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Abstract

Fusarium head blight (FHB), root rot (FRR) and foot rot (FFR) cause important
yield losses in wheat. The harvested product is often contaminated with
mycotoxins, belonging to the group of trichothecenes. The main causal agents
are Fusarium graminearum, F. culmorum and F. pseudograminearum. The
biocontrol approach is a feasible option in order to reduce disease severity,
as well as trichothecene contamination in grains.

Streptomyces spp. are Gram-positive bacteria, ubiquitous in soil and
endophytes of inner tissues of plant roots. They produce a wide range of
secondary metabolites able to limit pathogen development and disease
severity in planta, as well as to enhance plant growth.

This PhD project aimed to select Streptomyces strains active within the wheat-
Fusarium spp. pathosystem.

To achieve this, a detailed literature and patents analysis focused on
biocontrol of toxigenic Fusarium spp. was carried out (Chapter 1) and new
methodological approaches for antagonist screening have been developed
(Chapter 2). Furthermore, the biocontrol efficacy of a selected subset of
strains obtained from the culture collection maintained at the Plant Pathology
laboratory (DeFENS, University of Milan, Italy) was evaluated in different
conditions (Chapter 3) and bioactive metabolites were isolated (Chapter 4).
The influence of growth media and Fusarium strain diversity on streptomycete
antifungal activity was assessed in dual culture assays. All the factors
influenced the level of antifungal activity. The media commonly used for in
vitro screening reduced the inhibitory activity of streptomycetes. Overall,
results from dual culture assays and level of disease protection observed in
planta did not correlate, except for those recorded on a medium based on
wheat grains. Indeed, it was the most effective in eliciting antifungal activity
and showed the highest correlation (r = 0.5) with FRR inhibition.
Subsequently, being TRI5 the first and essential gene involved in
trichothecene biosynthetic pathway in Fusarium spp., a microplate bioassay

using a TRI5::GFP transformed F. graminearum strain was developed and



validated in order to screen the effect of natural products on GFP fluorescence
and consequently on trichothecene production. Surprisingly, culture filtrate
from DEF39 strain completely suppressed deoxynivalenol (DON) production
without affecting fungal growth.

The most promising isolates (N = 21) were further characterized for their
potential plant growth promotion ability, as well as for their activity against
FRR and FFR in wheat seedlings. None of them was able to increase plant
growth. However, DEFQ9 strain exhibited consistent efficacy to limit FRR-FFR
symptom severity (protection level > 40%) in soil and soilless conditions.
Therefore, a field trial was performed to test its ability to reduce FHB severity,
obtaining up to 60% protection.

Based on the activity observed from the previous screenings, four promising
streptomycetes (DEF09, DEF20, DEF39, DEF48) were applied on sterilized
wheat grains (microsilage) at two timepoints of application, in order to evaluate
their ability to suppress fungal growth and DON production. Moreover, the
fitness of streptomycetes in microsilage conditions was assessed by gPCR
analysis. Streptomycetes were able to efficiently colonize the substrate, which
resulted in reducing fungal biomass and DON accumulation only when co-
inoculated with the pathogen.

A pool of promising biocontrol agents has been selected against fungal
development and/or DON production. This research highlighted the
complexity of finding an efficient screening procedure due to multiple
interactions occurring in wheat-Fusarium spp. pathosystem. Further studies
will be needed to confirm the activity of the strains in planta. The identification
of the mechanisms of action and the molecules involved in the bioactivity of
the strains will possibly allow to develop effective treatments limiting

trichothecene accumulation in wheat.



Riassunto
La fusariosi della spiga e il marciume al colletto in frumento sono malattie

causate da Fusarium graminearum, F. culmorum e F. pseudograminearum.
Essi determinano ingenti perdite di raccolto oltre a contaminare il prodotto con
micotossine appartenenti alla famiglia dei tricoteceni.

| batteri Gram-positivi appartenenti al genere Streptomyces sono ubiquitari nel
suolo ed endofiti dei tessuti interni delle radici. Essi producono una vasta
gamma di metaboliti secondari con proprieta antimicrobiche e possono essere
utilizzati come agenti promotori della crescita delle piante, limitando lo
sviluppo dei patogeni.

L’obiettivo del presente dottorato di ricerca e stato quello di selezionare ceppi
di streptomiceti attivi contro Fusarium spp. in grano.

La prima fase dello studio ha permesso di conoscere lo stato dell’arte
sull'utilizzo di streptomiceti contro specie micotossigene appartenenti al
genere Fusarium (Chapter 1). Successivamente sono state sviluppate
strategie innovative per la selezione degli stessi (Chapter 2) e l'efficacia dei
ceppi piu promettenti & stata poi saggiata in diverse condizioni (Chapter 3).
Inoltre, i metaboliti secondari responsabili dell’attivita antifungina sono stati
caratterizzati (Chapter 4).

L’influenza della variabilita dei ceppi di Fusarium spp. e dei substrati colturali
sull’attivita di biocontrollo & stata valutata tramite saggi di antibiosi. Questi
fattori hanno avuto un’influenza significativa nel determinare il livello di attivita
in vitro. | mezzi standard utilizzati in laboratorio hanno diminuito infatti tale
parametro. Inoltre e stata riscontrata un’assenza di correlazione con il livello
di biocontrollo ottenuto in pianta. Unica eccezione € per i risultati ottenuti
utilizzando un terreno a base di frumento, che ha permesso di osservare un
valore di correlazione piu elevato con il livello di biocontrollo riscontrato contro
marciume radicale in frumento (r = 0.5).

Successivamente, al fine di saggiare metaboliti limitanti la produzione di
tricoteceni, & stato sviluppato un sistema in micropiastra che misura la

fluorescenza emessa da un ceppo di F. graminearum trasformato con il



costrutto TRI5::GFP. TRI5 é il primo gene essenziale coinvolto nella via
metabolica di produzione di tricoteceni. Da questa prova si € potuto
selezionare il ceppo di streptomicete DEF39 che riduce significativamente la
produzione di DON.

Le potenziali attivita di promozione della crescita e di biocontrollo di una
selezione dei ceppi pit promettenti (N = 21) sono state saggiate in pianta. Gli
streptomiceti testati non hanno esibito la capacita di aumentare i parametri di
sviluppo dei germinelli di frumento, ma il ceppo DEF09 ha ridotto
significativamente il marciume al colletto e la fusariosi della spiga ottenendo
livelli di protezioni sopra al 40% e del 60% rispettivamente.

Basandosi sui risultati ottenuti, quattro ceppi (DEF09, DEF20, DEF39, DEF48)
sono stati applicati su grano sterilizzato testando due tempistiche di
trattamento per osservarne la capacita di riduzione della biomassa fungina e
della produzione di DON. Inoltre tramite gPCR si € osservata la fitness degli
agenti di biocontrollo nelle condizioni testate. Gli streptomiceti, abili
colonizzatori del substrato testato, sono stati efficaci nel ridurre la produzione
di micotossine, limitando -quando co-inoculati con il patogeno- lo sviluppo
dello stesso.

| ceppi selezionati agiscono percio sia contro lo sviluppo fugino e/o contro la
produzione di DON. Ulteriori studi saranno necessari per confermarne I'attivita
in pianta, cosi come per permettere lo sviluppo di formulati efficaci per limitare

la contaminazione da tricoteceni.
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Introduction
1. Fusarium diseases in wheat

Wheat is one of the most important cereal worldwide, with a global production
of 759 million tons reached in 2017/2018 (http://www.fao.org/
worldfoodsituation/csdb/en/). Improvement in the yield potential of wheat will
be necessary in order to satisfy the consumption of a rising global population
and the demand for renewable fuel source (Curtis and Halford, 2014). One of
the key aspects to meet this challenge is the management of fungal diseases,
which can reduce its annual production by 15-20% (Figueroa et al., 2018).
Severe grain losses occur due to the development of diseases caused by a
group of Fusarium spp. Indeed, Fusarium head blight (FHB) and Fusarium
crown rot (FCR) are associated to the presence in field of Fusarium
graminearum, F. culmorum and F. pseudograminearum (Goswaml and
Kistler, 2004; Chakraborty et al., 2006). Both diseases are linked by etiology,
pathogen biology and epidemiology. F. graminearum, the main responsible of
FHB, was found in rotten crown tissues and F. culmorum and F.
pseudograminearum have been isolated from bleached wheat heads
(Burgess et al., 1987; Backhouse et al., 2004; Balmas et al., 2015). In 1990s
FHB losses have been estimated to be close to $3 billion in the United States
alone (Windels, 2000). A yield reduction of 1 Mt/ha is predicted to occur at
19% of FHB (Salgado et al., 2015). The presence of FCR in commercial field
in the Pacific North-West resulted in yield losses up to 35% (Smiley et al.,
2005).

A generalized life cycle of F. graminearum, the main causal agent of FHB, is
reported in Figure 1. Briefly, the fungus overwinters as saprophytic mycelia in
crop residues left from the previous cultivation. In spring, during moist weather
conditions, conidia and perithecia carring ascospores develop and infects
flowering wheat spikelets. Indeed, the conidia or ascospores germinate and
enter through natural openings of the spikelets like stomata and other
susceptible sites (Trail, 2009). The fungus develops particular morphological

structures similar to appressoria and infection cushions during this initial stage
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of infection (Boenisch and Schéfer, 2011). A true biotrophic growth cannot be
identified due to the absence of intercellular growth: indeed, the cytosol of the
epicarp cells is invaded rapidly, inducing cell death (Jansen et al., 2005) and
in consequence colonized tissues become bleached (Figure 2A). Mycotoxins,
belonging to the group of trichothecenes, are produced contemporarily during
spikelet colonization. These secondary metabolites help the pathogen to
suppress plant defense response and to colonize rapidly the whole spike.
Indeed, mutated strains deficient in trichothecene production lack in the ability
to pass through the cell wall thickenings in the rachis (Bai et al., 2002; Jansen
et al., 2005). DON production is therefore induced in a tissue-specific manner,
for example in the developing kernels and the rachis tissues (ligen et al.,
2009).

Dry weather and water stress increase the susceptibility of the wheat
seedlings, favoring FCR epidemics (Backhouse and Burgess, 2002). Necrosis
of crown and stem (Figure 2B) and the formation of “whiteheads” (heads
without grains) are associated with FCR in field. The soil-borne inoculum, with
an infection process similar to the one of FHB, causes root infections (Wang
et al., 2015). The fungal colonization usually does not proceed above the third
node (Beccari et al., 2018). However, significant DON concentration has been
found in heads, suggesting that it plays a role during the root and stem
colonization and it can be translocated along the plant (Beccari et al., 2018;
Covarelli et al., 2012; Mudge et al., 2006). Therefore, severe FCR infection in

field could represent an additional source of mycotoxin contamination.



Figure 1 Life cycle of Fusarium graminearum, causal agent of Fusarium head blight in wheat
(Trail, 2009).
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Figure 2 Symptoms of Fusarium head blight (A) and Fusarium crown rot (B).




1.1 Fusarium trichothecenes: a threat for feed and food safety

Fusarium spp. infections are directly correlated to a variable accumulation of
mycotoxins belonging to the group of type B trichothecenes in grains,
including deoxynivalenol (DON), nivalenol (NIV) and their acetylated
derivatives (Foroud and Eudes, 2009). DON occurrence has the highest
incidence in analyzed samples (up to 83%) in North and Central America,
Europe and China (https://www.biomin.net/en/, accessed on 3/08/2019). The
fungal contamination in harvested grains can be managed, but often the
mycotoxin incidence in feed and food products increases dramatically during
storage periods, becoming a threat for food and feed safety (Beattie et al.,
1998; Magan et al., 2010; Yuan et al., 2018). Toxic effects of DON include the
alteration of intestinal, nervous and immune systems due to the inhibition of
protein synthesis and induction of apoptosis (Maresca, 2013). Acute DON
toxicity in the most sensitive species determines abdominal distress,
increased salivation, malaise, diarrhea, emesis and anorexia; chronic toxicity
is exhibited as feed refusal and altered nutrient uptake (Maresca et al., 2002;
Pestka and Smolinski, 2005). The risks for human and animal health forced
worldwide organizations to set maximum allowable levels of their occurrence
in products for human and animal consumption. In particular, the European
Union established the most comprehensive legislation in this sector over the
years (Siegel and Babuscio, 2011), fixing maximum limits for DON
concentration in different raw and processed foods for human and animal
consumption (European Commission, 2006). The trichothecene biosynthetic
pathway has been well characterized and studying its regulation is important
in order to find strategies able to limit mycotoxin accumulation. The essential
genes (TRI1-TRI16), required for trichothecene biosynthesis, are organized in
three clusters. Indeed, several enzymatic modifications transform a product
from primary metabolism (farnesyl diphosphate) to a toxic sesquiterpene
epoxoide (McCormick et al., 2011). In addition to TRI5 -first gene essential to
transform farnesyl diphosphate in trichodiene- the main TRI cluster includes
TRI8, TRI7, TRI3, TRI4, TRI5, TRI11, and TRI13 genes which encode for
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enzymes synthetizing the mycotoxin skeleton, the transcriptional regulators
TRI6 and TRI10, a transport protein TRI12, and two genes (TRI9 and TRI14)
with uncertain function (Proctor et al., 2018). The diversity among the
chemical structures is due to diversity in gene functionality within the cluster.
Indeed, in NIV-producing Fusarium isolates, TRI13 and TRI7 are responsible
for hydroxylation and acetylation of C-4. In DON-producing isolates, they are
not functional, leading to the lack of the hydroxyl group in C-4 (Lee et al.,
2002). Modification of the gene responsible for DON esterisation (TRI8), which
removes the acetyl group from C-3 or C-15 position, results in the production
of acetylated derivatives (SADON or 15ADON) (Alexander et al., 2011).
Therefore, different chemotype lineages characterize Fusarium isolates, such
as 3ADON chemotype (deoxynivalenol, 3 acetyldeoxynivalenol), 15ADON
chemotype (deoxynivalenol, 15 acetyldeoxynivalenol), NIV chemotype
(nivalenol, 4 acetylnivalenol) (Miller et al., 1991). The evolutionary history of
most of the trichothecene biosynthesis genes is discordant with the species
phylogeny, but it may affect the fithess and toxicity of the isolates in planta
(Ward et al., 2002).

