SC1 andT.
harzianumT37, could be studied indicating an induced temporary
increase in the bacterial community and a transient effect on the fungal
community, which lasted only three mbat(Cordier and Alabouvette,
2009; Savazziniet al., 2009; Huanget al., 2016), before the re
establishment of the previous equilibrium. These studies were
conducted in bulk soils and did not account for the impact of plant
rhizosphere that can in turn etthe microbial communities. For
instance, the addition of several isolates Tafchoderma spp. in
Pythium infected soils resulted in the abundance of bacterial and fungal
populations not because of the introduction Tafchoderma spp.
themselves, but due the nutrients leaking from the damaged roots
(Nasebyet al., 2000). In fact, the selective competition between
microorganisms, as well as, the concentration of antibiotics increases
whenever the concentration of organic substances increases in the soil
(Dennis and Webster, 1971). This should be carefully considered when
developingTrichodermaspp. formulations.

Plants can affect the growth @fichodermaspp. and can be affected
themselves byrichodermaspp. application in the soil as they are plant
growth promoters. For instancd, asperellumco-inoculated with
Bacillussp. provide better banana seedlings by promoting plant growth
by increasing phosphate solubilisation and by favouring auxins and
hydrolytic enzymes synthesis (Moreigt al., 2021). Trichoderma
asperellumM45a and biochar used as a carrier increased dheato
yields, enriched the fungal and bacterial populations by increasing the
nutrients availability and soil fertility and increased the resistance of
watermelon to Fusarium wilt (Saet al.,2020). TheTrichodermasp.
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isolate RW309 inoculated with organmatter altered the fungal
community in the rhizosphere, and, in parallel, stimulated nitrogen
mineralization and increased soil phosphatase activitye(¥a,2020
Asghar and Kataoka 2021).

Formulations can directly and indirectly affect microbigbplations of

soils, either by promoting the BCA, or stimulating the growth of plant
pathogens and other competitors (Amir and Alabouvette, 1992;
Smolinskaet al., 2016; Baruaet al, 2018). However, since most
carriers used are inert materials, with lowban and nitrogen content,
studies reported an inhibition of biocontrol activities of formulated
Trichodermaspp. due to competition, only when nutrients were added
to the carrier (Kelley, 1%j. Generally, when the abiotic and biotic
factors of the soil i@ favourable for the proliferation @irichoderma

spp., there is an increase in the total bacterial density, and particularly
Pseudomonasspp. and actinomycetes (Bae and Knudsen, 2005).
Trichodermaspp. applied with organic fertilizers also corroborate th
result, showing higher abundance of fungi, bacteria and actinomycetes
in the treated soil (Yet al.,2020).

Although initial culture independent techniques gave a better insight in
the microbial populations, metagenomics had the most disruptive
impacton the analysis of the effects of the introductiofiw¢hoderma

spp. on the population dynamics of microorganisms of the soil (Xu,
2006; Friedl and Druzhinina, 2012). The applicationTaEhoderma
spp. results in a selective abundance of different ilmmakt groups of
agronomic importance that promote the plant growth or the
development of bacterial and fungal genera with biocontrol activities
(Umadeviet al.,2018; lllescat al.,2020). For instanc&hammenet

al., (2021) found that wood pellets usesicarriers of . atrovirideSC1

and incorporated into an agricultural soil increased the richness of the
bacterial population and only temporarily decreased its diversity. On
the other hand, the carrier decreased both the richness and diversity of
the fungal population by increasing fungal genera that were the most
adapted to growing on woody substrates such Mastierella,
Cladorrhinum andStachybotrysin another exampld,. harzianunil -

22, applied with chitosan and tea tree oil promoted the growtheof
antagonistic fungiA | b i y spp.rloaostachysspp., Penicillium
spp.,Talaromycespp. andlrichodermaspp. in the carrot rhizosphere,
which in turn increased the antagonistic activity towakdternaria
dauci, A. radicing Rhizoctonia solanand Sclerotinia sclerotiorum
(Patkavskaet al.,2020).
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Treatment withT. asperellumsignificantly increased the reiee
abundance ofCeratobasidiumsp. besidesl. asperellumitself and
inhibited plant pathogenic fungi such BeonectriaandFusarium(Fu
et al., 2021). Inoculation withT. asperellumM45a also reduced the
fungal diversity of the soil whereas, it incredghe bacterial diversity
and the relative abundance of plant growtbmoting rhizobacteria
belonging to genera such a#\ctinomadura Pseudomonas
Rhodanobacteiand SphingomonagZhanget al., 2020). In another
context, Trichoderma spp. treatment also dreased the selective
abundance of beneficial bacterial genera such MNisrospira,
SphingomonagsandStenotrophomona$-u et al.,2019).

These studies shed the light on the selective effedtsaifodermaspp.

and their formulations on the dynamic equilibrium at genus level.
Nonetheless, further research is required to assess the functional effects
of bacterial communities and their interactions with different isolates of
Trichodermaspp.. This can lead tcombined applications of various
BCAs that could act synergistically to mimic conditions of naturally
suppressive soils.

Conclusion:

The fate of anyrichodermaspp. isolate in any new habitat (transfer of

a species fromree soil type to another for instance) is difficult to predict
as it depends on genetic factors of Thiehodermaspp. isolate, abiotic

and biotic conditions of a soil, and the composition of the formulation
used to sustain the growth of the fungus. Theitimnal components of
formulations must also be selected carefully considering the side effect
on the plant and microbial population in the soil and their combination.
A deep knowledge of th&érichodermaspp. isolate, the targeted plant
pathogen, the cpand the soil factors are therefore crucial for an
efficient  biocontrol with minimal impact on ndarget
microorganisms. Nonetheless, further research is needed to decipher the
complex interactions between the introdugeidhodermaspp., plants,

soil bane plant pathogens and all the other soil microorganisms during
time especially by investigating the different modes of actions.
Moreover, the effect of agricultural practices on the proliferation of
Trichodermaspp. must be investigated and the-application of
isolates belonging to this genus with other microbial biocontrol needs
to be explored for a better biocontrol in practice.
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Abstract:
The use of biocontrol agents to control soilborne degesa promising
alternative to chemical pesticides, however, obtaining a homogeneous
distribution and incorporation of conidia of fungal biocontrol agents
into the soil is often difficult. Several carriers/formulations have been
proposed over time, unfmmately without offering an ultimate solution.
We propose the use of wood pellets as a carrier of conidia of a
saprophytic fungus that has good biodegradation and biocontrol
propertieqTrichoderma atrovirideéSC1). The coating process is based
on the diret spraying of wood pellets with a conidial suspension at
*Corr%s%oar;ldgé% F’:leustggg different rates. Beech, fir, and chestnut wood pellets were compared in
ilaria.pertot@unitn.it terms of relevant physicochemical traits and efficacy in supporting the
Eﬁgﬁg;ﬁ%ﬁ;ﬁ‘){ﬂ‘;ﬁseﬁ;’,‘gg growth of the fungus. Beech wood pellets displayed Hest
of Trento/Fondazione characteristics in terms of water holding capacity, swelling properties,

. Edmund Mach, . o : -
V'%u“-"/ﬁﬁg é, 3%0'\466%\}? and disintegration timeTrichoderma atrovirideSC1 grows best on
ltaly beech and fir wood pellets and reaches a plateau after nine days of
Phone +39 0461 81552 incubation, regardless of the initial casgiconcentrations. The addition
fax + 39 0461 615500 of small quantities of a nitrogen source as tryptone or soy flour, soy
proteins, and a mixture of animal proteins used as pet food to the

conidial suspension can increase the growth bydlels on all types of
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wood pelletsOur results demonstrate that beech and fir wood pellets
could be suitable carriers to deliver and sustain the growtf. of
atroviride SC1.

Keywords: Trichoderma coating; carrier; lignocellulosic materials;
nitrogen.

1. Introduction
In recent years several microorganisms have been isolated and
developed as biocontrol agents of soilborne pathogens (Idong and
Sharma, 2021; Parulek&erde et al., 2021). Unfortunately, when an
exogenous microorganism is introduced into the soil, its exnation
declines rapidly, thus its biocontrol efficacy is reduced over time
(Papavizas, 1981; Savazzini et al., 2008; Khare and Arora, 2015). In
addition, homogeneous incorporation of small quantities of microbial
propagules in a large volume of soiliery difficult to obtain, calling
for the development of novel and effective formulations and/or
application methodologies (Spadaro and Gullino, 2005; Glare et al.,
2012). Microorganisms have a key role in the bioconversion of
lignocellulosic waste and theecycling of plant biomass in nature.
Wood is composed mainly of cellulose {BO %), hemicellulose (25
35 %), and lignin (185 %), with minor amounts of organic and
inorganic extractives (Anderson, 1958; Pettersen and Rowell, 1984;
Tarasov et al., 2018)The degradation of these molecules naturally
occurs in the soil and involves a complex of enzymes produced by
several microorganisms that act synergistically, with a rate of
bioconversion that depends on the plant species and the structure of the
microbial population of the soil (Dashtban et al., 2009). Lignin is a
heterogeneous polymer with a complex structure, which makes it the
hardest part of wood to decompose (Kirk and Farrell, 1987; Lopez et
al., 2006). Fungi are generally more efficient than bacterdegrading
the lignin, with Ascomycota having, in general, a lower lignin
degradation efficiency as compared to Basidiomycota (Dashtban et al.,
2010; Janusz et al., 2017). So far, most studies have focused on white
rot fungi (Basidiomycota) such &hanerochaete chrysosporiuand
Coriolus versicoloy which are the most efficient species in the
complete degradation of lignin (Blanchette, 1991; Lopez et al., 2006;
Dashtban et al., 2009; Janusz et al., 2017). Ascomycota belonging to
the genudrichodermalLopez et al., 2007), for examplg, reeseand
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T. atroviride are also known for their lignocellulolytic activity,
characterized by t he pgluoodidagesdnd n ¢
b-xylosidases that degrade, into their simple monomers, cellulose and
hemicellulose, respectively (Perez et al., 2002). Althdugthoderma

spp. are not the most efficient species to degrade lignin, several strains
of this genus have been extensively studied because they are efficient
antagonists of soilborne pathogens rfdan, 2006; Kovacs et al.,
2009).

The combination of mycoparasitic and saprophytic activity of
Trichodermaspp. has stimulated the idea of using wood bark as a
substrate to apply them to the soil as biocontrol agents (Nelson et al.,
1983; Kwok et al., 198 or as mulching to prevent soilborne pathogens
(Pellegrini et al., 2014). The use of wood to deliVeéchodermaspp.

into the soil has several advantages as compared to other carriers (i.e.
clay minerals, siliceous materials, etc.; Yusoff et al, 20%8)ich lays
mostly in the selective preference of these species for this substrate. In
fact, Trichodermaspp. are more efficient than their microbial rivals,
that do not produce cellulases, in growing on wood, which elicits their
fast colonization of theadl with subsequently increased competition for
space and nutrients and antibiosis activity against other
microorganisms, including phytopathogens (Papavzias, 1985). In
addition, woody materials are a cheap and environmentally friendly
substrate that camistain high population levels dfichodermaspp. in

the soil over time (Chung et al.,, 1990; Krause et al., 2001).
Unfortunately, there are also several limiting factors in the use of barks
or wood chips as carriers férichodermaspp., such as the difficulty to
obtain a specific and homogeneous concentration of conidia on wood
chips or barks and the slow degradation of these materials in the saill,
which prevented so far their practical application in the field.

Wood pellets, madé&rom compacted sawdust and related industrial
wastes from the milling of lumber and commonly used as biofuel
(Proskurina et al., 2019), could represent an alternative substrate to
barks or other woody materials because they are cheap, easy to handle,
highly homogeneous in size and weight, and can rapidly absorb
humidity, which facilitates their fast disintegration (Acda and Devera,
2014; Artemio et al., 2018; Deng et al., 2019; Lee et al., 2020). With a
view to using wood pellets as carriersTafchodermaspp., the strain

T. atroviride SC1 (Ascomycota, Hypocreales), which was originally
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isolated from decaying hazelnut wood, could be a valuable candidate
because it is well adapted to woody substrates (Pertot et al., 2008). In
addition, wood barks have beeleady demonstrated to be a good
growth substrate for this strain (Pellegrini et al., 2014). In addition, this
strain tolerates a wide range of pH and grows in a wide range of
temperatures (between 10°C and 30°C) with optimal growth at 25°C,
which is a cormon temperature of many soils in temperate climates
during the growing season (Longa et al., 2008). It can use mannose and
galactose as carbon sources, which are the main components of the
hemicellulose of softwood. Furthermore, it has good lignocellutolyt
capacities and it was well studied as a biocontrol agent (Kovacs et al.,
2009; Pellegrini et al., 2014; Pertot et al., 2016). The growtf. of
atroviride SC1 is improved when nitrogen sources, as peptone,
tryptone, and nitrate, are added at the rat@ gfL to Czapek Dox
Liquid media (Oxoid) amended with glucose (10 g/L) or glycine (1 g/L)
(Longa et al. 2008).

This research aims to validate a method for coating wood pellets with a
conidial suspension of a fungal biocontrol agent. We Uisadroviride

SC1 as a case study to optimize the method, in terms of selection of the
right type of wood pellet and addition of nutrients that could be adapted

to otherTrichodermaspp. strains.

2. Materials and methods

2.1. Physicochemical characteristics of wood pelle

Three types of wood pellets representing the most frequent ones on the
European market were used and specifically wood pellets of fir (Baltic
Granulas, Latvia), beech (Italwood S.r.l., Italy), and white chestnut
(Ledoga S.r.l. GruppoSilvateam S.p.A., llalyfhese wood pellets
consist of cylinders of 6 mm in diameter that vary in length from 6 to
12 mm. To assess the physicochemical characteristics of the tested
wood pellets four experiments were performed to determine the water
holding capacity, the swetlg of the wood pellets, the disintegration
time of the wood pellets, and the carbon, nitrogen, and ash content of
wood pellets. All experiments were carried out twice, at room
temperature.
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2.1.1. Water holding capacity of pellets

The wateholding capacity of pellets (WHCp) is defined as the quantity
of water that pellets can hold per unit of weight. Two tests were
performed to assess the maximal and minimal WHCp. The maximal
WHCp is defined as the water that can be retained by pellets under
normal atmospheric pressure. It was calculated by placing 1 g of dry
pellets (23 pellet pieces as a replicate) on a filter paper that was put on
the top of a glass beaker (250 mL). Water (50 mL) was poured gradually
on pellets and let to freely percolateough the filter paper without
applying any pressure to drain it. When the water stopped dripping
below the filter (approximately 30 min) the maximal WHCp was
calculated by weighing the wet wood with an analytical balance
(Ohaus® Scout® Pro balance SBB0QSwitzerland) and expressed in
mL of water/g of wood pellets. The minimal WHCp is defined as the
water that can be retained by pellets under an additional pressure (other
than gravity) that in the field can be the result, for example of the impact
of machinery on the soil. It was tested following the method of Lips et
al. (2009) with modifications. Briefly, 1 g of pellets-8lpellet pieces

as a replicate) was placed onto a vacuum filter (Sterieup®
Merckmillipore, Italy). The device is composed of a sknfpnnel on

top (250 mL) connected to a vacuum chamber at the bottom via a filter
chamber. The vacuum chamber was attached to a vacuum pump (Knf
LABOPORT® UN 816.1.Zlettrofor, Italy) to drain the water from the
sample funnel through the filter chamb&he wood pellets were kept
fully immersed in 50 mL of water for 20 min before applying pressure
(-0.1 bar) for 5 min to drain the water. This allows the hydrated wood
sample to remain on top of the filter membrane, which was then
weighed as mentioned abov&he results are presented as mL of
water/g of wood pellets. Five replicates per type of wood pellet were
used in each of the two tests.

2.1.2. The swelling of wood pellets

The swelling of pellets in aqueous solutions (SWp) is defined as the
maximum incease of the volume of a pellet when it absorbs water
(maximum WHCp). The SWp is a proxy for the capacity of the pellet
to break down in small pieces (sawdust) in the soil and, consequently
also for the available substrate surface for the colonizatiorhby t
biocontrol agent.

29



Hamza CHAMMEM Lignocellulosic materials coated wiltrichoderma atroviride
SCl1 increase its persistency in the soil and impact soil microorganisms

To assess the maximum SWp, the pellets were cut into cylinders having
a height of 10 mm, while the radius is 3 mm, placed in a rectangular
plastic container and a quantity of water equal to the maximal WHCp
of each type of pellet waslded gradually. The measure of the height
(h) and the radius (r) was assessed before adding water (inisiat r

h) and when the pellet stops swelling after adding it (finand h).

The SWp was evaluated with the following formula:

SWp &h-" #h;
Five replicates per type of wood pellet were used.

2.1.3. The disintegration time of wood pellets

The disintegration time (DTp) is the time required for a full
disintegration of hydrated wood pellets, defined as the loss of the
typical cylindrical shape of pellets and their break down into sawdust.
The shorter is the DTp the faster and the better can be their
incorporation into the soil, for example by harrowing. Five pellets
prepared as described above were placed onto a Petri disim(P&nd

a volume of water corresponding to their maximum WHCp was added
(replicate). The Petri dishes were gently placed on a shaking rotator (Ika
Werke KS 250, Germany) and the disintegration time was assessed at
three different speeds of rotations (3800, and 500 rpm). The time of

the full disintegration of each pellet type was noted when the pellets lost
their shape into sawdust. The treatment was prolonged for 12 h for
chestnut pellets, which did not get disintegrated also after that time.
Five replcates per type of wood pellet were used for each rotation
speed.

2.1.4. Carbon and nitrogen content of wood pellets

Carbon and nitrogen content of the wood pellets was measured at the
Chemical Unit of the Fondazione Edmund Mach, San Michele
al | 6 A dyi agardingltot seandard protocols (ISO 16948) with the
combustion method using a CN analyser for elemental analysis
(Elementar, Germany) on a sample of 100 mg. The ash content was
performed by the gravimetric method after ignition, using a muffle (FM
76, FORNO MAB, Italy) and an analytical balance (AE 1d@ttler
Toledo, ltaly), following the protocol EN 14775 (Solid biofuels
Determination of ash content).
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2.2. Coating the wood pellets willtichoderma atroviridesC1

conidia

2.2.1.Preparation of the pellets and the conidial suspensions of
Trichodermaatroviride SC1

For each type of wood pellets (beech, fir, and chestnut), the average
moisture content was calculated by weighing 100 g of pellets before
and after drying them in an ovext 100 °C for 24 h (Dietsch et al.,
2014). The moisture content serves to determine the maximum quantity
of water to spray during the coating process to avoid their
disintegration. Conidial suspensions ®f atroviride SC1 conidia
produced according to Ioga et al. (2008) and stored until use at 4°C
were prepared in sterile distilled water (SDW) and three concentrations
were adjusted to 2qC1), 10 (C2), and 10cfu/mL (C3) using a
hemocytometer. The coating was repeated twice for each concentration.