1.2 Disease management

Several strategies have been evaluated in order to control Fusarium spp.
occurrence in field. The agronomic practices have a direct influence on the
survival of the overwintering inoculum. Indeed, previous crop, tillage and also
the field size has been reported to affect FHB incidence. In Ontario (Canada),
disease intensity was higher when wheat was planted after maize, suggesting
that maize represents a good source for inoculum survival. At the same time
no-till or minimum tillage combined with maize as a previous crop increased
the DON levels (Schaafsma et al., 2005). The same observations were
obtained in Minnesota (USA), where disease incidence and severity increased
when wheat followed maize in comparison to soybean cultivations (Dill-Macky
and Jones, 2000). No-till or minimum-tillage after wheat or maize cultivation
contributes to FHB epidemics. In addition, increasing nitrogen input to the soil
has been directly correlated to disease severity and DON accumulation in
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several reports (Heier et al., 2005; Lemmens et al., 2004). An appropriate
fertilization strategy to avoid nutrient stress or modifications in the crop canopy
should be evaluated to reduce the plant susceptibility.

Demethylation inhibitor fungicides (DMIs), in particular tebuconazole, have
been largely applied at anthesis or near early anthesis for cereal protection
(McMullen et al., 2012a). The combined application of different DMIs has been
reported to increase their efficacy. Indeed, the application of prothioconazole
+ tebuconazole was the most efficient fungicide in suppressing FHB (52%
protection compared to the non-treated control) (Paul et al., 2008). However,
they do not ensure a complete protection. At the same time other type of
chemicals, such as strobilurins, did not show strong inhibitory effects in vitro
(Dubos et al., 2011) and when applied in field, they contribute to increasing
the level of DON accumulation (Blandino et al., 2006; Ellner, 2005). Indeed, a
reduction in FHB severity after the fungicide application is not positively
correlated with a reduction in mycotoxin contamination of grains (Edwards,
2004). In addition, one of the major challenges for growers is their application
at the right moment (just before anthesis), often further complicated by the
unfavorable weather conditions which can prevent the treatment (Mcmullen et
al., 2012b). Moreover, the cost of the treatments as well as the problems in
obtaining a complete coverage of heads might discourage their application.
The picture is worsened by recent studies which reported sensitivity decline
to triazoles in F. graminearum isolates in Europe (Klix et al., 2007) and an
emergence of resistant isolates in USA and China (Spolti et al., 2013; Yin et
al., 2009).

The improvement of host resistance is a cost-effective option. FHB resistance
is based on numerous quantitative trait loci (QTLs) which work additively and
they are affected by the environmental factors. Some of them have been
identified in wheat. In particular, five types of FHB genetic resistance have
been reported: 1) resistance to initial infection; 2) resistance to spread in
infected tissue; 3) resistance to kernel infection; 4) tolerance; and 5)
resistance to accumulation of toxins (Mesterhazy, 1995).
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However, the process to understand QTLs in a recombinant inbred line
population is slow (McCartney et al., 2016). In addition, one of the major
challenges is to combine resistance traits with other agronomical features
such as yield and quality of the final product (Clark et al., 2016). The wheat
variety “Sumai 3” has been extensively used for this purpose, because it
combines excellent resistance and agronomical features (Niwa et al., 2014).
However, its extensive use could narrow genetic basis, helping the pathogen
to overcome the resistance (Ruckenbauer et al., 2001). The continuous
breeding efforts for developing resistant varieties resulted in several
commercial cultivars expressing moderate resistance to FHB. For instance, in
the USA, within a program addressed to fight wheat and barley scab
(https://scabusa.org/), newly developed and published cultivars are available

for growers (https://scabsmart.org/).

1.3 Biological control

Nowadays, integrated pest/disease management has been adopted at the
European level (European Commission, 2009a). In addition, the registration
of diverse synthetic active substances has been revoked due to their toxicity
for human, animal and environmental health (European Commission, 2009b).
Therefore, one of the major challenges is to find strategies to control pests
and diseases that are environmentally friendly and safe for human health. One
important outcome of the “Joint International Workshop on Biocontrol” in Paris,
organized in 2016 is that there is a lack of effective management solutions for
certain diseases (Lamichhane et al., 2017). For instance, none of the
agricultural practices described above are completely efficient to guarantee
an acceptable control of Fusarium diseases and associated DON
contamination in cereals. Therefore, biocontrol is becoming a feasible option.
Despite all the scientific efforts in the biocontrol field, the identification of
antagonists active in field conditions and limiting DON accumulation as well
as the studies on efficient application strategies are still needed (Lamichhane
et al., 2017). Biocontrol agents (BCA) against Fusarium pathogens in cereals
are characterized by several mechanisms of action.
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They can act directly through antibiosis, parasitism, nutrient competition or by
eliciting plant defense response.

Trichoderma species have been selected as antagonists against F. culmorum
and F. graminearum (Lutz et al., 2003; Matarese et al., 2012; Sarrocco et al.,
2019; Schoneberg et al., 2015). Indeed, they are excellent competitors,
parasitizing their prey by the production of cell wall degrading enzymes
(Matarese et al., 2012). The same mechanism of action has been observed
for Clonostachys rosea (Luongo et al., 2005; Xue et al., 2009). Competition
for nutrients and space have been evaluated for yeast strains belonging to the
genus Cryptococcus (Khan et al., 2004; Schisler et al., 2002).

The production of secondary metabolites toxic for other microorganisms
(antibiosis) is the most commonly observed mechanism of action of bacterial
BCA. Indeed, several bacteria strains have been tested, such as Bacillus spp.
(Palazzini et al., 2007; Zhao et al., 2014), Lysobacter enzymogenes (Jochum
et al., 2006), Pseudomonas spp. (Khan and Doohan, 2009; Pal et al., 2001)
and Streptomyces spp. (Jung et al., 2013; Nourozian et al., 2006; Palazzini et
al., 2007). The antifungal metabolites produced by Bacillus spp. against
Fusarium pathogens belong to the lipopeptide family, for example surfactins,
fengycin and iturin (Dunlap et al., 2011; Zhao et al., 2014). However, the
bioactive metabolites include not only antibiotics sensu stricto, but also cell
wall degrading enzymes and antifungal volatile compounds. FHB resistance
in plants through the activation of local and systemic resistances was
suggested, but the molecular mechanisms of action were not clearly
investigated (Jochum et al., 2006).

The Fusarium diseases in cereals are characterized by a complex
epidemiology and therefore finding a correct timing of BCA application during
wheat cultivation is essential. Streptomyces strain RC 87B (Palazzini et al.,
2017) or the saprophytic fungus C. rosea (Luongo et al., 2005; Xue et al.,
2009) have been applied to reduce the inoculum on crop residues in order to
delay or inhibit perithecia and ascospore development during the infection

period. Seed treatment could be a feasible option and several strains
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belonging to the genus Bacillus, Pseudomonas and Streptomyces have been
tested to prevent FCR infections (Pal et al., 2001; Yekkour et al., 2012;
Colombo et al., 2019). The majority of the studies focused on wheat spike
treatment during the most critical step of FHB disease cycle, the anthesis, in
order to reduce disease severity and ideally mycotoxin contamination (Comby
et al.,, 2017; Jung et al., 2013; Xue et al., 2009). Eventually, post-harvest
treatments to limit fungal growth and DON accumulation in wheat grains have
been performed using several strains of B. amyloliquefaciens isolated from
peanut shells (Shi et al., 2014). The promising antagonists should be easily
developed into commercial products to be used in field. However, the majority
of the studies did not consider the BCA activity on DON accumulation
(Wachowska et al., 2017). Indeed, fungal growth suppression is not directly
correlated to a reduction of mycotoxin accumulation, therefore a novel
screening strategy must address selection of BCA able to counteract
mycotoxin accumulation (He et al., 2009). The lack of appropriate screening
procedures, as well as the complex process of registration of biocontrol
products resulted in only one commercial product available on the market
against FHB (Polyversum® formulation of Pythium oligandrum strain ATCC
38472 authorized in France since August 2015).

Microbial degradation by anaerobic and aerobic bacteria has been tested to
reduce mycotoxin toxicity during the storage period. Acetylation, de-
acetylation, de-epoxidation, epimerization, glucosylation, and oxidation can
transform trichothecenes in less toxic molecules (McCormick, 2013). Indeed,
DON de-epoxydation activity by mixed bacterial communities isolated from
different matrices, such as soil or animal intestines, has been reported in
several researches (Islam et al., 2012; Yu et al., 2010). For instance, the
contemporary use of bacteria belonging to the genera Nocardioides and
Devosia, which can degrade DON to 3-epi-DON and 3-keto, DON
respectively, allowed a complete degradation of DON under detectable limits
(Sato et al., 2012). A consortium of Gram-positive bacteria has been reported

to de-epoxydize DON in different food and feed matrices (Ahad et al., 2017).
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Eubacterium BBSH 797, isolated from bovine rumen fluid, has been
formulated in the first commercially available product (Biomin® BBSH 797) for
animal feed treatment for its ability to degrade several trichothecenes (Fuchs
et al., 2000).

2. Streptomycetes

2.1 Taxonomy

The genus Streptomyces, introduced by Waksman and Henrici (1943),
belongs to the phylum of Gram-positive Actinobacteria. Their DNA is
characterized by high GC content (69—78 mol%) (Korn-Wendishand Kutzner,
1992). After the discovery of their secondary metabolites relevant for human
and veterinary medicine in 1940s, their identification was initially conducted
based on morphological features. Inadequate descriptions of the species and
lack of uniformity in classification criteria led in 1964 to a standardization
process through the International Streptomyces Project (Shirling and Gottlieb,
1968a, 1968b, 1969, 1972). The main morphological features proposed for
species classification were the spore chain morphology, spore surface
ornamentation, color of spores, substrate mycelium and soluble pigments,
production of melanin pigment and the utilization of a range of carbon sources.
In this way, collections of type strains were recognized internationally, as well
as about 450 species were newly described. A subsequent attempt to reduce
the number of the species was introduced in 1980s with the numerical
classification. Briefly, specific algorithms were used in order to cluster the
available type strains based on phenotypic traits and carbon utilization
(Williams et al.,, 1983; Langham et al, 1989). In addition, previous
classification criteria resulted in incorrect classifications. Therefore, a
reduction of the described Streptomyces species was achieved: the 1989
edition of Bergey’s Manual described 142 species (Williams, 1989). Despite
the developed procedures, very often new species and subspecies were
introduced, as well as the available reference strains did not match the new
isolates.
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Nowadays, molecular methods have been introduced to better understand
species relatedness and support the results obtained with the numerical
taxonomic and chemotaxonomic methods (Anderson and Wellington, 2001).
Therefore, DNA:DNA hybridization and 16S rRNA gene sequencing were
introduced. However, the first technique cannot be used alone to determine
the relationships between species (Anderson and Wellington, 2001). The 16S
rRNA gene sequencing has been proved to be useful to identify or confirm the
novelty of an unknown isolate, but it has not enough taxonomic resolution to
provide definitive identification based on similarity with a described species
(Labeda et al., 2012). A more recent approach is the MLST (Multilocus
Sequence Typing) of house-keeping genes, such as atpD, gyrB, recA, rpoB,
trpB and 16S rRNA which may help to guide Streptomyces species
discrimination and the classification of novel species (Guo et al., 2008; Labeda
et al., 2016). In addition, the advent of cheap and rapid genome sequencing
resulted in numerous genomes available, although the quality of the published
sequences is often variable (Studholme, 2016). Therefore, comparative
genomics increased rapidly, enabling the study of physiological, ecological,
and evolutionary attributes of the genus (Chater, 2016).