2.22. The coating process
Each type of wood pellet was coated by continuously mixing in a mixer
(MUM44R1-Bosch, Italy) at a speed of 25 rpm and contemporaneously
spraying 0.1 mL/1 g of the conidial suspension at the three
concentrations, with a sprdopttle (volume of 50 mL). The volume of
water suspension applied derived from the previously calculated
moisture content of pellets (10%) and the spray lasted 1 min. In this
way, while the water was absorbed by the pellets, the conidia stuck to
their extenal surface, reaching the theoretical concentrations 4f 10
1C°, and 16 cfu/g of wood pellets. The coated pellets were let to
stabilise at room temperature fob4nin and then gently sieved (mesh
< 2 mm) to clean the coated pellets from some little waedatis (< 0.2
% in weight) that originated during the process. The cfu counts
recuperated after coating is the result of counting cefonying units
(cfu) of T. atroviride SC1 immediately after coating wood pellets. The
coating accuracy of wood pelldlSAP) was calculated as follows:
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2.2.3. Assessment of the growthTafchodermaatroviride SC1 on

wood pellets

To compare the growth @f. atrovirideSC1 on the three types of wood
pellets, subsamples of 5 g of coated pellets (replicate) per type of wood
pellet and conidia concentration were transferred onto a Petri dish (90
mm) and 15 mL of SDW was added to disintegrate pellets. The wood
pellets werdet to swallow and then gently disintegrated using a sterile
spatula. The control consisted of the corresponding conidial SDW
suspensions (15 mL) df. atrovirideSC1 mixed as described above for
the wood pellets in sterile perlite (5 g) to reach the ttexal
concentrations of 01, and 16 cfu/g of perlite. Each replicate was
sampled immediately DO (0 days) and D3 (3 days), D6 (6 days), and D9
(9 days) after coating. The assessment.aditroviride SC1 on wood
pellets was carried out by counting ttke and reported as cfu/g of
wood pellets. Counting was performed by collecting 4 g from the mix
of 20 g of coated wood pellets and SDW or 4 g of perlite mixed with
conidia ofT. atroviride SC1 (described above) in a 50 mL falcon tube,
adding 20 mL of SDWvortexing the mixture for 1 min, performing
serial dilutions, and plating 100 uL from an appropriate dilution on a
Trichodermasemiselective medium that contained potato dextrose
agar (PDA; OxoidJK, 39 g/L), rose bengal (Sigma Aldricmdia, 0.1

g/L), chloramphenicol (Sigma Aldrie€hina, 0.1 g¢g/L) and
streptomycin sulfate (Fluka Biochemikialy, 0.05 g/L). After the
sampling at DO, all Petri dishes were placed in an incubator (AquaLuytic,
Germany) at 25 °C in the dark. Three replicates were prepareddh
concentration of conidia and type of wood pellet/perlite, for each
sampling time.

2.2.4. Effect of the addition of nitrogen sources to wood pellets on the
growth of Trichoderma atroviridesC1

2.2.4.1 Effect of the addition of tryptonelieech, fir, and chestnut
pellets

To assess the effect of nitrogen on the growth.adtroviride SC1 on
wood pellets, the abowaescribed experimemtas repeated, adding two
rates of tryptone (Oxoid, UK) to the suspensions of conidia: 1 and 2 g/L
(3 and 6 mg of tryptone/g of wood pellets), which are half and the full
quantity recommended by Longa et al., (2008), respectively. Each
treatment consistedf & g of pellets (replicate) sampled after coating
with conidial suspensions of. atroviride SC1 at the two conidia
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concentrations and rate of application of tryptone. Sterile distilled water
(15 mL) was added to all treatments and to the control whicsisted

of 5 g of perlite mixed with conidia df. atroviride SC1. The sampling

of coated wood pellets (with and without adding tryptone) and of perlite
to assess the growth of atroviride SC1 was performed as described
above at DO, D3, D6, and D9. Aftdre sampling at DO, all Petri dishes
were placed in the incubator (AquaLytic, Germany) at 25 °C in the dark.
Three replicates of each wood type for each conidial concentration and
tryptone application rate were considered

2.2.4.2 Comparing the effect thfe addition of cheap nitrogen sources

to beech pellets

To identify cheap, but effective nitrogen sources, to be added to the
pellets, beech pellets were chosen for further testing based on the fact
that beech was the best type of pellet in terms of pbgkamical
characteristics and growth @f. atroviride SC1. Beech pellets were
coated with a conidial suspensionlofitroviride SC1 (5 x 16cfu/mL)

to reach a final concentration of 5 x3Xfiu/g of wood pellets. Each
treatment consisted of 5 g of coatdmbech pellets that were
disintegrated in Petdishes (90 mm) by adding 15 mL of an SDW
suspension of 1 g/L of soy flour (SF) (EcorNaturaSi Spa, Italy), soy
protein isolates (SPI) (EcorNaturaSi Spa, Italy), and a mixture of animal
proteins used as pet fdo(MAP) (Purina, Italy). As MAP s
commercialized as solid granules, it was powdered using a coffee
grinder before suspending it in water. The control consisted of coated
beech pellets disintegrated with 15 mL of SDW. The first sampling was
performed immeidtely after coating (DO), then all Pettishes were
placed in an incubator (AquaLytic, Germany) at 25°C. The following
samplings were performed after 6 (D6), 9 (D9), and 16 days of
incubation (D16). The growth of. atroviride SC1 population was
assessely counting cfu as described above. Three replicates for each
protein source were carried out.

2.3. Statistical analysis

Statistical analysis was performed using Costat 6.451 (CoHort
Software®) and R studio version 3.3.0. In all cases, significance was
established at p O 0 .-Wik testsTMere B a
applied to check the homogeneity of variances and the alibynof

data, respectively. All data of cfu counts Bf atroviride SC1 were

log10 transformed before the analysis. The results of each repeated
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experiment were pooled, as there was no significant difference between
the experiments -tesh ANQVA was usSdtwitld e n t
Tukeybs honestly significant dif
for the data that met the requirements of a normal distribution
(comparing the growth of. atroviride SC1 on wood pellets without
tryptone/nitrogen source and thisintegration time of wood pellets),

and the nopar ametri c Kruskal Wac | i s
(BenjaminiHochbergp-ad j ust ment met hod) test
Chestnut pellets were excluded from the analysis (ANOVA) that was
performed to compare thdisintegration time of beech pellets and fir
pellets because they did not disintegrate.

3. Results

3.1. Physicochemical characteristics of wood pellets

3.1.1. Water holding capacity of pellets

Beech wood pellets are the best at holding water under peessu
(minimal WHCp) as they can retain 1.68 + 0.14 mL/g of wood pellets,
followed by fir pellets (1.14 + 0.20 mL/g) and chestnut pellets (0.75 +
0.09 mL/g) H= 25.31, df = 2, x 0.001). For the maximal WHCp,
significant differences between wood typesre observedH= 19.86,

df = 2, p< 0.001). Chestnut pellets exhibited the lowest value, while
there was no significant difference between beech (4.70 £ 0.29 mL/qg)
and fir (4.53 + 0.27 mL/g) with p 0.23 (Table 1).

Table 1

The mean values ( the standdediation) of the minimal and maximal
WHCp of fir, beech, and chestnut pellets.

Wood type Minimal WHCp Maximal WHCp
(mL/g) (mL/g)

Fir 1.14°+0.20 4.533+ 0.27

Beech 1.682+0.14 4.70%% 0.29

Chestnut 0.75°% 0.09 1.25°+ 0.30

In each column, mean values followed by different letters
significantly different (p
(BenjaminitHochbergp-adjustment method) test
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3.1.2. The maximum swelling of wood pellets
The SWp of the three types of woautllets differs significantly
according to KruskaWa | | i s Bl 26.80e df = 2,(p< 0.001).
Chestnut pellets did not swell at all (Supplementary figure A). No
significant difference in the height was observed between fir and beech
(p = 0.16); howeverthere is an increase in the radius of beech pellets
compared to fir (p = 0.004) and chestnut pellets (p < 0.001). The volume
of beech and fir pellets increased 6:32.52and 31.09 + 12.52 times
compared to their initial volumes, respectively (Table 2).

Table 2

The mean values (+ the standard deviation) of the final volumgtié
swelling (SWp), and the increase of the radiysafrd the height ¢hof
fir, beech, and chestnut pellets.

Wood type V¢ (cm?) SWp (cn¥) re(cm) h (cm)
Fir 878 » + 850 P + 063 P + 175 2
2.22 2.20 0.08 0.23
Beech 1706 2 =+ 16782 £ 092 # + 159 & =%
3.54 3.54 0.09 0.08
Chestnut 028 ¢+ 028°¢ + 030 ¢ + 1.00 ° =
0.00 0.00 0.00 0.00

In each column, mean values followed by different letters
significantly different (p
(BenjaminiHochberg padjustment method) test.

3.1.3. The disintegration time of wood pellets
Chestnut pellets did not disintegrate at any of the tested rotation speeds
(Fig. 1), even if thereatment was prolonged for 12 h. The DTp of fir
and beech pellets significantly differed at each of the three tested
rotation speeds and beech was always faster than fir to fully disintegrate
(p <0.001).
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Fig. 1. The disintegration time of wood pellé&tsted by placing 1
of wood pellets supplemented with water at their maximal w
holding capacity on a shaking rotator. Three speeds were teste
(high), 400 (medium), and 300 rpm (low). Chestnut pellets did
disintegrate even after 12 h at thighest speed of rotation (pictu
top left). Data from the repeated experiments were pooled. |
values followed by different letters are significantly different(
0.05) according to Tukeybés H

3.1.4. Carbon and nitrogen content of wood pellets
Nitrogen is two times higher in beech wo@d2@ %)than in chestnut
wood pellet (0.11 %) and more than four times higher than the nitrogen
present in fir wood pellets (< 0.05 %). The carbon content presented
comparable results between fir and beech pellets, with 46.00 % and
46.70 %, respectivelyyhile the chestnut results were slightly lower
(43.80 %). Fir presented the lowest ash content of the gravimetric
analysis by 0.36 %, followed by chestnut (0.46 %) than b&k6b 4.

3.2. Coating the wood pellets willtichoderma atroviridesC1

conidia

3.2.1. Tke growth ofTrichodermaatroviride SC1 on wood pellets

The wood pellets were coated with conidialathoderma atroviride
SC1 at three coating concentrations C1°(tfu/mL of conidial
suspension), C2 (2Ccfu/mL of conidial suspension) and, C3 (10
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cfu/mL of conidial suspension) in order to reach the theoretical
concentrations of 01, and 16 cfu/g of wood pellets.

The sampling of the three wood pellets at DO confirmed cfu
concentrations close to the theoretical concentrations OfLT¥) and

1P cfu/g of wood pellets (Supplementary table Al). For the
concentrations C1 and C2, no significant difference was observed
between the coated pellets and the control accordingte yuk s HSD
test (U = 0.05) (Fig. 2 A, B, an
higher than the theoretical concentration on perlite, namely 1.5% x 10
cfu/g and was significantly different from all the treatments (Fig. 2 C).
Generally, the CAP ranged hbeten 22 and 68 % with fir presenting the
highest values in average for all concentrations (59.36 % * 9.54 %) and
chestnut the lowest (38.10% + 16.33%) while the average CAP of beech
wood pellets was (48.56 % + 12.20 %). At D3, the growth of the
populationof T. atrovirideSC1 showed a fast increase in the cfu counts
in the first three days then slowed down in the last three day®@ap6

to reach a plateau. This behaviour was observed for all wood pellets and
at all tested concentrations. The final sampliegealed no significant
difference between the cfu countsloftroviride SC1 of beech and fir
(Fig. 2 A, B, and C). The highest colony counts reached 6.26cfulg

of beech wood pellets and 4.50 % &fu/g of fir wood pellets and were
registered at £ (Supplementary table A2). In contra$t,atroviride

SC1 did not reach the same levels, when growing on chestnut pellets,
and the cfu counts were significantly lower than those recorded with
beech and fir pellets with a maximum of 3.95 ¥ dfd/g of chetnut

wood pellets (Supplementary table A2). The results also showed that,
for the same type of wood pellets, the increased initial concentrations
of coating did not affect the final cfu countsTofatroviride SC1 at D9,
except for chestnut wood pellets € 0.003). Pairwise comparisons
between the cfu counts ®f atroviride SC1 growing on beech and fir

at D9 for the three coating concentrations showed no significant
difference between treatments wigkvalues equal to 0.15, 0.21, and
0.18, respectively.

37



Hamza CHAMMEM Lignocellulosic materials coated wiltrichoderma atroviride
SC1 increase its persistency in the soil and impact soil microorganisms

7ok ] I I

0 days 3 days 6 days 9 days
dege e de

0 days 3 days 6 days 9 days

A

[ee]

a a

cd
de

Trichodermaatroviride SC1
(Log10 cful/g dry weight)
w SN [6)] (o)) ~
HHo
o
[
S
O
(@]
b o
.
o

cde

Trichodermaatroviride SC1
(Log10 cful/g dry weight)
w IS ol (o)) ~
(@)
&
H o
]
i
O %
O
H o
%
O

38



Chapter 3: Wood pellets as carriers of conidia off richoderma atroviride
SC1 for soil application

QD

Ho

H o
o

de de

de
fq oh . efg def
i

(e}

Trichodermaatroviride SC1
(Log10 cfu/g dry weight)
(6]

N

0 days 3 days 6 days 9 days
Days of incubation

O PerliteO Fir @ Beechm Chestnut

Fig. 2. The growth offrichoderma atrovirideSC1 over time or
different types of wood pellets coated with a conidial suspensi
various initial coating concentrations. Beech, fir, and chestnut pt
were sprayed with conidial suspensionsToftroviride SC1. The
three initial concentrations we 1¢ (A), 10°(B), and 16 cfu/g (C).

The population ofl. atroviride SC1 grows better on beech and
wood pellets than on chestnut pellets. Data from the repe
experiments were pooled. Mean values followed by different le
are significantly diferent (pO0 . 05) accor di ng

3.3. Effect of the addition of nitrogen sources to wood pellets on the
growth of Trichoderma atrovirideSC1

3.3.1. Effect of the addition of tryptone to beech, fir, and chestnut
pellets

The two applied rates of tryptone (1 and 2 g/L) enhanced the growth of
T. atroviride SC1 on all wood pellets (beech, fir, and chestnut), at both
coating concentrations (1Gnd 10 cfu/mL), as compared to the
untreated controls (perlite and wood pelleta). the end of the
experiment (D9), the cfu counts @t atroviride SC1 did not differ
between the two concentrations of tryptone for the same type of wood
pellets and for both coating concentrations (Fig. 3 A and B). The cfu
counts on coated fir wood pets were significantly higher than those
recorded on beech and chestnut wpelllets when tryptone was added
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at the highest tryptone concentration (2 g/L). The highest recorded cfu
counts in the experiment were registered with fir at the lowest coating
corcentration (16cfu/mL) and consisted of 1.16 x%du/g of fir wood
pellets and 6.24 x 20cfu/g of fir wood pellets for the applied
concentrations of 1 g/L and 2 g/L of tryptone, respectively. The highest
colony counts off. atroviride SC1 on beech woqgkllets reached 2.36

x 10 cfu/g of beech and 4.39 x 8€fu/g of beech wood pellets for the
same applied tryptone concentrations. Tryptone enhanced the growth of
T. atroviride SC1 also on chestnut pellets, however, in all cases, the cfu
counts remained significantly lower than the cfu counts that were
registered on beech and fir wood pellets at D9.
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Fig. 3. The growth oTrichoderma atrovirideéSC1 over time on different types of wood pellets coated with a conidial suspe
at two concentrations, 10A) and1(® cfu/g(B), with tryptone added at the rates of 1 g/L (N1) and 2 g/L (N2) of conidial suspe!
Data from the repeated experiments were pooled. At each time point, mean values followed by different letters arelii
different (pO0 . 05) ac c or st imogtest (Benjmidioohbesg padjustment method).
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3.3.2. Comparing the effect of the addition of cheap nitrogen sources
to beech pellets

The results of cfu counts on beech wood pellets show no significant
differencedetween treatmentsi€ 0.589, df = 3, p- 0.898) at DO. The
differences between treatments started to be significant from D6 (Fig.
4) and the best results in terms Df atroviride SC1 growth were
obtained with SPI which remained statistically differeantthe control

until the end of the experiment (p = 0.001). At D3, the populatidn of
atroviride SC1 reached population counts of 1.18 %cf0/g of pellets
when grown with SPI, followed by MAP and, then SF with 3.05 % 10
cfu/g of pellets and 2.16 x 46fu/g of wood pellets, respectively. The
cfu counts on the control did not grow more than 1.08 &cfifg of

pellets.
a
a a ab=ab
p PP bpabgad b [
it | I I
ik
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=
o

Trichoderma atrovirideSC1
Log cfu/g of beech wood
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Fig. 4. The growth offrichoderma atrovirideSC1 over time or
coated beech wood pellets (5 x316fu/g of wood pellets)
supplemented with (1 g/L) soy flour (SF), soy protein isolates (¢
and a mixture of animal proteins used as pet food (MAP). Theatc
received the same amount of water suspension. Data fror
repeated experiments were pooled. At each time point, mean \
followed by different letters are significantly different (p0.05)
according to Dunnds  lackberg ph
adustment method).
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4. Discussion
Homogeneous distribution dfichodermaspp. in the soil is often hard
to achieve as mixing very small quantities of conidia in large volumes
of soil is difficult. This is often the reason for the limited commercial
use of these biocontrol agents againstisorhe diseases (Vannacci and
Gullino, 2000). Substrates such as rice are effective, but highly
expensive (Longa et al., 2008; Longa et al., 2009; Longa and Pertot,
2009), and straw or wood barks, persist for a long time as non
decomposed large fragments in the soil, negatively interferiitly w
agronomic practices as sowing or transplanting. In addition,
Trichodermaspp. strains are usually grown on these carriers before
application, and therefore they consist mainly of actively growing
mycelium (Pellegrini et al., 2014; Smolinska et al., @0Ior this
reason, the exact dosage of active ingredient per unit of soil is difficult
to standardize and stabilize and the resulting product has commonly a
limited shelflife. The use of wood pellets as carriersToichoderma
spp. strains can overconmeost of these difficulties. In fact, they can
help in obtaining a more homogenous distribution of conidia in the field
in a simple way: a fertilizer spreader could be usedistribute the
pellet on the soil, the wood pellet quickly absorbs the soil/aisture
and disintegrate rapidly, then it can be truly incorporated by harrowing
the soill.

Wood pellets presented different physicochemical behaviours and
characteristics, which can make them more or less suited for this
application. In our experiment$ia beech pellets had the highest values

of minimal and maximal WHCp, the highest SWp, and the shortest
DTp, which makes them the most suited for the us@€refioderma

spp. carriers as they can easily absorb water and break down into pieces
very rapidly. The same type of experiments can be carried out not only
to select the best wood type but also as a quality control test to assess
different batches within the same type of wood pellet. High values of
minimal WHCp are important in the field to avoid thedad water by
pressure applied by animals, heavy machinery, or simply gravity and
therefore to keep optimal water availability for the growth of the fungus
(Lips et al., 2009), and high values of maximal WHCp are an advantage
when wood is used in fields thi scarce water resources, or in sandy
soils with low watetholding capacities. The results obtained with beech
pellets are in concordance with literature as beech wood is reported to
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be very efficient in the uptake of water in the soil (Brischke and

Wegerer, 2019). Differences between different wood types in the

swelling of wood have been well documented (Rowell et al., 2005).
Mantanis et al. (1994) reported higher swelling properties for hardwood
as compared to softwood, and a negative effect of ligrdreatractives

on the swelling behaviour, which can explain the minimal swelling of

chestnut pellets that we observed.