2.2 Morphology

Many Actinobacteria, similarly to filamentous fungi, grow through a
combination of tip extension and branching of hyphae forming a mycelium,
and reproduce by spores. However, their cells contain a chromosome
organized in a prokaryotic nucleoid and a peptidoglycan cell wall. Aerial and
vegetative (substrate) mycelium, spore morphology and chain length, and the
presence of melanoid pigments have been extensively studied in order to
classify these microorganisms. Streptomyces spp. show permanent and
highly branched mycelium formed by thin vegetative hyphae (0.5-2 pym in
diameter) with a smooth surface. The aerial mycelium with the chains of
spores appear floccose, granular, powdery, or velvety (Locci, 1989). Their
spore surface observed by electron microscopy appears smooth, warty, spiny,
hairy, or rugose (Dietz and Mathews, 1971).
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Spore chains have been described as being straight to flexuous (Rectus-
Flexibilis), open loops (Retinaculum-Apertum), open or closed spirals (Spira),
or verticillate (Pridham et al., 1958). In addition, numerous spore mass colors
were identified: blue, gray, green, red, violet, white, and yellow (Shirling and
Gottlieb, 1968a).

Figure 3 Streptomyces aerial mycelium observed at scanning electron microscope.

2.3 Life cycle

The Streptomyces life cycle has been extensively studied because of its
unique features among bacteria (Figure 4). Indeed, the germination of spores
leads to the formation of filamentous cells called “vegetative hyphae” which
grow by tip extension and branching to form a vegetative (substrate) mycelium
firmly attached to the substrate (Chater, 1972). During vegetative growth,
septation is rarely observed (Wildermuth and Hopwood, 1970): cross-walls
separate hyphae into connected long compartments, each containing multiple
copies of the chromosome (Elliot et al., 2008). Under adverse environmental
conditions such as nutrient depletion, the vegetative mycelium differentiates
to form erected specialized hyphae carrying spores. Indeed, a programmed
cell death of the substrate mycelium makes available all the building blocks
necessary to support the development of a secondary (aerial) mycelium

(Méndez et al., 1985). Septation occurs in these particular structures and
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leads to the formation of mature spores: indeed, around 60 unigenomic
compartments are developed (Elliot et al., 2008). Interestingly, bld genes are
required for the formation of aerial hyphae. Therefore, a bald (“hair-less”)
phenotype is exhibited by mutants lacking the aerial mycelium (Merrick, 1976).
These genes and environmental parameters such as carbon source
availability have been demonstrated to be the main factors inducing antibiotic
production in Streptomyces spp. Indeed, during the aerial mycelium
development most of the secondary metabolites are produced, suggesting an
ecological role for their biosynthesis, such as the protection of the vegetative

mycelium and nutrients from other competitors present in the soil (Bibb, 2005).

Figure 4 The life cycle of streptomycetes (Barka et al., 2016).
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2.4 Streptomycetes as antibiotic factories

As aresult of 70 years of research on natural product, around 10.000 microbial
metabolites are known nowadays. During the “golden era” between the 1940s
and the beginning of 1950s, almost all groups of important antibacterial
antibiotics were discovered (tetracyclines, cephalosporins, aminoglycosides,
macrolides) and 70-80% of them were isolated from Streptomyces spp.
(Bérdy, 2005).
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Actinomycin was the first antibiotic discovered in 1940 from Streptomyces
antibioticus (Waksman and Woodruff, 1940). Streptothricin and streptomycin
were then isolated from Streptomyces lavendulae and Streptomyces griseus,
respectively (Schatz and Waksman, 1944; Waksman and Woodruff, 1942).
The biological activity of streptomycete-produced metabolites is commonly
referred to as antibacterial and antifungal, but anticancer, antitumor and
herbicide compounds have also been isolated (Barka et al.,, 2016). For
seventeen years the number of natural products discovered per year
increased, reaching a peak in 1970s, and then dropped due to a decline in
screening efforts (Watve et al., 2001). Nevertheless, new challenges need to
be addressed nowadays, such as the multi-drug resistance, and the lack of
novel defense solutions in the therapy of physiological diseases and in
agriculture. Recent technological advances such as genetic engineering and
high-throughput screening helped to renew the interest in microbial natural
products (Liu et al., 2012). For instance, when the genome of the model
organism Streptomyces coelicolor was sequenced, a wide range of secondary
metabolite biosynthetic gene clusters have been discovered (about 20),
suggesting that its metabolite production potential has been underestimated
(Bentley et al., 2003). Among them, cryptic polyketide antibiotics have also
been identified, which means that novel compounds can potentially be
discovered by genome mining, opening a new era of streptomycete natural
product research (Pawlik et al., 2007).

2.5 Streptomycetes as plant growth promoting bacteria

Streptomycetes are well known as soil dwelling bacteria, but very often,
diverse species colonize the rhizosphere and even plant tissues, establishing
symbiotic relationship (Seipke et al., 2012). Therefore, a wide range of
secondary metabolites has been evolved against competitors in their niche or
to protect the host plant from pathogens. Indeed, it has been proposed that
chemically different metabolites act synergistically against different
competitors and metabolites with similar bioactivity are produced contingently
in order to be recognized singularly by the producing organism and
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competitors (Challis and Hopwood, 2003). In addition, they are important
microorganisms for the organic matter re-cycle in soil due to their ability to
hydrolyze different polysaccharides (Chater et al., 2010). Therefore, these
bacteria are able to positively influence plant growth with direct or indirect
mechanisms. Nitrogen fixation, siderophore and phytohormone synthesis, as
well as phosphate solubilization are the main mechanisms associated to a
direct growth promotion carried out by several Streptomyces strains (Viaene
et al., 2016). However, more assessments in planta are still needed to confirm
these promising features tested mainly in vitro. For the reasons discussed
above, streptomycetes have been mainly studied for the antimicrobial
metabolite production able to inhibit pathogen development, helping indirectly
plants against diseases (Doumbou et al., 2001). Several commercial products
for crop protection are available on the market, the most important ones are:
Mycostop® based on S. griseoviridis strain K61 (Verdera, Finland) and
Actinovate®SP based on S. lydicus strain WYEC 108 (Natural Industries Inc.,
Houston, TX).
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Aims and objectives

Wheat is one of the most important cereal worldwide, with a global production
of 759 million tons reached in 2017/2018. Fungal diseases can affect its
production by 15-20%. Among the most important ones, diseases caused by
Fusarium spp. play a major role. Fusarium graminearum together with F.
culmorum and F. pseudograminearum are the main causal agents of
Fusarium head blight (FHB), root rot (FRR) and foot rot (FFR). They affect the
yield quantity and quality but also contaminate grain production with
mycotoxins. In an effort to reach an integrated management of fungal
diseases, also due to the latest European regulation, which reduced
chemicals in crop protection, the use of biocontrol agents is a feasible option.
Recently, many microorganisms have been tested against toxigenic Fusarium
spp., but the complex interactions occurring within the cereal-Fusarium spp.
pathosystem are seldomly explored.

Streptomyces spp. are Gram-positive bacteria ubiquitous in soil as free living
microorganisms but also as symbionts with inner tissues of plants. Their ability
to colonize successfully different substrates is likely due to the production of
a wide range of bioactive compounds able to protect them from other
competitors as well as indirectly helping plants to counteract pathogens.
These features make streptomycetes promising biocontrol candidates in
complex pathosystem.

This PhD project aims therefore to select and characterize potential biocontrol
Streptomyces strains against Fusarium pathogens of wheat and its related
mycotoxins (focusing on deoxynivalenol that is the major contaminant of

cereals). The research has been divided in the following steps:

- Critical analysis of the literature and patents dealing with the use of
streptomycetes against toxigenic Fusarium spp. (Chapter 1);

- Development of effective screening methods in vitro for novel
biocontrol agents (Chapter 2). First of all, experimental procedures

able to take into account, at the laboratory scale, the variations that
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occur when the streptomycetes, the fungus and the plant interact have
been set up. In addition, a high-throughput bioassay able to test
molecules limiting deoxynivalenol production has been proposed,;
Assessment of plant growth promotion and biocontrol activity in vitro
and in planta of a pool of streptomycetes (Chapter 3). The most
promising strains, selected during the first part of the thesis, were
tested for their activity against disease severity and deoxynivalenol
production in wheat grains;

Isolation of antifungal compounds produced by three promising
biocontrol strains able to inhibit mycelial proliferation and/or
deoxynivalenol production (Chapter 4). This work was carried out in
collaboration with the research group of Professor Barrie Wilkinson at
the Department of Molecular Microbiology (John Innes Centre,
Norwich, UK) and the isolated metabolites will likely be patented.
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Abstract

Mycotoxins produced by Fusarium species on cereals represent a major
concern for food safety worldwide. Fusarium toxins that are currently under
regulation for their content in food include trichothecenes, fumonisins, and
zearalenone. Biological control of Fusarium spp. has been widely explored
with the aim of limiting disease occurrence, but few efforts have focused so
far on limiting toxin accumulation in grains. The bacterial genus Streptomyces
is responsible for the production of numerous drug molecules and represents
a huge resource for the discovery of new molecules. Streptomyces spp. are
also efficient plant colonizers and able to employ different mechanisms of
control against toxigenic fungi on cereals. This review describes the outcomes
of research using Streptomyces strains and/or their derived molecules to limit
toxin production and/ or contamination of Fusarium species in cereals. Both
the scientific and patent literature were analyzed, starting from the year 2000,
and we highlight promising results as well as the current pitfalls and limitations

of this approach.

Keywords: mycotoxins, deoxynivalenol, fumonisin, biocontrol, antagonism,

bioactive compounds, wheat

1. Introduction
Mycotoxins are extracellular metabolites produced by filamentous fungi that

contaminate cereals, grains, fruits and vegetables. The most important
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Fusarium toxins are trichothecenes, zearalenone (ZEN) and fumonisins
(FBs), that are dangerous for human and animal health, and their presence in
food is regulated worldwide [1]. Mycotoxin co-occurrence in food is a real and
relatively underestimated issue [2], as is the modification of toxins by plant
metabolism (creating masked mycotoxins) [3]. Both factors mean that the
levels of toxins measured in food, and therefore being ingested, are
significantly underestimated. Due to this, it is likely that normative limits will be
lowered by the regulatory agencies in the future.

Cereals, the staple foods of diets all over the world, are perfect hosts for
pathogenic and toxigenic fungi and represent one of the main sources of
mycotoxin contamination for humans and animals [4]. Among toxigenic
species, Fusarium spp. (Division Ascomycota) are major producers of
mycotoxins in cereals [5].

Trichothecenes A-B are mainly associated with Fusarium head blight (FHB)
and crown rot (FCR) in wheat and barley. The major group of Fusarium spp.
responsible for these diseases include Fusarium graminearum species
complex (FGSC; [6]) which exhibit a diverse distribution of species across the
different continents [7]. The most important species are F. graminearum, F.
culmorum and F. pseudograminearum [8,9]. Grain quality decrease and yield
are of concern [10]. The trichothecenes type B are the most prevalent and
comprise deoxynivalenol (DON) and nivalenol (NIV) and their acetylated
forms 3-ADON, 15-ADON and 4-ANIV [11]. They are immunosuppressant,
neurotoxic and cause intestinal irritation, leading to feed refusal in livestock
[12,13]. In maize, F. graminearum and other related species have been found
to be associated to Fusarium ear rot (FER), contaminating grains with ZEN.
ZEN displays estrogenic activity, causing reproductive problems in animals,
in addition to cytotoxic and immunosuppressive effects [14,15].

Ear rot in maize is also caused by F. moniliforme (now referred as F.
verticillioides [16]) and F. proliferatum, which produce fumonisins [17].
Fumonisins have been classified as Group 2B carcinogens, i.e. as possibly

carcinogenic to humans [18], and fumonisin B1 (FB;) is the most abundant
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analogue found in contaminated samples [19]. Moreover, Fusarium spp.
infecting cereals can also produce other minor mycotoxins with cytotoxic
effects such as enniatins, beauvericin and moniliformin. Knowledge gaps
regarding the occurrence, toxicity and toxicokinetic data for these compounds
in cereal crops is a major and immediate problem [20].

Fusarium spp. infections of cereal is therefore a major concern for both the
growers and the food chains associated with the processing of grains. Several
control strategies against this complex group of pathogens have been
developed and include host resistance, the application of fungicides, and
implementation of specific agricultural practices [21]. However, effective
management of Fusarium pathogens and the related toxins cannot be
achieved using a single control strategy because each has its own limitations
[22]. Therefore, at least in Europe, the integrated disease management is
urgently needed, favored by European Regulation 1107/2009/EC and
European Directive 128/2009/EC [23,24]. Moreover, biocontrol approaches
are becoming increasingly important due to the limitation on the use of certain
fungicides. Amongst the biocontrol agents (BCA) used to control toxigenic
Fusarium spp. in cereals, bacteria have shown several successful outcomes.
For instance, strains of Bacillus spp. [25-28], Brevibacillus sp. [29],
Pseudomonas spp. [27,30], and Lysobacter enzymogenes [31] have been
applied to limit pathogen development, reducing disease severity and
mycotoxin production. Microbial communities or single strains have been also
tested to detoxify contaminated substrates as reviewed by McCormick et al.
in 2013 [32].