Wood pellets can absorb relevant volumes of water if the environmental
humidity is high and they may break down easily once exposedho hi
humidity. Different types of pellets have different sensitivities to
humidity, which is in general considered a negative trait for wood
pellets used as biofuels (Deng et al., 2019). The coating process we
propose involves the use of small quantities coidial water
suspension that is sprayed on completely dehydrated pellets, thus
restoring a minimal level of humidity that does not interfere with its
stability. Our process of coating does not hydrate the pellets enough to
promote germination of conidiso they can stay vital as dry conidia
(data not shown). In fact, the final moisture level of our coated pellets
is about 10 %, which can be compared to formulations previously
reported in the literature, such as the -tadsed formulation ofT.
harzianumthat had a final moisture level of 11 % after drying (Prasad
et al., 2002). In generdlrichodermaspp. were described as organisms
with low osmotolerance, which means that their conidia do not grow
under conditions of low humidity (Kredics et al, 2004gBede et al.,
2007; Longa et al., 2008).

Our coating method has several technical advantages: for example,
allows to choose the most suited wood type in terms of WHCp. The
high values of CAP and low variability among replicates, from a
maximum of 59.00% 8.54 % on fir wood pellet to the minimum of
38.44 % + 16.33 % on chestnut wood pellet, demonstrate high
reproducibility and high efficiency in the coating with conidia. These
CAP values could be further increased in the soplefor example by
adapting mehines for seed coating or by adding antiflocculants,
wetting agents, or binders to the spray suspension. To reach an optimal
coating of wood, both the type of liquid and the wood species are
important (Vick, 1999). In particular, the wettability of wooepeénds

on the presence of hydrophilic components, such as hemicellulose on
the wood surface, or extractives that reduce the wettability and block
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the penetration of water below the surface (Mantanis and Young, 1997).
When it comes to wood pellets, the po# woody surfaces increase
the penetration of water, which is crucial for the water adsorption by
the amorphous regions of cellulose (Karimi and Taherzadeh, 2016). In
agreement with previous findings (Pellegrini et al., 2014), fir and beech
wood pelletssupported a similar growth, always higher than perlite,
with beech being faster in reaching the plateau, while the growth on
chestnut did not reach similar values. In addition, the growtf. of
atroviride SC1 on beech and fir pellets is four orders of nitage
greater than those described in the literature as necessary for an
effective biocontrol (Adams, 1990). The lower growthlofatroviride

SC1 on chestnut pellets might be due to the presence of chestnut
components that have antimicrobial activitiesv€avic et al., 2010;

Hao et al., 2012). Generally, the growthTeichodermaspp. on wood
relies not only on their ability to produce cellulases, but also on the
accessibility of these enzymes to the holocellulose of wood (Lopez et
al., 2006; Dashtban etl., 2009). The heterogeneity of the chemical
composition of wood and the differences between species in terms of
lignin, cellulose, and hemicellulose contents may affect the growth of
T. atroviride SC1 (Anderson, 1958; Pettersen and Rowell, 1984;
Tarasowet al., 2018)Trichodermaatroviride SC1 grew slightly better

on hardwood (beech wood pellets) than on softwood (fir pellets). This
is in concordance with Janusz et al. (2017) who reported lower
recalcitrance of hardwood to biodegradation as compareaftteond
because the latter is more abundant in lignin and possesses a smaller
size of pores. The higher nitrogen content in hardwood as compared to
softwood can also stimulat€richodermaspp. to produce lignases,
which can explain the faster growth ®f atroviride SC1 on beech
pellets (Lopez et al., 2006). However, this hypothesis needs to be
confirmed by further irdepth analyses, for example of the secretome
of the strainT. atrovirideSC1.

The fast growth off. atroviride SC1 on wood pellets and theafgau
observed after nine days of incubation is in line with other studies in the
literature that focused on the use Trichodermausing composted
hardwood bark (Kwok et al., 1987; Chung and Hoitink 1990; Krause et
al., 2001,). For exampld,. harzianum(#738) required only 14 days
after the inoculation to grow on fresh hardwood bark (Nelson et al.,
1983). Low initial coating concentrations ®f atroviride SC1 have
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resulted in the same population levels as those of high coating
concentrationsywhich are in concordance with the results obtained by
Prasad et al. (2002) who observed the same behaviour in the soil.
Although further studies are needed to implement the application
method in the field and define the optimal quantities, these results
suggest that the use of pellets as carriers may reduce the use of conidia
per unit of soil, thus reducing the cost of soil treatments with
Trichodermaspp.

The slower growth of the population @t atroviride SC1 when it
reaches high concentration levelgyht be due to the lack of nitrogen.
This was confirmed by the results obtained with the addition of
tryptone: this easily accessible source of nitrogen has boosted the
growth of the fungal population. Our results are in concordance with
the literature thtareported a better growth of fungi in the presence of
organic nitrogen sources (Martin et al., 1987; Hawkins et al., 2000;
Rajput et al., 2014; Rajput and Shahzad, 2015) and that the scarcity of
nitrogen is a limiting factor to the growth of microorgangsimthe soil
(Geissler et al., 2010; Kennedy, 2010). Switching from expensive
tryptone to a cheap source of nitrogen, as soy protein isolates (3 mg of
SPIl/g of beech pellets) to beech wood pellets is promising as the
population ofT. atrovirideSC1 reache levels higher than 2@fu/g of
beech wood pellets.

In conclusion, using wood pellets as carriers Toichodermaspp.
conidia can offer many advantages: as they are cheap and available
worldwide, they can be easily handled and stored, and once aipplied
the field may sustain the growth of the fungus. The process is easy to
scaleup with existing technologies and the incorporation of wood
material can improve the soil quality, by increasing the organic matter
content. The characteristics of good watetention and water
absorption of wood pellets that lead to easier swelling and
disintegration of pellets can facilitate their application in the field.
However, further research is required to assess the feasibility of the use
of wood pellets as a formulah for the delivery offrichodermaspp.

into the soil and the methods to distribute the coated pellets in the sail.
Good distribution could be obtained, for example, with a common
spreader of pellet fertilizer. That way, the water of irrigation can li use
to humidify the pellets, let them swallow and disintegrate, and then
disintegrated pellets can be mixed with the bulk soil with a disc harrow
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or any other suitable tool. Another way to apply pellets can be by using
a potato seeding machinery that alldesging pellets next to the seed,

as beech wood was reported to be efficient in absorbing humidity not
only on the surface but also when incorporated into the soil (Brischke
and Wegener, 2019). Another point that can be improved is the
accuracy of coating ich can be enhanced by adjusting a seed coating

machine, which can offer more control over the functioning of nozzles,

the time required to spray a specific quantity of pellets, and the use of
additives such as biodegradable binders that might improve the
adherence of conidia to the surface of wood pellets.

5. Conclusions
The method of coating wood pellets by spraying a conidial suspension
of T. atroviride SC1 is promising because it may overcome one of the
most relevant difficulties of applying conidia ofobbntrol agents in
bulk soils in general, and obtain an even distribution of conidia in
particular. An industrial advantage of this coating is that the technology
of wood pellet production is already set up, we can add any ingredient
in the wood to enricthe composition with nutritional factors and adapt
it therefore to the needs of various strains, and, possibly also to other
fungal species.

The choice of the right type of wood is relevant to obtain an optimal
application, as different wood species posseifferent physical
characteristics (water holding capacity, swelling, disintegration, etc.),
but also in sustaining the growth of the biocontrol microorganism
because of their different chemical compositions (lignin, hemicellulose,
and cellulose contentsThe wood pellet can serve as a nutritional
substrate that can be further improved with the addition of nutritional
components as nitrogen sources, for example during the extrusion
process. Other wood types or mixtures of other cellulose/lignin sources
can be further explored. Wood pellets can also contribute to maintaining
organic matter high in the soil, but this needs further investigation along
with its effect on plants.

Last, but not least, the use of wood, which is an optimal food base
support, to gpport the fast growth of. atroviride SC1, may increase

its competitiveness in soil and reduce the growth of other
microorganisms including sellorne pathogens, but it may also
increase the pathogen. Therefore, further studies assessing the impact
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on the biocontrol efficacy and exploring the side effect of coated wood
pellet on microbial population in the treated bulk soil are needed.
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Abstract\Wood pellets can sustain the growthTeichodermaspp. in

soil; however, little is known about their side effects on the microbiota.
The aims of this study were to evaluate the effect of wood pellets on the
growth of Trichodermaspp. in bulk soil and onhe soil microbial
popul ati onds ¢ o mpTochddérmaoatrovikdeSE1l d i v
coated wood pellets and nopated pellets were applied at the level of
10 © & kogand at the final concentration of 5 ¥t00 n i 'daf a A g
soil and compared to aowmidial suspension applied at the same
concentration without the wood carrier. Untreated bulk soil served as a
control. The norcoated wood pellets increased the tdiathoderma

spp population throughout the experiment (estimated as celony
forming unitg'* of soail), while wood pellets coated with atroviride
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Chapter 4. Effect of a woodbased carrier of Trichoderma atroviride
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SC1 did not. The wood carrier increased the richness, and temporarily
decreased the diversity, of the bacterial population, Mihsiliabeing

the most abundant bacterial genus, while it decrelastdthe richness

and diversity of the fungal community. Wood pellets selectively
increased fungal species having biocontrol potential, such as
Mortierella, Cladorrhinum, and Stachybotrys which confirms the
suitability of such carriers africhodermaspp for soil application.