Bacteria of the genus Streptomyces display promising plant growth promoting
features and biocontrol efficacy against plant pathogens. They belong to the
phylum of Gram-positive Actinobacteria, which is one of the largest taxonomic
units within the bacterial domain, and include microorganisms relevant to
human and veterinary medicine, biotechnology as well as to ecology [33].
Streptomycetes are the most abundant actinobacteria in soil [34]. They display

a unique life cycle, and after germination grow through a combination of tip
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extension and the branching of hyphae. They first form a vegetative mycelium
firmly attached to the growth substrate and, subsequently, due to nutrient
depletion and under environmental stress signals, develop an aerial
mycelium. Each aerial hypha then differentiates into a long chain of pre-spore
compartments which subsequently mature into individual spores [35]. The
ability to produce a variety of secondary metabolites, including anti-infective
agents, has an important ecological role including the inhibition of competitors
during the transition from mycelial to aerial growth [36]. These various
characteristics enable them to colonize different substrates and establish
symbiotic interactions with plant tissues and other eukaryotes [37]. The ability
to produce numerous secondary metabolites means they are the most
exploited bacterial genus in natural product research. Notably, more than half
of all antibiotics in current clinical use are derived from actinobacterial
secondary metabolites [38]. Furthermore, Streptomyces spp. have been
evaluated as plant growth promoting bacteria (PGPB), as they can inhibit
pathogen development, enhance nutrient uptake by mineral solubilization,
and increase plant growth by nitrogen fixation and phytohormone synthesis
[39]. Streptomycetes have therefore been investigated for their possible use
in agriculture including cereal crops [40].

The diversity of secondary metabolites production plus their reported
endophytic features make the genus Streptomyces a perfect candidate to
control toxigenic Fusarium spp. development and related toxin production
[41,42]. Endophytic microorganisms, able to reduce disease severity on
spikelets, have been reported as useful antagonists against Fusarium head
blight [43]. Nevertheless, the incredible diversity and potentiality of these
microorganisms against mycotoxigenic fungi and their possible influence on
toxin accumulation has been rarely explored and deserves further
investigation [44]. This review describes reports in which streptomycetes, or
molecules derived from them, were exploited against Fusarium spp., and will
pay special attention to the possible influence on toxin production. The

scientific and patent literature were analyzed from the period 2000-2018.

29



2. Critical assessment of literature

Despite the huge amount of literature regarding the biological control of
Fusarium mycotoxigenic isolates in cereals, only two products have found a
consistent market niche [45]. These are based on Pseudomonas chlororaphis
and Pythium oligandrum and are marketed in Europe as Cerall® (Belchim
Crop Protection) and Polyversum® (Biopreparaty/De Sangosse) respectively
[46]. Furthermore, no Streptomyces product is officially registered to be used
for this purpose [47]. The main obstacles for biocontrol agents are due to the
lack of consistency when microbial inoculants are applied under complex
environmental conditions, and to the complexity of finding appropriate
formulation and timing for application [48]. Biological, ecological, toxicological
and regulatory cost factors also influence the effectiveness and marketability
of biological control products [49].

In order to verify the status of research using Streptomyces strains, and their
derived molecules, to limit toxigenic Fusarium spp. infections and/or toxin
contamination we screened the published literature. To critically assess the
status of each research paper a set of definitions describing the type of study
and their accuracy were established:

1. Streptomyces species definition. Species identification is essential as
approximately 10 Streptomyces species have been described as plant
pathogens, causing economically important diseases on underground
plant structures such as tuber/root crops. The best studied and
characterized of these is Streptomyces scabies which causes potato
scab [50,51]. Moreover, from a food safety perspective, Streptomyces
isolates producing antimycin A, which is potentially dangerous to human
health, have been found on wheat and barley grains [52]. Therefore, it is
essential that species and strain characterisation is performed
accurately.

2. In vitro testing for antifungal activity. This is generally the first step for
identifying antifungal microorganisms or molecules produced by them.

Such studies help define the mechanism(s) of action of the Streptomyces
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6.

species and lead to the identification of potential interactions with the
target organism. Assessment of bioactivity should consider the diversity
of targets (verifying if pathogen diversity influences the consistency of the
BCA or derived product). Indeed, specific interactions occur among
bacterial and fungal strains [53] and this may impact the biocontrol
capability of a strain [54,55].

The effect of culture media in the bioassays in vitro. Media composition
modulates secondary metabolite production in actinomycetes [55-57]
and optimising laboratory selection procedures should broaden the
number of interesting BCAs that can be identified.

The use of fermentation extracts to perform bioassays. During screening
procedures, it would be ideal to identify the metabolite(s) responsible for
the observed antifungal effect. The screening of crude extracts is
generally followed by further steps of purification, chemical analysis and
retesting of purified compound(s) [58].

Evaluation of the antifungal mode of action. Risks concerning the use of
these antibiotic producing bacteria associated to events of horizontal
gene transfer and the development of antibiotic resistance are still under
debate within the scientific community [44]. However, given the current
legislative requests [59], understanding the mode of action is essential in
order to proceed with the registration of a BCA, in order to avoid risks of
spreading in the environment dangerous metabolites for human and
animal health [60].

Assessment of the ability to colonize treated plant organs. Many BCAs
are rhizosphere colonizing microorganisms and can be applied as seed
coatings [61]. However, some Streptomyces spp. can exhibit endophytic
behaviour, colonizing different parts of the plant (e.g. roots, stem, leaves)
[41]. Some BCAs exhibit activity both in the rhizosphere and after
infection of the plant and function inside the root at the same time.
Therefore, the colonization niche of the strain should be investigated in

order to warrant a consistent protection [62]. These studies are
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10.

11.

fundamental to provide an assessment of the durability of the protection
warranted by the BCA.

Testing the influence of complex environmental conditions. As for
pathogens during disease development, antagonist strains are
influenced by environmental factors which strongly impact the ability of
the BCAs to exert their biocontrol activity [40]. Assessing the impact of
environmental parameters on BCA using both greenhouse and field trials
is essential to select strains with consistent biocontrol activity.
Assessment of antifungal and plant growth promoting effect in planta.
This step is essential, given that the BCA will ultimately be employed in
the field. Very often there is poor correlation between in vitro and in planta
trials [55,63,64]. Moreover, the wide range of metabolites produced may
have direct influences on plant development altering growth and plant
fithness both positively and negatively [39]. Indeed, negative effects
cannot be underestimated: some Streptomyces can be pathogens (see
before) or produce phytotoxic and herbicidal substances [65].
Assessment of the method used for application. Selecting an appropriate
delivery system for the BCA as well as an optimized formulation can
determine its efficacy in the field [66].

The effects of the BCA on the pathogen inoculum in planta. Due to the
complex epidemiology of Fusarium diseases in cereals, quantification of
the pathogen in planta is important to verify if the treatment can, for
example, effectively reduce the source of overwintering inoculum, limiting
the infection pressure at the subsequent infection season [67].
Quantification of the mycotoxin. It is essential to verify if the BCA limits
toxin production specifically given there is a lack of full correlation
between the presence of the fungus and the amount of toxin that is found
in the grains [68,69]. Moreover, some secondary metabolites can limit
toxin production without impairing growth of the pathogen [70]. Biological

interactions can also lead to unexpected cross talk between the BCA and
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pathogen that can lead to an overproduction of toxins and secondary
metabolites [71-75].

3. Literature analysis

To guide future implementation of biocontrol research using Streptomyces
spp. it is essential to identify the strengths and weaknesses of past and
present research in this domain. Therefore, we reviewed the published
literature focussing on the methods used for the selection of promising
biocontrol streptomycetes and on the results achieved.

We searched the Scopus and Google Scholar databases for articles including
the words “Fusarium” and “Streptomyces” that were published during the
timeframe 2000-2018. The resulting articles were read and individually
screened leading to the identification of 64 articles that deal with the ability of
Streptomyces or their secondary metabolites to limit the growth or toxin
production of toxigenic Fusarium spp. in cereals (Table 1).

Streptomyces spp. or their derived molecules have been tested mostly against
Fusarium spp. producing trichothecenes, including DON. The species
investigated are all usually found to infect cereals and include F.
graminearum, F. culmorum, F. poae, F. crockwellense, F. sporotrichioides and
F. equiseti. The most studied interactions address the wheat-F. graminearum
pathosystem, which is the most important cause of DON (and derivatives)
accumulation in grains [76]. Less frequently, streptomycetes have been tested
against fumonisin producers in maize, all belonging to the F. fujikuroi species
complex [77].

3.1 Streptomyces identification

Regarding the identification of Streptomyces species, most studies focused
on the integration of morphological and molecular characteristics. Given the
complexity of streptomycete biology [33], the use of 16S rRNA alone as
molecular marker is not sufficient to achieve species discrimination. Multi-
locus sequence typing [78] integrated with biochemical and morphological

identification would be a preferred option, but none of the studies used this
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approach. On this basis, all the species identifications reported in the selected
papers should be treated with caution. Looking forward, the increasing
number of Streptomyces strain genomes now available may help in correct

species identification [79].

3.2 Screening for antifungal activity: in vitro tests

Amongst the selected articles, in vitro testing is the most commonly used first
line screening method. Indeed, dual culture assays on solid media are
exploited in all the studies as a preliminary screen, evaluating the inhibition
halo between the growth of the streptomycete and the fungal target or
measuring the radial growth of the Fusarium colony in comparison with an
untreated control to obtain a percentage of growth inhibition. Rather than use
these standard in vitro inhibition assays, some research groups [80—-82]
characterize the type of interactions occurring in dual culture by using the
Index of dominance (Id) [83]. The Id consists of visually observe antagonist
and pathogen growth in dual-culture, testing different media or water activity
(aw) of the culture medium, and to classify the type of interactions occurring
based on predefined scores: mutual intermingling (1/1), mutual inhibition on
contact (2/2), mutual inhibition at a distance (3/3), dominance of one species
on contact (4/0) and dominance at a distance (5/0). This method evaluates if
the inhibition is due to the production of antifungal metabolites diffusible in the
media or if the mycelium is parasitized by the antagonists. Moreover, it can be
noted the negative effect of the target pathogen on the potential antagonists.
Therefore, the selection of biocontrol agents is carried out by evaluating the
biocontrol interactions (e.g. mycoparasitism, competition or antibiosis)
established at different growth conditions.

For most reports, growth of the Streptomyces strain inoculum to some
predefined point usually takes place on agar media before addition of the
pathogen in order to allow a complete establishment of these growing bacteria
[80,84].

The use of a diverse range of growth media and fungal strains was evaluated

in our analysis given the importance that these criteria have in the estimation
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of the biocontrol activity in vitro [55]. Interestingly, the influence of growth
media was seldomly evaluated in these types of experiments [84,85] as well
as the assessment of antifungal activity on different Fusarium strains
belonging to a single species [80,86-88].

Given the lack of a standardized protocol when performing dual culture assays
(e.g. Fusarium strains on which the biocontrol activity should be tested,
position and distance between streptomycetes and Fusarium strain inoculum,
timing of observation after pathogen inoculum, culture medium) it is difficult to
compare the results between studies. However, here we report some
examples of the wide range of activities recorded against mycelial
proliferation. For instance, growth inhibition percentages against F.
graminearum and F. verticillioides ranged from the weakest (< of 20%) [84,89]
up to 60-90% of inhibition [87,90]. Yekkour et al. [91] obtained different levels
of inhibition in dual culture for isolated streptomycetes: indeed, only 6 out of
133 isolates displayed an anti-Fusarium activity and in particular only F.
culmorum was significantly inhibited (inhibition halo > 20 mm). Less sensitive
fungal species were F. moniliforme, F. sporotrichoides, F. graminearum and

F. proliferatum [91].

3.3 Evaluation of antifungal mechanism of action

The importance of the identification of any antifungal molecules involved in
the bioactivity led some researchers to achieve a complete characterization of
the compounds involved. The fermentation process and the optimization of all
the parameters (e.g. medium, agitation rate, pH, temperature) were strain and
laboratory dependent [92—-95]. For instance, it has been reported that some of
the Streptomyces strains which are active against F. moniliforme on solid
media lack antibiotic production in submerged liquid culture, highlighting the
importance of an appropriate optimization of laboratory procedures and media
in the stimulation of secondary metabolites [96]. The first attempt of compound
purification is commonly carried out by crude extract fractionation [97,98].

Often the bioactivity of the selected strain is not related to a single mechanism:
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different metabolites, enzymes or volatile organic compounds likely contribute
to the overall antifungal activity. Many studies exploited the fermentation broth
as a source of bioactive compounds [99-101]. Therefore, several compounds
have been purified and tested against toxigenic Fusarium spp. For example,
strain PAL114 produce saguayamycins A and C which inhibited the growth of
F. culmorum at the minimum inhibitory concentrations of 75 ug/mL [102].
Three allelochemicals [5,7-dihydroxyflavone, 5-hydroxy-7-methoxy- flavone
and di (2-ethylhexyl) phthalate] able to inhibit mycelial growth of F.
graminearum were isolated and purified from the fermentation broth of
Streptomyces sp. 6803 [103]. In vitro cultures of Streptomyces sp. 201,
produce 2-methylheptyl isonicotinate able to inhibit the growth of F.
moniliforme more efficiently than a natural analogue (isoniazid) [98]. On the
other hand, modest activity has been observed by the metabolites extracted
from Streptomyces LZ35 against F. verticillioides [104]. For several studies
chitinase activity, rather than antibiotic production, was shown to play a role
in the antifungal mechanism [105-108]. In addition, new antifungal proteins
have been characterized, such as the one isolated from Streptomyces sp.
C/33-6 culture supernatants which displayed a fungicidal activity, determining
complete inhibition of conidia germination of F. graminearum [109].

Secondary metabolites exhibiting anti Fusarium activity can also include
volatile organic compounds (VOCs). For example, Streptomyces alboflavus
TD-1 was able to reduce the mycelial growth of F. moniliforme when volatile
metabolites were applied as fumigants [110]. Inhibition of growth, sporulation
and conidial germination has been recorded when culturing this strain on
wheat seeds. In addition, the VOCs activity increased the fungal membrane
permeability as observed by significant leakage of mycelial materials.
Chemical analysis of these VOCs identified a high quantity of 2-
methylisoborneol and 2-methyl disulphide, which were further tested for their
antifungal activity [110,111]. VOCs production was also linked to the
antagonist activity of Streptomyces philanthi RM-1-138 cultured on wheat

seeds, which inhibited mycelium growth of F. fujikuroi by 50% [112]. Chemical
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analysis showed that a complex mixture of volatile metabolites was involved
[112].

It is evident from our analysis that the biocontrol activity of Streptomyces
strains involves a large range of bioactive molecules. The exploitation of
Streptomyces spp. has been, and will in future also be, hindered by the
variability of the production of these metabolites. Therefore, to exploit the huge
diversity of streptomycetes for successful disease management different
factors, such as the age of the fungal colony, culture conditions, temperature,
and other environmental parameters will have to be carefully studied, even at
the very early stages of investigation. Transferring the outputs of these
laboratory studies to the field remains one of the major challenges in exploiting
Streptomyces spp. as BCAs for tackling toxigenic Fusarium spp.

3.4 Assessment of streptomycete effects in planta

Literature reports lack of durable and consistent effects when streptomycetes
or commercially available formulations have been applied in greenhouse
experiments and field trials [40]. Likely ability to cope in a complex
environment that comprise the plant, the presence of the pathogens as well
as several abiotic factors varies depending on the fitness of the strain and its
formulation in the field. For this reasons, verifying the level of colonization
achieved by the strain when used as BCA is essential to confirm its ecological
fitness. Only a few papers have addressed this question in detail. Notable,
most of these were published recently which indicates an increasing level of
attention regarding Fusarium/plant/Streptomyces interactions [113,114].
Moreover, in planta experiments are essential during the process of BCA
selection to confirm their ability to significantly decrease Fusarium spp.
infections. Indeed, BCAs can influence crop growth and disease severity,
reduce Fusarium inoculum levels on stubble after harvest as well as ideally
the presence of mycotoxins [115]. However, only a limited number of studies
(N = 16) performed complete in planta studies. The application of

streptomycetes was tested on seeds [84,116-118], on the main emerged
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spike [80,84,86,87] as well as wheat stubble [86]. Indeed, these bacteria can
contribute to the reduction of FHB on wheat at different times in the Fusarium
spp. life cycle. In a research conducted by Palazzini et al. [80] in 2007, isolates
from wheat anthers, were applied to wheat heads grown in greenhouse and,
after 16 days, their influence on FHB severity was estimated. Despite the
slight reduction of diseases symptoms in comparison to the control,
streptomycete BRC 87B decreased under undetectable level the DON content
in spikes. For this reason, in a subsequent study it was tested in field, showing
the ability to decrease FHB severity and DON amounts, as well as the F.
graminearum inoculum on wheat stubble [86].

Testing the efficacy in the field requires also specific assessments of the way
the strains are inoculated. For example, the use of a Korean strain isolated
from rice kernels led to a significant reduction of the disease severity after its
inoculation using a spore spraying method that was not achieved using point
inoculation method on wheat heads [84]. This is actually the only study where
the influence of the BCA application method was taken into account, and
shows that, depending on the application of the BCA, different results can be
obtained [47].

Differences in the level crop protection have been reported also against other
Fusarium spp. For instance, two Streptomyces strain designated as DAUFPE
11470 and DAUFPE 14632 were isolated from maize rhizosphere in Brazil
and tested against maize seed pathogenic fungi. Treatments on seeds with
biomass deriving from streptomycete fermentation or with cell free filtrate
reduced significantly Fusarium subglutinans incidence on stored maize seeds
[119]. The same strains were also tested as spore suspension to assess their
effects on seedling blight caused by F. moniliforme in greenhouse [120].
Bacterial treatments significantly reduced disease incidence compared with
the controls, with protection level variable according to the tested pathogen
inoculum concentrations. Indeed, the disease incidence has been significantly
reduced at low and high antagonists and pathogen concentrations

respectively. Moreover, their ability to reduce chlamydospores germination
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was assessed: the percentage of germinated propagules was evaluated after
antagonist treatments in sterilized soil added with glucose, to recreate the
natural environment and enhance spore germination. The addition of glucose
increased propagules germination in all the treatments, but the presence of
the antagonists decreased this parameter up to 65%. This study stressed
therefore the important influence of both antagonist and pathogen
concentration and the presence of nutrients in the final biocontrol efficacy
obtained in planta [120].

Streptomyces strains as reported above, can be helpful to reduce the disease
symptoms, acting also as plant growth promoting bacteria. Despite the wide
range of metabolites produced by them, their ability to influence plant
development has been seldomly studied by the current literature addressing
the biological control properties of the strain. Few positive examples include
the report of negative influence on seed germination and seedling

development [91] as well as improvement of plant growth parameters [87].

3.5 Evaluation of streptomycete activity against mycotoxin production

As noted above, it is essential to accurately determine the concentration of
mycotoxins present in grains destined for human or animal consumption.
Similarly, verification of the toxin content under experimental conditions is vital
for the future of potential streptomycete biocontrol agents. Indeed, it should
be possible that reduction of disease severity does not positively correlate with
a reduction of the mycotoxin content in grain samples. So far only one
research group has evaluated the reduction of DON mycotoxins by
Streptomyces strains isolated from wheat anthers, in comparison to the level
of infection, in vitro, in greenhouse and in the field [80,86]. Indeed, they
showed that their streptomycete strains (BRC 87B and BRC 273) were able
to significantly reduce DON levels on wheat grains, without influencing
disease severity caused by Fusarium infections [80]. This suggests the
existence of specific mechanism of inhibition uncoupling fungal fitness and

toxin production. Follow-up research by the same group evaluated in the field
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the use of BRC 87B which showed strong inhibition of DON production in
wheat spikes [86].

Preliminary in vitro studies have also been conducted to verify the ability of
streptomycetes to limit fumonisin accumulation. Strains isolated from soil
samples amended with different organic manures by Nguyen et al. have been
tested against fumonisins FB1 and FB- production by F. verticillioides [121].
They significantly decreased (by up to 98.2%) the level of FB; and FB; in agar
plate cultures [121]. Inhibition of FB; accumulation on milled maize agar was
also demonstrated in another in vitro study using Streptomyces sp. AS1 [122],
a strain isolated from peanuts in Egypt. Further, EI-Naggar et al. [123] showed
the ability of Streptomyces isolates to reduce accumulation of a wide range of
mycotoxins including total aflatoxins, fumonisin, zearalenone, T-2 toxin,
alternariol, and alternariol monomethyl ether. However, the identity of the
Fusarium spp. producers was based only on morphological characteristics
and should be considered with caution.

Table 1 Published studies regarding the efficacy of Streptomyces spp. (and derived molecules)
against Fusarium toxigenic species in vitro, in planta and under different environmental
conditions. The methods used for the identification of the Streptomyces strain are also reported.
Data were obtained combining the results of Scopus and Google scholar searches with the
following search words “Fusarium Streptomyces” limiting the period of publication from 2000 to
2018.

Legend: M (Morphological identification), B (Biochemical identification), BCA/s (Biocontrol
agent/s), GC (Growth chamber), G (Greenhouse), F (Field), *possibly misleading identification
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F. culmorum,
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F. moniliforme
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F. moniliforme
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F. moniliforme
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F. moniliforme
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X
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F. moniliforme

[141]

M/16S
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F. oxysporum®*,
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M/
16S rRNA

F. poae
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F. poae
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[92]

X

16S rRNA

F. verticillioides

[104]

F. verticillioides

[121]

X

X

16S rRNA

F. verticillioides

[122]
[148]

X

F. verticillioides

X

16S rRNA

F. verticillioides

[90]

M/B/
16S rRNA

F. verticillioides,

F. oxysporum

F. graminearum,

F. culmorum,

[149]

F. oxysporum,
F. sporotrichiella,

F. moniliforme
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4. Patent search

To have a complete overview of the work using Streptomyces against
toxigenic fusaria, a research of the major patent databases was carried out.
Using both Espace-net and Orbit intelligence a total of 233 results were
obtained using the keywords “Fusarium Streptomyces”. By manual screening
of the titles and abstracts a total of 25 patents were retained and added to
Table 2. Given the use of different languages (most not English) only abstracts
could be accessed so it was not possible to apply the same critical criteria
used in our literature search. Most of the patent claimed general activity of
strains and derived molecules against a large set of microorganisms including
toxigenic fusaria. Only a single patent in its claim directly addressed the ability
to limit F. graminearum growth on cereals [150]. Two documents patented the
antifungal metabolites isolated from streptomycete strains and tested against
toxigenic Fusarium spp. [151,152]. The other patents are related to specific
formulation methods, using live streptomycetes, proposed as biocontrol
products against plant pathogens, among them Fusarium spp. of cereal crops.
Interestingly most of the patents are concentrated in the last 5 years (Table
2), therefore further developments could be expected also towards novel

industrial applications in the near future.
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Table 2 Patent lists of Streptomyces spp. (and derived molecules) against Fusarium toxigenic species. Data were obtained combining the results of
Espacenet and Orbit Intelligence with the following search words “Fusarium Streptomyces” limiting the period of publication from 2000 to 2018.

Publication Publication

umber date Target Fusarium spp. Source Reference

F. moniliforme, F.

RU2003100579 A 27/07/2004 . Espacenet [153]
sambucinum, F. avenaceum
KR100914225 B1 26/08/2009 F. graminearum Espacenet [154]
CN101698827B; .
CN101698827A 28/04/2010 F. moniliforme Espacenet [155]
CN101822272A 8/09/2010 F. avenaceum, F. Orbitintelligence  [156]
semitectum
KR101098280 23/12/2011 F. proliferatum Orbit intelligence [157]
CN102433281A, .
CN102433281 B 02/05/2012 F. graminearum Espacenet [158]
KR101211681 12/12/2012 F. fujifuroi Orbit intelligence [159]
CN102835423B; . .
CN102835423A 26/12/2012 F. nivale, F. graminearum Espacenet [160]
CN103114064B; F. moniliforme, F.
CN103114064A 22/05/2013 graminearum Espacenet [161]
CN103820351A; F. moniliforme, F.
CN103820351B 28/05/2014 graminearum Espacenet [151]
CN104130965A 05/11/2014 F. moniliforme Espacenet [162]
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Publication Publication Target Fusarium spp. Source Reference
number date
CN104140982A 12/11/2014 F. moniliforme Espacenet [163]
CN105060951A 18/11/2015 F. moniliforme Espacenet [164]
EP3048890A1 3/08/2016 F. culmorum Orbit intelligence [165]
CN105886428A 24/08/2016 F. verticillioides Espacenet [166]
CN106676040 17/05/2017 F. graminearum Orbit intelligence [167]
CN107058131 18/08/2017 F. graminearum Orbit intelligence [150]
CN107164259A 15/09/2017 F. culmorum Espacenet [168]
CN107287130A 24/10/2017 F. verticillioides Espacenet [169]
WO0201553482A1 16/04/2018 F. proliferatum Orbit intelligence [170]
CN108048380A 18/05/2018 F. graminearum Espacenet [171]
CN108102961A 1/06/2018 F. graminearum Espacenet [172]
CN108165506 15/06/2018 F. graminearum Orbit intelligence [173]
CN108208016 29/06/2018 F. graminearum Orbit intelligence [152]
CN108587981 28/09/2018 F. graminearum Orbit intelligence [174]
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5. Conclusion and perspectives

Our review of the literature and patent clearly identifies a growing interest in
the use of Streptomyces spp. as biological control agents against toxigenic
Fusarium spp., both to inhibit growth and to limit toxin accumulation
(contamination). However, it is clear that for the majority of the available
studies, the findings are preliminary. In most cases a clear understanding of
the role of the BCA, the identification of the molecules or mechanisms of
inhibition, as well as the fungal targets are lacking [175]. Moreover, most of
the data are limited to laboratory in vitro experiments and lack validation in
planta or in the field.