Keywords: Trichoderma substrate; soil; metabarcoding; diversity;
community composition; wood gets

1. Introduction

Biological control of soiborne diseases is a valuable alternative to
synthetic chemical fungicideRahman et al2018) and, within the
genus Trichoderma (Kubicek et al, 2001) several strains have
demonstrated good efficacy against 4$mifne pathogensuch as
Rhizoctonia solaniFusariumspp.,Pythiumspp., and nematodes of the
genus Meloidogyne (Ferreira and Musumeci, 2021However, the
success of treatments wilfrichodermaspp. depends highly on the
physicochemical and biological traits of the sak well as the
rhizosphere competence of the strains used. After the soil treatment, the
population ofTrichodermaspp. normally tends to decrease over time
(Papavizas, 1982)his problem is usually addressed by applying high
quantities of the biocontr@lgent and/or by formulating the biocontrol
agent (i.e., as a wettable powder, emulsion, pellets, granules, etc.) or
adding nutrients to the formulation that can extend its longevity in the
soil (Elad et al, 1980; Lewis and Papavizas, 1987; Papavizaseavid,L
1989; Kumar et al, 2017Particular formulations of biocontrol agents
comprise aids that can preserve them, favor their delivery to targets, and
improve their activitfBurges and Jone$998. Another limiting factor

that prevents the widespread usdwthodermaspp. in soil treatments

is the difficulty in homogenously applying small quantities of conidia

in large volumes of soi{Chammem et al, 2021 Although several
authors have addressele effectiveness of formulations and the
addition of nutrient{Papavizas et al, 1984; Jin et al, 1992; Whipps,
1997; Shaban and Hlomy, 2001; Thangavelu et al, 2004; Kolombet

et al, 2008; AlTaweil et al, 2010; Sriram et al, 2010; Sriram et al, 2011;
John et al, 2011)limited information is available on the effect of such
components on the soil microbiom@umagun, 2014) More
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particularly, the effect of the use of lignocellulosic substrates inoculated
with Trichodermaspp. on soil fungal and bacteripbpulations is
unknown.

The use of wood pellets coated with conidid o€hodermaspp. might
represent an interesting approach for soil treatm@itammem et al,
2021) For exampleTrichoderma atrovirideéSC1 can easily grow on
beech wood pellets andaeh high population levels (e.g.,°10f WA g
of wood pellet), especially if complemented with nitrogen sources, such
as soy protein isolates. The advantage of using wood pellets is double:
they can be easily spread and incorporated in soil by using efanda
equipment (e.g., using a fertilizer spreader, followed by harrowing) and
support the growth of the fungus, which colonize wood before other
microbes and then outcompete them. For example, early or
simultaneous inoculation ofT. viride or T. harzianum with
basidiomycetes that can attack coconut fibers, sucirametes
versicolorand Stereunrugosum can protect coconuts from white rot
decay, mainly by nutrient competition, but also by toxins that can
inhibit the growth of the pathogerf8ntheunisseand Burema, 1988

On the other hand, carriers can also modify the soil microbial
communitiesd composition. Since
synergistically to control seiborne pathogens, a change in the soil
microbial community structure, and/or a reductiobiimdiversity, may
affect the occurrence of sdibrne diseasgdlao andJiang 2021)

Many factors can contribute to shifting the microbial populations in the
soil, such as the soil type and pH, structure, salinity, and moisture, but
most importantly, sborganic matter and plant exudat@ntaine et

al, 2003; Compant et al, 201D enerally, adding organic matter to the
soil enhances the microbial activig¢hirinda et al., 2008; Hou et al.,
2017; Vermeire et al., 2018yhile the use of mineral feri#lers can
reduce fungal diversityBarlocheret al., 2016, Cai et al., 2019)he
inoculation ofTrichodermaspp. without organic matter has a transient
effect on the microbial population of the s@lordier and Alabouvette
2009; Liu et al., 2008)and ombining the application ofrichoderma

spp. with organic composts and {miganic fertilizers has been
proposed as an alternative to mineral fertilizers; in fact, adding these
species to the substrate can increase soil fertility and microbial
biodiversity(Ye et al., 2020; Asghar and Kataoka, 2021)
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The aim of this study was to test the effectiveness of a carri€r of
atroviride SC1 made from wood pellets in prolonging the survival of
the fungus in the soil and to evaluate its possible impact osdihe
microbiota by metabarcoding analysis of the microbial communities.
Although this case study is based on the use of a specific carrier (beech
wood pellet) and a specific straiffi. (atroviride SC1) in a single soil,

the protocol could be replicated fother similar combinations, for
future comparison.

2. Materials and Methods

2.1. Coating the Wood Pellets withichoderma atroviridéesC1, Soil
Treatments and Experimental Design

Beech wood pellets (ltalwood S.r.l., Piovene Rocchettaly) were

used agarriers to delivefT. atroviride SC1 to the soil. Wood pellets

were coated with conidia, according to Chammem €2621) Briefly,

beech pellets (100 g) were dried in an oven at 120 °C for 12 h, sprayed
with soy pr ot ei'rcorrespanding to a final (atg 6f 3 mg
mg & gf pellets) and coated with 0.1 mL ©f atroviride SC1 conidia

sterile water suspension (SDW) with a spray bottle, while continuously
mixing in a mixer (MUM44R1 BSH Elettrodomestici S.p.A., Milan,

Italy) at a sped of 25 rpm. Conidia were prepared according to Longa

et al.(2009)and adjusted with a hemocytometer at5%c10 ni d't a Am
to reach a final concentration of 5 x°t00 n i 'daf peliktg. The wood

pellets were used immediately after coating.

The expement was carried out under controlled greenhouse
conditions, at a temperature of 25 + 1°C and relative humidity 70 +
10%, in 2020. The coated wood pellets were applied to a bulk of sandy
loam soil (69.7% sand: 26.3% lime: 4% clay, pH 8) collected in San
Mi chel e all 6Adi ge, ltaly (N 46.1
typical agricultural soil of this region (apple orchards). The soil was
mixed thoroughly, sieved, and then distributed into 20 plastic pots
(Mongardi, Ferriera di Buttigliera Altaltaly; 2 L ) at 1 kg of
A randomized block design was used, with four treatments and five
replicates (pots) each: bulk soil (untreated control; Ctr), soil mixed with
noncoated wood pellet (Trtl), soil mixed with a conidial SDW
suspensionT. atroviride SC1 (Trt2), and soil mixed with of.
atroviride SC1 coated pellets prepared as described above (Trt3). The
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final estimated concentration & atrovirideSC1 conidia in Trt2 and
Trt3 was 5 x 189¢c o n i '8df soiA Ghe wood pellets in Trtl and Trt3
wereapplied by |l aying the',spraying he
50 mL of SDW pdt, letting them swell and disintegrate (20 min), and
gently mixing the brokewlown pieces in the soil. The Ctr and Tr2 were
sprayed with 50 mL of SDW per pét After calcuation of the water
holding capacity of the soil using the percolation method, the soil was
kept at 60 £ 10% humidity, by weighing the pots every two days and
adding the quantity of water that was lost by evaporation. The
experiment (E1) was repeated aftee week (E2).

To ensure the absencefatroviride SC1 in the soil, redime PCR
primers and probes, designed for the detection and quantification of
atroviride SC1(Savazzini et al., 2009)vere used to check the bulk soll
before the experiments.

2.2. Soil Sampling

The growth ofT. atroviride SC1 was monitored by sampling the soil
immediately after completing the treatments (12 h, D0), every 15 days
in the first two months (D15, D30, D45, D60), and the final sampling
was carried out after ninety yka (D90). Samples of soil (5 gyere
collected from each pot (replicate) by taking 1 g from the center of the
pot and 1 g from each of its four corners. The samples were put in 50
mL sterile Falcon tubes (Merk Life Science S.r.l., Milan, Italy) and
thoroudnly mixed. Colony forming unit (cfu) counting was performed
by suspending 1 g from each falcon tube in 10 mL of SDW, vortexing
for 1 min, and plating 1G@00 pL from the SDW suspension on a
Trichodermasemiselective medium that contained potato dextrose
agar (Oxoi d, Ba s iY)nrgss lengal €Sjgmalidiich, 3 9
Anekal Tal uk b, dhiordmphbenicol QSigina Aldkidh,
Beijing, Ohandsteptondycinsulfgtéd(Eluka Biochemika,
Mi | an, | t'8 Theresulls.a@ tepogaldls. &' bf soll Hthe
standard deviation.

For metabarcoding analysis, only four replicates from each treatment
were considered and were chosen randomly. Samples (1 g) were
collected at DO, D15, and D90, lyophilized in a fredeger
(HetoLyoLab 300@Analitica De Mori, Milan, Italy) for 12 h, and stored

at 180 AC until use.
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2.3. DNA Extraction, Amplification and Sequencing
Total genomic DNA was extracted from 500 mg of lyophilized soil

sampl es (96 soi l sampl es) usi n
Biomedicals, | r vi n e, CA, USA) , foll owi
instructions and was guanti fie

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

The library construction and sequencing were performed on the
sequencing platform of the Edmund Mach Foundation. Total genomic
DNA was amplified using primers specific to either the bacterial and
archaeal 16S rRNA gene or the fungal ITS1 region. The $pecif
bacteri al p r-6TB¥CAGCMGCCCEGGTRA3(NY Nj a n d
t he 8 0 &5BRACTACNNEGGTWTCTAAT-3 Nj) was u
(Caporaso et al., 201,1Wvith degenerate bases suggested by Apprill et

al. (Apprill et al., 2015)and by Parada et a2016) Although no
approactbased on PCR amplification is free from bias, this primer pair
has been shown to guarantee good coverage of known bacterial and
archaeal tax@Walters et al., 2016)or the identification of fungi, the
internal transcribed spacer 1 (ITS1) was amplifiekhgishe primers

I TS1ETTGEGTGATTTAGAGGAAGTAA-3 Nfjardes and Bruns,
1993)and | TGEPGCGCHINITCATCGATGE3 Njvhite et al.,

1990) All the primers included specific overhang lllumina adapters for
the amplicon library construction.