The future of research on streptomycetes as biocontrol agents for Fusarium
will need to integrate diverse expertise and may profit from new methods able
to better mimic in the laboratory interactions occurring in the field [55]. Novel
formulation and application techniques will be needed to enable individual
beneficial microbes and microbial consortia to exert their activity in a
consistent manner for different crops and soils [176]. For instance, one
biocontrol approach to further investigate could be combining multiple strains
to build consortia able to exert complementary activities [177]. Indeed,
understanding the ecological role, including specific interactions with other
microorganisms and the host, is essential for developing effective and long-
lasting approaches of biocontrol. Reaching a better understanding of
microbes-Fusarium interactions could help to provide effective biocontrol
strains among natural endophytes present in the wheat microbiome [178] and
within graminaceous plant rhizosphere [179]. The effect of specific
interactions as well as the ability to shift metabolic profiles within the same
Streptomyces species, niche and also among individuals [180] suggest that
studies on the efficacy of strains should encompass a broad range of
conditions mimicking the agricultural milieu [55]. Appropriate fitness tests able
to predict the behaviour in the field are needed at the selection level. Novel
BCAs or their metabolites could also be identified and produced integrating

appropriate novel genome editing [181] as well as adaptive evolution
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techniques [182]. A better understanding of secondary metabolites regulation
during the interaction with fungi will help to increase their discovery for
agricultural purposes [53].

Our analysis of the literature leads to the observation that each single paper
only addresses a few aspects of the proposed criteria that would have to be
evaluated in identifying effective Streptomyces based BCAs. This review may
serve as a proposal for future research efforts which will likely profit from an
integrated analysis of the different parameters that we have identified.

The increasing interest with industry proved by the raising number of patents
addressing and referring to the use of Streptomyces spp. to limit Fusarium
spp. in grains is a further indication of the potential role that this powerful group
of microorganisms can play in the future of agricultural research. In
conclusion, by performing a complete analysis of the literature regarding the
use of Streptomyces spp. for the biological control of mycotoxigenic fusaria,
we identified a set of parameters that we consider essential for enabling their
implementation for biological and toxin contamination control. Our review
suggests that streptomycetes have the potential to play a crucial role both as
BCA, and as producers of novel inhibitory molecules, for the combined control
of Fusarium infection and to limit the accumulation of mycotoxins in crops
[183,184].
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Abstract

Biocontrol microorganisms are emerging as an effective alternative to
pesticides. Ideally, biocontrol agents (BCAs) for the control of fungal plant
pathogens should be selected by an in vitro method that is high-throughput
and is predictive of in planta efficacy, possibly considering environmental
factors, and the natural diversity of the pathogen. The purpose of our study
was (1) to assess the effects of Fusarium strain diversity (N = 5) and culture
media (N = 6) on the identification of biological control activity of
Streptomyces strains (N = 20) against Fusarium pathogens of wheat in vitro
and (2) to verify the ability of our in vitro screening methods to simulate the
activity in planta. Our results indicate that culture media, Fusarium strain
diversity, and their interactions affect the results of an in vitro selection by
dual culture assay. The results obtained on the wheat-based culture media
resulted in the highest correlation score (r = 0.5) with the in planta root rot
(RR) inhibition, suggesting that this in vitro method was the best predictor
of in planta performance of streptomycetes against Fusarium RR of wheat
assessed as extension of the necrosis on the root. Contrarily, none of the
in vitro plate assays using the media tested could appropriately predict the
activity of the streptomycetes against Fusarium foot rot symptoms
estimated as the necrosis at the crown level. Considering overall data of
correlation, the activity in planta cannot be effectively predicted by dual
culture plate studies, therefore improved in vitro methods are needed to

better mimic the activity of biocontrol strains in hatural conditions. This work
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contributes to setting up laboratory standards for preliminary screening
assays of Streptomyces BCAs against fungal pathogens.

Keywords: Fusarium root rot, antagonism, seed treatment, Fusarium foot rot;
Actinobacteria, Streptomyces, wheat, biocontrol, agriculture, bayesian

analysis

Introduction

The use of biocontrol agents (BCAs) against major plant pathogens is
becoming a valuable alternative to chemical control of plant diseases and
represents an important resource for the future of agriculture (Bardin et al.,
2015). The identification of antagonists effective in agricultural environments
is essential and requires trustworthy and rapid in vitro selection (Le Cocq et
al., 2017) that should be able to simulate as much as possible the conditions
that the antagonist will encounter in the field.

Streptomyces, a taxonomically wide genus of the phylum Actinobacteria, are
gram-positive bacteria ubiquitous in soil as free-living microorganisms and as
symbionts of plants, animals, and fungi (reviewed in Seipke, Kaltenpoth &
Hutchings, 2012). In most cases, these interactions are positive, as they
combine in planta endophytic behavior (Sardi et al., 1992) with the ability to
produce an array of specialized metabolites with biological activities (reviewed
in Barka et al., 2016). In fact, they have been studied for their antibacterial and
antifungal effects (Wei et al., 2017), as well as their plant growth promoting
capabilities (reviewed in Viaene et al.,, 2016), and therefore they can be
exploited in agriculture.

Fusarium graminearum and Fusarium culmorum are the major determinants
of severe diseases in cereal crops (Goswami & Kistler, 2004; Scherm et al.,
2013), such as Fusarium head blight or, under specific climatic conditions,
Fusarium foot rot and Fusarium crown rot (Balmas et al., 2015; Obanor &
Chakraborty, 2014). The presence of these pathogens in field affects the yield
and the seed quality. In addition, mycotoxins such as trichothecenes type B

represent a threat to agricultural production and human health (Maresca,
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2013). Three chemotypes can be identified among trichothecene B producing
fusaria: (1) producers of nivalenol and acetylated derivatives (NIV
chemotype), (2) producers of deoxynivalenol and 3-acetyldeoxynivalenol
(BADON chemotype), and (3) producers of deoxynivalenol and 15-
acetyldeoxynivalenol (15ADON chemotype) (Miller et al., 1991). Although the
evolutionary history of most of the trichothecene biosynthesis genes is
discordant with the species phylogeny, this profile variability can affect the
fitness and toxicity of the pathogen population (Ward et al., 2002; Aoki et al.,
2012). Diversity of Fusarium spp. chemotypes has not been considered in the
screening of BCAs to date.

The beneficial effect of Actinobacteria on plant disease suppression is well
known (Palaniyandi et al., 2013) and documented by an array of reports on
the activity of streptomycetes against toxigenic Fusarium spp. (Nourozian,
Etebarian & Khodakaramian, 2006; Wang et al., 2013; Jung et al., 2013;
Samsudin & Magan, 2016). Even today, after years of research, the lack of
appropriate selection methods remains one of the main barriers to the
identification of new BCAs (Pliego et al., 2011). Screening for antibiosis is still
the most common method adopted in the lab for a high-throughput in vitro
screening of biocontrol strains, even though it excludes the identification of
other biocontrol mechanisms (Palazzini et al., 2007; Jung et al., 2013).
Interestingly, the majority of studies concerning biological control of Fusarium
spp. used potato dextrose agar medium for assessing the efficacy of BCAs
(Faheem et al., 2015; Dubey, Suresh & Singh, 2007; Khan et al., 2006),
without taking into account the influence of the culture media on the antifungal
activity. Although the final scope of these studies is to withstand pathogen
attack in field, selecting effective BCAs directly in the agricultural environment
is not always feasible due to inconsistent abiotic and biotic factors
encountered in field studies which are also time-and space-consuming.
Therefore, in an effort to identify quick and effective methods of selecting
Streptomyces strains against Fusarium diseases in wheat, we evaluated the

effect of Fusarium strains, one F. culmorum and four F. graminearum
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characterized by different chemotypes, and culture media on the activity of
streptomycete strains. Moreover, we assessed the correlation of biocontrol
activity of Streptomyces strains obtained in vitro with their in planta efficacy.

The aims of our work therefore were to identify the most effective medium for
in vitro selection of streptomycetes with biocontrol activity to be employed on
wheat; test the hypothesis that Fusarium strain diversity plays a role in
identifying effective BCA strains; and verify if dual culture assays are able to

predict the in planta activity of the BCAs.

Materials and methods

Culture media

The antibiosis assays were carried out to test the antifungal activity of 20
Streptomyces strains on six different culture media types. PDA1 was prepared
using 39 g/L potato dextrose agar (Difco Laboratories, Detroit, MI, USA). One
liter of PDA2 was prepared using the extract derived from 200 g of potatoes
boiled in distilled water, 20 g glucose (Oxoid Limited, Basingstoke, Hempshire,
UK) and 18 g agar (Amresco, Solon, OH, USA). CZY (Czapek-Yeast Extract)
contained 35 g/L czapek dox broth, (Difco Laboratories, Detroit, MIl, USA), two
g/L yeast extract (Difco Laboratories, Detroit, Ml, USA), and 15 g/L agar
(Amresco, Solon, OH, USA). MMNAG, a modified Minimal Medium (Kieser et
al., 2000), was prepared using 4.55 g mannitol (Difco Laboratories, Detroit,
MI, USA), 0.5 g KH,PO. (Carlo Erba, Cornaredo, Milan, Italy), 0.2 g MgSO.
7H20 (Carlo Erba, Cornaredo, Italy), 10 g agar (Amresco, Solon, OH, USA),
to which 11.06 g N-acetylglucosamine (Jarrow Formulas, Los Angeles, CA,
USA) per liter were added as it has been reported that it may increase
secondary metabolite production in Streptomyces spp. (Dashti et al., 2017).
One liter of wheat meal agar (WMA) was obtained adding the extract derived
from 50 g of wheat seeds blended and boiled in distilled water and 15 g agar
(Amresco, Solon, OH, USA). One liter of wheat fusarium agar (WFA) was
prepared using the extract derived from 50 g of flour boiled in distilled water

and 15 g agar (Amresco, Solon, OH, USA). The flour was obtained from wheat
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seeds inoculated with a mixture of agar-mycelium plugs derived from colonies
of F. culmorum (FcUK) and F. graminearum (PH1) incubated at 24 °C in 250
mL Erlenmeyer flasks in the dark at 100% humidity. The contaminated wheat
seeds, after 11-day-incubation, were lyophilized (model Heto-EPD3; Thermo
Scientific, San Jose, CA, USA) for 24 h and blended to obtain a homogenous
flour. To determine the amount of toxins in the WFA medium, the flour (two g)
was extracted with 12 mL of a solution water:CH3CN (20:80, v/v), under
sonication for 30 min. Then, the mixture was centrifuged at 1,600 g for 10 min,
and supernatant transferred in a 10 mL flask and the volumes were adjusted
by a solution water:CH3CN (20:80, v/v). The residues were extracted again as
described above. The solutions were centrifuged at 1,000 g for 2 min, diluted
with water:CHsCN (20:80, v/v) and five mL injected into the UHPLC system.
The analysis was carried out on a UHPLC model Acquity (Waters, Milford,
MA, USA) coupled with a high resolution fourier transform orbitrap mass
spectrometer (model Exactive; Thermo Scientific, San Jose, CA, USA),
equipped with a HESI-II probe for ESI and a collision cell (HCD). The operative
conditions were as follows: spray voltage -3.5 kV, sheath gas flow-rate 50
(arbitrary units), auxiliary gas flow-rate 15 (arbitrary units), capillary
temperature 220 C, capillary voltage -47.5 V, tube lens -120 V, skimmer -16
V formic acid dimer Na adduct [2M+Na-2H], was used as lock mass.

A 1.9 mm Hypersil Gold Cis column (100 2.1 mm; Thermo Scientific, Waltham,
MA, USA) was used for the separation. The column and samples were
maintained at 40 and 20 °C, respectively. The flow-rate was 0.5 mL/min, and
the eluents were 0.05% formic acid in water (A) and 0.05% formic acid in
CHsCN (B). The UHPLC separation was accomplished by the following linear
elution gradient: 5-50% B in 6 min and then 50-95% B in 4 min. The
acquisition was made in the full-scan mode in the range m/z 100-1,000 u,
using an isolation window of 2 ppm. The automatic gain control target,
injection time and mass resolution were 1 10°, 100 ms, and 50 K, respectively.
The MS data were processed using Xcalibur software (Thermo Scientific,

Waltham, MA, USA). The calibration curves were constructed by dissolving
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10 mg of each dried standard in 10 mL methanol. The working solutions were
prepared in methanol in the range of 0.02—2 mg/mL for Niv, DON, 4-Ac-Niv,
and 3-Ac-DON. All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

Streptomyces and fungal strains

Streptomyces strains

The Streptomyces strains were part of a collection of endophytic isolates
maintained in the laboratory of Plant Pathology at the Department of Food,
Environmental and Nutritional Sciences, University of Milan, Italy (Table 1).
Strains were grown on CZY for 2 weeks at 24 °C. Spores were collected
adding five mL of a water solution containing 10% sterile glycerol (ICN
Biomedicals, Irvine, California, USA) + 0.01% Tween20 (Sigma-Aldrich, St.
Louis, MO, USA) to the plate and scraping the surface of the colonies with a
sterile loop. The concentration was determined and the spore suspension was

stored at -20 °C in small aliquots.

Streptomyces identification

DNA from Streptomyces isolates DEF04, DEF13, DEF15, DEF25, DEF38,
DEF43, DEF44, and DEF47 was extracted following the method described in
Sun et al. (2014). A CTAB extraction protocol was used for DEF07, DEFO09,
DEF10, DEF14, DEF16, DEF19, DEF20, DEF26, DEF35, DEF39, DEF41,
DEF48 (Kelly et al., 1998). Analysis of 16S rRNA gene of streptomycetes was
conducted using primers 27F (5-AGAGTTTGATCCTGGC TCAG-3') and rP2
(5'-ACGGCTACCTTGTTACGACTT-3'). PCR was performed in a total volume
of 50 pL, which contained 0.3 pyL of GoTag DNA Polymerase 5 U/mL
(Promega, Madison, WI, USA), 10 pL of Green GoTaq Reaction Buffer 5
(Promega, Madison, WI, USA), 1 pL of 10 mM dNTP (Promega, Madison, W],
USA), 1 pL of 10 mM primer forward, 1 yL of 10 mM primer reverse, 1 mL of
template DNA and nuclease free water. The reaction conditions were initial

denaturation at 95 °C for 5 min, followed by 35 cycles of denaturation at 95 °C

69



for 20 s, annealing at 56 °C for 30 s and extension at 72 °C for 90 s. A final
extension was performed at 72 °C for 7 min. Reaction products were
separated by electrophoresis on a 1% agarose gel containing ethidium
bromide and visualized under UV light. The PCR products were sequenced in
both directions (Eurofins Genomics, Ebersberg, Germany) using 27F and rP2
primers and two internal primers 16s_p692f (5-ATTCCTGGTGTAGCGGT-3')
and 16s_p782r (5'-ACCAGGGTATCTAATCCTGT-3'). The sequences were
analyzed using EzBioCloud database, which contains quality-controlled 16S

rRNA gene and genome sequences (Yoon et al., 2017).

Pathogens

Four F. graminearum isolates (NRRL 28336 (Pasquali et al., 2016), PH1
(Cuomo et al., 2007), Fg8/1 (Boenisch & Schéfer, 2011), 453 (Pasquali et al.,
2013a) and one F. culmorum: FcUK (Pasquali et al., 2013b) were used in this
study. They are representatives of different geographical origins and toxin
chemotypes (Pasquali & Migheli, 2014). NRRL 28336 and FcUK belong to the
3ADON chemotype, 453 belongs to the NIV chemotype, PH1 and Fg8/1 are
characterized by a 15ADON chemotype.

The pathogens were grown on slant agar containing PDA1 and further stored
at 5 °C. Four days before the inoculation for the dual culture assay the strains

were transferred on PDAL1 dishes at 24 °C.

Dual culture assay

The influence of culture media on the antifungal activity of the streptomycete
strains was evaluated using a dual culture assay in Petri plates (90 mm
diameter). The first experiment consisted of a 21x5x6 factorial with 21
treatments (20 Streptomyces and 1 no- Streptomyces control), five Fusarium
strains and six culture media types.

The Streptomyces strains were inoculated as 10 mL of agar-spore suspension
(10° CFU/mL) 3 days before the pathogen to allow their growth as proposed
by Kunova et al. (2016). A plug of pathogen agar-mycelium (six mm diameter),

taken from the edge of an actively growing Fusarium colony, was inoculated
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upside down in the center of the Petri plate at 25 mm distance from the
streptomycete. Three replicate plates were prepared for each strain treatment
and plates inoculated only with the pathogen were used as control. Following
the inoculation, plates were randomly distributed in an incubator at 24 °C in
dark. The radius of Fusarium mycelial growth was measured in the direction
toward the streptomycete point of inoculation, 3 days after the pathogen
application on all six media types. On WMA medium, the incubation was
extended in order to assess the antifungal activity up to 7 days.

A repetition of the dual culture experiment was carried out using Fg8/1 strain
on WMA medium measuring inhibition rate of the 10 most effective
streptomycetes identified in the first experiment.

The antifungal activity was expressed as the percentage of mycelium growth
inhibition compared to the control, according to the formula: (R1-R2)/R:1 100,
where R1 and R; were the radius of the pathogen colony in the control and in

the presence of the antagonist, respectively.

In planta assessment of root rot and foot rot severity

To verify the efficacy of the streptomycetes in planta, a modified method from
Covarelli et al. (2013) using young plantlets was used. This protocol has been
proven to mimic foot and root rot (RR) symptoms development in aged plants
(Pasquali et al., 2013Db).

A total of 10 Streptomyces strains (DEF07, DEF09, DEF14, DEF16, DEF19,
DEF20, DEF39, DEF41, DEF47, DEF48), showing higher than 50% inhibitory
activity against the target pathogen in dual culture assay, were selected for
the seedling assay. The experiment was carried out in glass dishes used as
seed trays (diameter 150 mm) sterilized in oven at 160 °C for 2 h. A sterile
filter paper was placed in each dish and soaked with 10 mL of sterile water
before sowing the seeds. Seeds of wheat “Bandera,” were surface-disinfested
in 0.7% sodium hypochlorite for 5 min and then rinsed three times in sterile
deionized water using sterile beakers. In a sterile Petri dish, 40 seeds were

inoculated with one mL of streptomycete spore suspension (107 CFU/mL).
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Seeds were left to dry under the laminar flow hood. Control seeds were treated
with sterile water. Four dishes were prepared for each treatment containing
10 seeds placed in three rows. The dishes were placed at 5 °C for 24 h to
simulate a period of vernalization, then transferred to 20 °C in the dark. After
72 h from treatment with the streptomycete strains, dishes were randomly
placed in the growth chamber (21 °C, 16 h photoperiod). Germinating seeds
were watered every 2 days with sterile water. After 4 days of growth, when the
roots reached approximately 30 mm, an agar-mycelium plug (six mm
diameter) taken from the edge of an actively growing F. graminearum Fg8/1
colony, was inoculated upside down on the roots at a 10 mm distance from
the seed.

Disease assessments were carried out 4 days after pathogen inoculation,
measuring for each plant (N = 20 for each treatment) the extension of the
necrosis on the root (RR assessment) (Figs. 1A-1C). These data were
transformed to percent of necrosis inhibition using the formula (CN-TN)/CN
100, where CN and TN were the measurements of necrosis on the control and
streptomycete treated seedlings, respectively. In addition, 6 day post
inoculation (DPI) Foot Rot assessment (FR) was carried out by evaluating the
symptoms at the crown level with a zero to four scale (0 = symptomless; 1 =
slightly necrotic; 2 = moderately necrotic; 3 = severely necrotic; 4 = completely
necrotic) (Figs. 1D—1H). All the observations were used to obtain the disease
severity using the subsequent formula:

Y.(Disease grade X Number of plants in each grade) % 100

(Total number of plants) X (Highest disease grade)
The obtained disease severity for each treatment was used to calculate the
percentages of protection using the formula [(DC-DT)/DC] x 100, where DC
and DT were the disease severity of the control and the treated seedlings,

respectively.
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Statistical analyses

Statistical analyses were performed using R software, version 3.5.1 (R Core
Team, 2018, accessed July 2018). R codes and datasets were included in
Data S1. A dual culture assay evaluating the growth inhibition of four F.
graminearum and one F. culmorum strains by a population of streptomycetes
was carried out. To identify the best model able to predict the most active
Streptomyces strains in vitro considering as parameters media, Fusarium
strain, and media x Fusarium strain, a stepwise forward selection from the
simplest linear model -including only one factor-to the most complex one -
including all possible interactions was carried out (Table S1). ANOVA was
eventually used to test the goodness of the models. At the same time, model
selection using a Bayesian analysis was performed. Consistency of the two
approaches was verified. Bayes Factor and the posterior probability of each
model were computed with R package “BayesFactor” (Morey & Rouder,
2018). To assess the repeatability of the dual culture assay, a subpopulation
of the ten best performing Streptomyces strains was selected. Growth
inhibition results of the first and the second experiment (both at 3 DPI and 7
DPI), were compared with a t-test. Given the lack of statistical difference
between the two experiments, data from the first screening were used to
correlate in vitro with in planta results. The objective of the correlation was to
understand if dual culture assay carried out with different media could

approximate the in planta streptomycete activity.
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Table 1 Streptomyces strains used in the study.

Strain S_ourc_e of Environment _of Sampling site SY::]rp?é Closest n_latch as similarity % in Completeness aiigts):ir;)kn
code isolation sample collection collection EzBioCloud database (%) number
DEFO4 Homo sapiens Crypt S. Fruttuoso (GE, Italy) 1960 99.36%: Streptomyces marokkonensis 100% MK412000
DEFQ7 Camellia japonica Greenhouse Arona (NO, ltaly) 1988 99.36%: Streptomyces venetus 100% MK412001
DEFQ9  Triticum aestivum  Botanic garden Milano (Italy) 1990 99.93%: Streptomyces fulvissimus 100% MK412002
DEF10 HS;(:.eggﬁ\étélggre Botanic garden Milano (Italy) 1989 99.86%: Streptomyces zaomyceticus 100% MK412003
DEF13 Polyporus sp. Plane tree Monza (Italy) 1980 100%: Streptomyces coelicoflavus 99.9% MK412004
DEF14 Arundo sp. Lake shores Ansedonia (GR, Italy) 1996 99.93%: Streptomyces fulvissimus 100% MK412005
DEF15 Secale cereale Botanic garden Milano (ltaly) 1989 100%: Streptomyces setonii 100% MK412006
DEF16 Zea mays Cultivated field Cantu (CO, ltaly) 1985 99.71%: Streptomyces albidoflavus 99.7% MK412007
DEF19 Camellia japonica Greenhouse Arona (NO, ltaly) 1988 99.37%: Streptomyces venetus 100% MK412008
DEF20 Carex sp. Lake shores Mergozzo (NO, Italy) 1989 99.37%: Streptomyces venetus 100% MK412009
DEF25 Homo sapiens Crypt S.Fruttuoso (GE, Italy) 1961 99.36%: Streptomyces marokkonensis 100% MK412010
DEF26  Triticum aestivum  Botanic garden Milano (Italy) 1989 100%: Streptomyces fulvissimus 100% MK412011
DEF35 Secale cereale Botanic garden Milano (ltaly) 1992 99.21%: Streptomyces neopeptinius 96.8% MK412012
DEF38 Secale cereale Botanic garden Milano (ltaly) 1989 100%: Streptomyces canus 100% MK412013
DEF39 Secale cereale Botanic garden Milano (Italy) 1990 100%: Streptomyces setonii 100% MK412014
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Natural

DEF41 unknown environment Canaima (Venezuela) 1993 100%: Streptomyces costaricanus 100% MK412015
(savanna)

DEF43  Triticum aestivum  Botanic garden Milano (Italy) 1989 100%: Streptomyces costaricanus 100% MK412016

DEF44 Secale cereale Botanic garden Milano (Italy) 1991 99.36%: Streptomyces marokkonensis 100% MK412017

Natural

DEF47 unknown environment Canaima (Venezuela) 1994 100%: Streptomyces costaricanus 100% MK412018
(savanna)

DEF48 Zea mays Cultivated field Cantu (CO, ltaly) 1986 99.36%: Streptomyces venetus 100% MK412019

Note: Streptomyces code, the source of their isolation, year, environment and site of sample collection, the percentages of similarity and completeness of the 16S rRNA
compared with the EzBioCloud database together with GenBank accession number.
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Figure 1 Example of root rot (RR) and foot rot (FR) symptoms on wheat seedlings. (A—C) Length
of necrosis of RR measured from the inoculation point (zero, five, or 10 mm from the seed). (D—
H) Scale used in FR severity evaluation at the crown level: 0 = symptomless; 1 = slightly
necrotic; 2 = moderately necrotic; 3 = severely necrotic; 4 = completely necrotic.
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Results

Effect of culture medium and fungal strain diversity on the selection of
active Streptomyces spp.