For the 16S V4 rdégn, each sample was amplified by PCR using-a 25

eL reaction with one &M of =each
KAPA Hi Fi Hot St art ReadyMi x and 1
were used in combinati omn20vintthALL &
PCR reactions were executed using a GeneAmp PCR System 9700
(Thermo Fisher Scientific) and the following cycling conditions: initial
denaturation step at 95 AC for 5
30 s, 55 AC for 30 s, nsienmstdpaff72°CAC
for 5 min (1 cycle).

For the ITS1 region, each sample was amplified by PCR usig 125
reaction with 10 €M of each prin
Fast St art Hi gh Fidelity PCR Syst
reverse primers&r e used in combination w
(512 0 nly RARIreactions were executed using a GeneAmp PCR
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System 9700 (Thermo Fisher Scientific) and the following cycling

conditions: initial denaturation
30 cptl ®5 AC for 20 s, 50 AC for
extension step at 72 AC for 10 mi

The amplification products were checked on 1.5% agarose gel and
purified using a CleanNGS kit (CleanNA, Waddinxveen, The
Netherlands), followingthenanuf act ur er 6 s i nstru
second PCR was used to apply dual indices and Illumina sequencing
adapters Nextera XT Index Primer (lllumina, Berlin, Germany), using
seven cycl es of PCR (16S Met ac
Preparation, llluminaBerlin, Germany). The amplicon libraries were
purified using a CleanNGS kit (CleanNA, Waddinxveen, The
Netherlands), and quality control was performed on a Typestation 2200
platform (Agilent Technologies, Santa Clara, CA, USA). Finally, all
barcoded librdes were pooled in an equimolar manner and sequenced
on an lllumin& MiSeq (PE300) platform (MiSeq Control Software
2.5.0.5 and Realime Analysis software 1.18.54.0).

2.4. Bioinformatics and Statistical Analysis

lllumina reads were filtered with Bowtie22\8.4.3 (Langmead and
Salzberg, 2012p avoid the presence of lllumina phiX contamination,
and quality was preliminarily checked with FastQC vO.1A&drews,
2010) Primers were stripped using Cutadapt vi(&rtin, 2011)
Sequences were quality filtered, trimmed, denoised, and amplicon
sequence variants (ASVs) were generated with DADA2 vl1.14
(Callahan et al., 2016pPenoised forward and reverse ASV sequences
were merged and chimeras were removed. Filtered ASVs were dhecke
using Metaxa2 v2.2.(BengtssofPalme et al., 201&nd ITSx v1.1.2
(BengtssofrPalme et al., 2013dr targeting the presence of the V4 16S
rRNA and ITS1 regions, in archaeal and bacterial sequences and fungal
sequences, respectively. Taxonomic assignnoériéS rRNA gene
ASVs and ITS based ASVs was performed using a RDP classifier,
reimplemented in DADA2 against the SILVA v138 datab@3east et

al., 2013)and UNITE 8.2 databagalilsson et al., 2019yespectively.
BIOM objects with bacterial and fungabunts, respectively, were built
and imported into the R.0.3 statistical environment for further
analysegR Core Team, 2021)
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The data of the growth assessmentlofatroviride SC1 cfu counts
(Figure 1) were log10 transformed to simplify the data asas is
commonly the case for colony cour
test of homogeneity of variances and Shagwo | k6s nor mal
were used to check the normal distribution of the data. ANOVA and
Tukeyods HSD tests wransfermed datafwaghrame d
normal distribution (test of the evolution of treatments in time), and the
non-parametric Krusk@Wallis and Dunn postboc (Benjamirii
Hochbergp-adj ust ment met hod U = 0.05)
(comparing the cfu counts betweeatments at each sampling point).

Bacterial and fungal count tables were filtered using the RAM R
package, and rare ASVs (relative abundance < 0.1%) were discarded.
Relative abundance of taxa at different taxonomic ranks was calculated
with the RAM R @ackaggChen et al., 2020)

Alpha-diversity values were calculated adopting a multiple rarefaction
method, implemented in the rtk R packa@aary and Hildebrand,
2020) In detail, richness (observed ASVs) and diversity values
(Si mpsonbés i matke by)averaging the rgsalts mferred
after 999 rarefactions, starting from a minimum number of 38,256 and
13,418 reads, for 16S rRNA gene and ITS data, respectively. A
regression analysis based on linear models was carried out on the
richness and diveltsi values, for each dataset, after inspection with the
fitdistrplus R packagéDelignetteMuller et al., 2021)In more detail,

a machine learning approach based on 9999 bootstrap resampling was
adopted to evaluate models in which factors (i.e., experjrtiemd, and
treatment) were considered only for their main effects or also with an
interaction. The performance of the models was assessed by means of
RMSE (root mean squared error) anediared, which measure the
prediction error and the proportion of naion explained by each
model, respectivelyKuhn, 2008) An analysis of variance (ANOVA)
followed, to evaluate the linear model fit. A pdsic analysis was
carried out with pairwise comparisons, based on the estimated marginal
means (EMMs) as implemesd in the emmeans R packagenth et

al., 2020. Richness and diversity values were graphically represented
as boxplots, using the ggplot2 R package (Figures 2 a(\i8kham

et al., 2021) A confirmatory analysis based on recursive partitioning
(Hothorn et al., 2020)was carried out by considering richness and
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diversity variables together in the same model; with experiment, time,
and treatment as factors (Figure S1).

Beta diversity calculations were conducted after normalization with the
median of ratios method implemented in the DESeq2 R Bioconductor
packaggLove et al., 2021)Exploratory normetric multidimensional
scaling (NMDS) ordinations were applied tdBrayi Curtis
dissimilarities. NMDS ordinations were plotted using the ggvegan and
ggplot2 R packages (Figure@@impson, 2021)A multivariate analysis
based on PERMANOVA was performed on Br&wyrtis dissimilarities
applied to normalized bacterial and fahgount tables, respectively
(adonis function, vegan R packag@®ksanen et al., 2019J o confirm

the PERMANOVA results, a multivariate generalized model (mGLM)
was calculated, including all available factors and based on a negative
binomial distribution(confirmed by graphical inspection). The model
was assessed by analysis of deviance with a likelinatottest
(manyglm function, mvabund R packadg&yang et al., 2020)ASVs

that had abundances significantly differept<(0.05) in at least one
factorwere extracted from the mGLM results and were used to calculate
univariate norparametric tests for each factor (multtest.gp function,
RVAideMemoire R packaggHervé, 2020) The results of each rank
test were corrected by false discovery rate (FDR), agthmc pairwise
comparisons were performed between the levels in each factor, with a
Dunn test followed by BenjaminHochberg adjustment (dunntest
function, FSA R packagg)Ogle et al., 2021)Bacterial and fungal
indicator ASVs, respectively, were colkanl at genus level and relative
abundances were plotted with the RAM R package (Figure 5).

3. Results

3.1. Impact of th&@richoderma atroviridéeSC1 Coated Beech Wood
Carrier on the Growtbf Trichodermaspp. in Soill

Trichoderma atroviridésC1 DNA was not detected in the original bulk
soil. Since the cfu counting does not allow for distinguishing the
species/strains ofrichoderma T. atroviride SC1 and the indigenous
population of Trichoderma are mentioned adrichoderma spp.
population hroughout the paper.

The Trichodermaspp. cfu counts increased rapidly in the first 30 days,
until D45 in Ctr and Trtl. For Citr, the cfu counts were not significantly
di fferent at D15 and D30 compare
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hoc test p = 0.380;p = 0.080). Then at D45, the counts reached levels
significantly different from the ones registered at DO and O15 (
0.001;p = 0.002). No significant difference was observed between the
cfu counts of th@richodermaspp. population at D60 compared to D30
(p = 0.074) and D45p = 0.370), respectively, while it remained
significant for DO p = 0.002) and D15p(= 0.004). At the end of the
experiment (D90), a slight decrease in the population was observed
(269 x 16N 1 0 2 . '8 Gf sod)fand A gignificandifference was
recorded only with DO = 0.021). For Trtl, the colonies started to
grow faster than Ctr, and a significant difference was detected starting
from D30 as compared to DOp (= 0.010). The population of
Trichodermaspp. continued to grow attcame significantly different
from the levels observed at D30 a month later at P69 @.009). The
levels registered at D90 (1.00 x310 7 1 2 . 8 af soit) femaingd
significantly different from the cfu counts at D30, but not different from
those oD45 (p = 0.275) and D60p(= 0.338). The treatments Trt2 and
Trt3, whereT. atroviride SClwas inoculated at the rate of 5 x310

c o n i '"daf swilArgaintained the same level of cfu count in the first 30
days compared to DO, with= 0.065 ang = 0.206for Trt2 and Trt3,
respectively. Then at D45, the populationToichodermaspp. started

to decline in Trt2 (2.54 x BN 6 8 9 . '0 dF soit) &nd A (1.40 x
18N 6 8 1. '6ddsoib), feaching levels significantly different from
the ones registed at D15 | = 0.003; 0.001), and the same was
observed between D60 and D0+0.012;p = 0.001). The population

at D90 was significantly lower than all the other sampling points for
Trt2, except for D60 = 0.103), while no significant difference was
observed between D45, D60, and D90 for Tpt3 0.057;p = 0.218).

Between treatments, BO, there was a significant difference in the cfu
counts between Ctr/Trtl and Trt2/Trt3 (H = 31.538, df p 8,0.001),
which persisted until D45. At D45, no significant difference was
observed between the counts of Ctr and Tptt 0.052), Trtl and Trt3

(p = 0.054), or Trt2 and Trt3p(= 0.050). Trt2 and Trt3 were both
significantly different from Ctr (H = 29.067, df = B,< 0.001). Trt2
registered the highest cfu count among the treatments (2.54 & 10
689. 8 2ofedilu Ag

At D60 the cfu counts dfrtl continued to rise and became significantly
different from the controlg= 0.003). The cfu counts in Trt3 continued
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to decrease and became significantly different from the cfu counts in
Trt2 (p=0.011).

At D90, the population offrichodermaspp. shaved no statistical
difference p= 0.250;p = 0.140;p = 0.040) between Trtl (1.03 x36
712. 7 1'ofesdil)uTAtg) (1.07 x 10N 4 1 7 . 0 &f sod)fandA g
Trt3 (6.76 x 16N 2 3 2 . '8 af soil)f witiAaju counts that were
significantly higher lhan the control (H = 23.766, df = 8,< 0.001)
(Figure 1).
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Figure 1. The effect of beech wood pellets coated and uncoated
Trichoderma atrovirideSC1 on thélrichodermaspp. population ir
the soil at different sampling times post inoculation (DO: after :
D15: after 15 days, D30: after 30 days, D45: after 45 days, D60:
60 days, and D90: after 90 days). Ctr: bulk soil; Trtl: soil with ]
of beech wood pellets;riR2: soil with T. atroviride SC1 conidial
suspension (5 x 2@ o n i “Wof soif;grrt3: soil with 10 g ofT.

atroviride SC1 coated beech pellets (5 x*100 n i “Hdf lbeéch
wood pellets). At each sampling point, different letters indic
significant satistical differences between treatments accordini

62



Chapter 4. Effect of a woodbased carrier of Trichoderma atroviride
SC1 on the microorganisms of the soil

Dunnés test (U=0.05). Colony
pooled.

3.2. Impact of th@richodermaatroviride SC1 coated beech wood
carrier on the microorganisms of the soll

A total of 103,970.6 bacterial/archaeal reads and 86,077.48 fungal reads
were obtained. The most dominant bacterial phyla, in terms of relative
abundance, were Proteobacteria (34%), Crenaotha (10%),
Actinobacteriota (10%), Bacteroidota (10%), and Acidobacteriota
(10%). At genus levelMassilia was the most abundant, with 12%,
followed by Pontibacter Sphingomongsand Gaiella, with (2%) and
finally Microvirga (1%). The fungal taxa were ddamated by
Ascomycota (82%), then Basidiomycota (6%), and Mortierellomycota
(6%), followed by Chytridiomycota (3%) and Aphelidiomycota (3%).
Mortierella (6%) was the most dominant fungal genus, followed by
Fusarium(4%) andCladorrhinum(4%), and finallyGibberella(3%),
thenStachybotry$2%).

3.2.1. Bacterial and fungal richness and diversity

The bacterial alpha diversity showed statistical differences in richness
(observed ASVs) between the different sampling time points for each
treatment £ = 514.48 p < 0.001) and between treatmerfs=(45.94,

p < 0.001). The increase in the bacterial richness occurred faster for all
treatments (15 days after the inoculation) compared to the control,
which showed a significant increase after 90 days (Figure 2). This
shows that the introduction of the carrier components, the incorporation
of T. atroviride SC1 into the soil, and their combined application
enhanced the bacterial richness. At D90, the highest effect was
observed with Trt3, which presented the highest A®89) among alll
treatments, while no significant difference was observed between Trtl
and Trt2.

[ n contrast, t he bacteri al di v
differences between treatments at DO ofly 245.07p < 0.001). The
treatments where a carrier was applied with or withiauatroviride

SC1 (Trtl and Trt3) affected the bacterial population community and
decreased its diversity, as i s s
and 0.87) for Trtl and Trt3, resgtively. The addition of the carrier,
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which contains carbon and nitrogen sources, clearly favored certain
genera that are more adapted to those components and decreased the
less competent ones (Figure 2). Generally, the introductiofi. of
atroviride SC1 dd not affect the bacterial population and the most
important factor that governed the bacterial dynamics was the addition
of the carrierF = 61.40,p < 0.001).

The fungal alpha diversity showed significant differences in richness
between the different sgling time points for each treatmeri €
303.58p < 0.001), but not between treatmeris=(0.31,p=0.81). The
richness decreased in time for both control and treatments, with no
exceptions (Figure 3).

Si mpsonds diver si tyerenbfa €td compased s i ¢
to the other treatments, including the contfelx 5.17,p < 0.001)
(Figure 3). This shows the effect of combining the addition of wood to
the soil with the application &F. atroviride SC1. The fungal diversity

in the treatments kereT. atrovirideSC1 was applied with and without
wood pellets were not significantly different from the control (Figure
3). In contrast, the fungal diversity in Trtl, which was supplemented
only with wood, was significantly different. This shows thatiad T.
atroviride SC1 can counterbalance the effects of the wood on the fungal
diversity. The addition of wood was the main cause for the differences
observed between treatments. The recursive partitioning analysis of the
bacterial and fungal richness amiversity confirmed the above
mentioned results (Figure S1).
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Figure 2. Boxplots of the bacterial richness (observed ASVs)

b

acterial diversity (Simpson

(DO: after 12 h; D15: after 15 days; D90: after 90 ¢lagsr: Bulk
soil; Trtl: soil with 10 g of beech wood pellets; Trt2: soil w
Trichodermaatroviride SC1 conidial suspension at the rate of !
10°c o n i “Hof sail ATg3: soil with 10 g of. atroviride SC1 coatec
beech pellets (5 x 2@ o n i “Hdf bebdch wood pellets). Lette
indicate significant differences according to emmeans pac

(

U=0.05) between treatments

letters) or for the same treatment over time (uppse letters). Dat
of the two experiments E1 and E2 were pooled.
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Figure 3. Boxplots of the fungal richness (observed ASVS)
fungal diversity (Simpsonés
(DO: after 12 h; D15: after 15 days; D90: after 90 days). Ctr: I
soil; Trtl: soil with 10 g of beech wood pellets; Trt2il ssith
Trichodermaatroviride SC1 conidial suspension at the rate of !
10°c o n i “Hof sail ATg3: soil with 10 g of . atroviride SC1 coatec
beech pellets (5 x 2@ o n i “Hdf bebéch wood pellets). Lette
indicate significant differences accordino emmeans packac
(U=0.05) between treatments
letters) or for the same treatment over time (upper case letters)
of the two experiments E1 and E2 were pooled.

Unsupervised nometric multidimensional scaling (NDIS)
ordinations applied on Bragurtis dissimilarities showed that the
dissimilarities observed among the bacterial samples were grouped
(Figure 4) according to the factors, time and treatment, while it pooled
the fungal communities only according to thetbr, time (Figure 4). In
fact, the permutational multivariate analyses ofariance
(PERMANOVA) on BrayCurtis dissimilarities revealed that time was
responsible for the biggest portion of the variation in microbiome beta
diversity. The bacterial commuwit differed very significantly
according to the factor timeéF(= 144.95, R= 0.56,p < 0.001) and
treatment £ = 20.38, R=0.11,p < 0.001), as well as their interaction
(F=11.37, R=0.13,p< 0.001), and less significantly with the factor
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experiment E = 3.47, R = 0.006,p = 0.015). The same was observed
for the fungal communities, which varied according to tifre 1.99,

R? = 0.23,p < 0.001), treatment<= 8.59, R = 0.14,p < 0.001),the
interaction between the two factois £ 3.35, R = 0.10,p = 0.001),

and finally the factor experimenE (= 2.64, R = 0.014,p = 0.006).
These results indicate a high consistency of the effects of the treatments
over time T. atroviride SC1 coated ahuncoated wood pellets aid

atroviride SC1) on soil microbial communities.
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Figure 4. Ordination plots of nometric multidimensional scal
analysis (NMDS) using the Bra@urtis dissimilarities of bacterie
(A) and fungal (B) communities. Pink, green, and blue col
indicate different sampling times (DO: after 12 h; D15: after 15 d
D90: after 90 days) and shows how both fungal and bact
communities are grouped kiyne. The colours of the filling grey an
black represent the two experiments (E1 and E2 respectively)
different shapes represent the treatments that grouped main
bacterial community Ctr: bulk soil; Trt1: soil with 10 g of beech w«
pellets; TrR: Trichoderma atrovirideSC1 applied to the soil as
conidial suspension at the rate of 5 ¥ t&0nidia g1 of soil; Trt3:
soil with 10 g ofT. atrovirideSC1 coated beech wood pellets at .
1C° conidia g

Bacterial and fungal indicator ASVs thatveasignificantly different
abundances(< 0.05) in the factor time and treatment were extracted
from the mGLM results. The result
index correspond with an increase in the population of the genus
Massilia, which was ginificantly different between the two groups
Ctr/Trt2 and Trt1/Trt3 (Figure 5). The results also revealed a significant
increase in terms of the relative abundances of the gBoatibacter
Sphingomonassaiella, PedobacterandMicrovirga (Figure 5).

For the fungal community, at DUrichodermaspp. were higher in Trt2

and Trt3 than in Ctr and Trtl, as expected. Contrarily to the cfu counts,
however, this did not change until the end of the experiment, according

t o D u n nhdes testp dtetcarrier (T/Trt3) selectively and
significantly i nc rCgstosasidiumAstobolug ot a
StachybotrysCladorrhinum Preussia andStachylidium(Figure 5).
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(A) Relative of bacterial indi r taxa at genus level

E1 || F1 || F1 E1
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Figure 5.Relative abundance of the maost important bacterial (A)
fungal (B) genera. Fand E2: two experiments with four treatme
at different sampling times (DO: after 12 h; D15: after 15 days; [
after 90 days); Ctr: Bulk soil; Trtl: soil with 10 g of beech wc
pellets; Trt2: soil with Trichoderma atroviride SC1 conidial
suspensiontahe rate of 5 x 0c o n i “Hof sailATgt3: soil with 10
g of T. atroviride SC1 coated beech pellets (5 ¥ 00 n i Hof

beech wood pellets). Data of each replicate are presented |
histograms.

69



























































































