A total of 20 Streptomyces strains were tested in dual culture assays against
five Fusarium strains on six culture media types at 3 DPI (Fig. 2). The flour
used to prepare the WFA medium had a concentration of DON, 3-AcDON,
and NIV of 4.45, 25.8, 0.03 mg/g respectively. Therefore, in a single Petri
plate, a total amount of ca. 35 mg of type B trichothecenes was present.

The reproducibility of the plate culture media testing was evaluated by a t-test,
which confirmed the lack of significant differences between the repeated dual
culture assays both at 3 (P = 0.9519) and at 7 DPI (P = 0.0758) on WMA (raw
data in Data S1). To investigate which model could better explain variations
occurring in our experiment we compared classical and Bayesian (Table S2)
assessments of models. Both approaches confirmed the role of strain,
medium and their interaction in explaining the ability of the Streptomyces
strains to suppress mycelial growth at 3 DPI (Table S3; raw data in Data S1).
Based on the output of the bayesian analysis that suggested the importance
of interactions, a multiple regression model was fitted to estimate the effect of
each medium, fungal strain and their interactions compared to a selected
standard control assay that we defined to be PDA1-Fg8/1 (Table 2, raw data
in Data S1). By looking overall at the interactions, PDA2 had similar effects
compared to PDA1 confirming that the two media, as expected, are very
similar. Also CZY did not significantly differ from PDA1 medium nor did it affect
any interaction with fungal species (Table 2). The other media (MMNAG,
WFA, WMA) had a significant role in at least some of the interactions. WMA
was the most effective medium in highlighting the activity of the Streptomyces
strains. On this medium, the estimated inhibition for FcUK, NRRL28336, and
PH1 strains was significantly different from Fg8/1 (P = 0.0001; P = 0.0002; P
= 0.0232) (Table 2). There was a significant effect (P-value < 0.05) of each
Fusarium strains (on at least one culture media type) on the ability of

streptomycetes to suppress mycelial growth in culture (Table 2).
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Correlation between dual culture assay and in planta activity

Evaluation of potential BCAs using plant-based assays is essential to verify
tripartite interactions (pathogen-BCA-plant) that occur in the field. We
assessed the disease inhibition on wheat plantlets infected with F.
graminearum strain Fg8/1 and treated with a subpopulation of streptomycetes
(DEF07, DEF09, DEF14, DEF16, DEF19, DEF20, DEF39, DEF41, DEF47,
DEF48) on wheat plantlets and compared the results obtained in the dual-
plate experiments. Scoring the protection level granted by each streptomycete
on each medium, we assessed which medium best predicted the results
obtained on wheat plantlets applying the 10 most effective Streptomyces
strains.

By correlating the protection against wheat RR at 4 days (RR) (Table S4, raw
data in Data S1) with the pathogen inhibition in dual culture at 3 days we
observed that the majority of the culture media types had low or negative
correlation values, therefore not corresponding with the in planta results (Fig.
3A). Only WMA was able to reach a biologically meaningful positive
correlation, r = 0.5. The disease assessment on seedlings at 6 days was
carried out to evaluate the incidence of a simulated foot rot, estimating the
level of necrosis at the crown (Table S4, raw data in Data S1). The results in
planta did not correlate significantly with the pathogen inhibition measured at
3 days in the different media plates (Fig. 3B). We evaluated if the WMA
antifungal activity recorded at 7 DPI was able to simulate in planta FR
protection (Table S5, raw data in Data S1). No biologically significant
correlation between the FR protection and the percentages of inhibition at 7
DPI was observed (r = 0.2).
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Figure 2 Growth inhibition of five Fusarium strains (right labels) by 20 Streptomyces strains (top labels) on six media
in dual culture assay, measured at 3 DPI (days post inoculation). The six media used for dual culture were: CZY,
Czapeck Yeast Agar; MMNAG, Minimal Medium with N-acetylglucosamine; PDA1, Potato Dextrose Agar 1; PDA2,
Potato Dextrose Agar 2; WFA, Wheat Fusarium Agar; WMA, Wheat Meal Agar.
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Table 2 Results of multiple regression model on in vitro inhibition of Fusarium spp. growth
obtained with a population of 20 streptomycetes at 3 DPI (days post inoculation).

Parameter Coefficient Std. Error  t-value P-value
Intercept 20.16 2.73 738  235e.13
453 3.22 3.86 -0.83 0.40
FcUK 15.10 3.86 391 953005
NRRL28336 14.71 3.86 3.81 0.00"
PH1 1.02 3.86 0.26 0.79
czy 5.01 3.86 1.30 0.19
MMNAG -0.94 3.86 -0.24 0.81
PDA2 -3.54 3.86 -0.92 0.36
WFA 7.81 3.86 2.02 0.04"
WMA 30.73 3.86 7.96  3.09e-15
453-CZY 2.98 5.46 0.55 0.58
FCUK-CZY 4.28 5.46 0.78 0.43
NRRL28336-CZY -1.87 5.46 -0.34 0.73
PH1-CZY -0.36 5.46 -0.07 0.95
453-MMNAG -13.21 5.46 -2.42 0.01"
FCUK-MMNAG -22.31 5.46 -4.08  4.62e-05
NRRL28336-MMNAG -4.53 5.46 -0.83 0.41
PH1-MMNAG -7.81 5.46 -1.43 0.15
453-PDA2 -6.64 5.46 -1.21 0.22
FCUK-PDA2 471 5.46 0.86 0.39
NRRL28336-PDA2 -0.91 5.46 -0.17 0.87
PH1-PDA2 -1.83 5.46 -0.33 0.74
453-WFA 4.44 5.46 0.81 0.42
FCUK-WFA 6.72 5.46 -1.23 0.22
NRRL28336-WFA -12.86 5.46 -2.35 0.02"
PH1-WFA -8.00 5.46 -1.46 0.14
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453-WMA 181 5.46 -0.33 0.74
FCUK-WMA -21.17 5.46 -3.88 0.00"
NRRL28336-WMA -20.66 5.46 -3.78 0.00"
PH1-WMA -12.40 5.46 -2.27 0.02”

Notes: Parameters include fungal strains, media, and their interaction (Model 4, Table S1-S2).The medium
PDA1 and the Fusarium strain Fg8/1 were set as baseline. Other parameters include the fungal strains

453, FcUK, NRRL28336, PH1, and the media.

CZY, Czapeck Yeast Agar; MMNAG, Minimal Medium with N-acetylglucosamine; PDA2, Potato

. Dextrose Agar 2; WFA, Wheat Fusarium Agar; WMA, Wheat Meal Agar.
*P < 0.05 is considered significant.
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Figure 3 Correlation between in vitro inhibition of Fusarium graminearum Fg8/1 growth
by 10 streptomycetes on six culture media and in vivo root rot (RR) reduction induced
by the same strains (A) and in vivo foot rot (FR) reduction. The streptomycete strains
used were DEF07, DEF09, DEF14, DEF16, DEF19, DEF20, DEF39, DEF41, DEF47,
and DEF48. The six media used for dual culture were: CZY, Czapeck Yeast Agar;
MMNAG, Minimal Medium with N-acetylglucosamine; PDA1, Pota-to Dextrose Agar 1;
PDAZ2, Potato Dextrose Agar 2; WFA, Wheat Fusarium Agar; WMA, Wheat Meal Agar.
Relationship is expressed as correlation value (r) in the boxes.
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Discussion

Selecting the best dual culture assay medium

By assessing multiple media types (N = 6) and Fusarium targets representing
several chemotypes (N = 5) we confirmed the complexity of interactions
occurring in dual culture assays used for streptomycetes selection as
antagonists in agricultural settings (Cao et al., 2004; Boukaew, Chuenchit &
Petcharat, 2011; Yekkour et al., 2012; Kunova et al., 2016). Given the
potential significant influence of culture medium on the activity of BCAs
(Peighamy-Ashnaei et al., 2008) one of our objectives was to verify whether
an optimal medium could be identified for selecting Streptomyces strains
active against toxigenic fusaria. Therefore, in addition to standard media
routinely used for dual culture assays (PDA, CZY), we included also newly
developed media able to better simulate possible conditions that would be
found in the environment. The scope of using a toxin-containing medium was
to select strains able to exert their activity also in conditions where the fungus
may have already produced the toxins. Interestingly, we observed no
difference in the efficacy of individual streptomycetes based on the toxin
content in the medium. Our results suggest that the streptomycetes collection
used in our study had similar ability to cope with trichothecene type B. Whether
this is due to similar detoxifying capability (Ji, Fan & Zhao, 2016) would require
further studies. Although WFA medium was not the most indicative of
biocontrol activity, it can be used to test for the sensitivity of BCAs to toxins
that may contribute to assess preventively the fithess in real conditions.
Among the other media used, WMA and MMNAG were effective in showing
differences between highly active and mildly active Streptomyces strains.
Taking into consideration all possible combinations of fungal strains and the
most effective media WMA, our study shows that antifungal activity of a single
streptomycete can vary up to 70%, confirming preliminary observations of
Jung et al. (2013), who observed minor effects of different standard media on

triggering the ability of streptomycetes to inhibit fungal growth. Our results
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indicate that more effective media are needed to assess the activity of
streptomycetes and BCAs against fusaria.

Importance of fungal population diversity for BCA identification

The spectrum of activity of an antagonistic strain is often tested against a
variety of fungal species (Koch & Loffler, 2009; Al-Askar, Khair & Rashad,
2011, Solans et al., 2016; Kunova et al., 2016). However, the antagonist is
rarely tested against a set of diverse representative strains of the pathogen.
A positive exception is the recent work of Palazzini et al. (2017), who used a
mixture of two Fusarium strains to validate the effect in the field. The biological
diversity of the target may strongly influence the disease incidence and the
response of the pathogen to the BCA treatment (Bardin et al., 2015). In
addition, the use of multiple strains can overcome poor outcomes in selection.
In our study we included chemotype diversity of F. graminearum and F.
culmorum which are also frequently encountered in different geographical
areas as a main cause of Fusarium diseases in wheat. Our results indicate
that fungal strain diversity contributes to a lower extent than medium diversity
in evidencing streptomycetes activity. In addition, the diversity observed
between the two species is comparable to the diversity observed within the F.
graminearum strains. Nonetheless, the different effects observed among
fungal strains are likely due to the complex interactions occurring during the
hyphae development and the beginning of sporulation (Hopwood, 1988;
Chater, 2006). In particular, different metabolites synthesized by the
streptomycetes may play a crucial role in these interactions. Their synthesis
can be modulated in different ways (Liu et al., 2013; Abdelmohsen et al., 2015;
Antoraz et al.,, 2015) by fungal compounds that are often strain or group
specific (Lind et al., 2017). Therefore, it is possible that the fungal molecules
may act as inducers or modulators of streptomycete secondary metabolite
production (Fguira et al., 2008), leading to different outcomes in the specific
interactions occurring in the plate. Further studies on these metabolic

interactions are warranted.

84



The complexity of mimicking in planta activity in dual culture assays
The objective of all laboratory approaches to select appropriate BCAs is to
better mimic the interactions with the plant that will occur in the field. A large
number of successful antagonistic strains selected in laboratories fails when
the plant and other environmental factors are taken in consideration (Folman,
Postma & Van Veen, 2003). In order to select methodologies able to simulate
the interactions between the streptomycetes and the fungus in the natural
environment, we decided to verify the correlation of the pathogen inhibition by
the biocontrol strain in planta (using a simplified laboratory model) with the in
plate co-culture on artificial media. The composition of the culture medium can
affect secondary metabolite production leading to a modulation of the
synthesis of biocontrol involved molecules (Bode et al., 2002). In particular,
the effect of different carbon sources has been considered important for this
purpose (Sanchez et al., 2010). Our results indicate that the majority of the
media are not good predictors of the streptomycete activity in planta with
correlation values that are close to 0 or negative. In general, the presence of
the plant can strongly influence the BCAs metabolism resulting in different
expression of antibiotic production and this is important to take into account
when we want to compare the in vivo and in vitro activity (Haas & Keel, 2003).
Interestingly, in our study the only meaningful positive correlation was
observed using the WMA, a medium containing wheat metabolites resembling
the most in planta conditions. Indeed, plant materials added to the media can
elicit the production of specialized metabolites in streptomycetes (Beauséjour
et al., 1999).

We assessed both RR and FR in sterile soilless conditions, without
considering other environmental interactors that can influence the activity of
the BCAs in field. Despite our simplification of the system, we observed only
a weak correlation between dual culture and in planta assays (Folman,
Postma & Van Veen, 2003). The WMA medium, obtained from wheat seeds,

could better predict streptomycetes-mediated protection from RR (r = 0.5) but
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not FR (r = 0.2). It is evident that in vitro screening methods play a significant
role in our ability to select new BCAs with good chance to succeed in the field.
Despite the use of in vitro screening as a common laboratory procedure, even
the use of innovative agar media is still not able to simulate the complexity of
the plant tissue. Moreover, the signaling during the disease development
plays an important role in studying these tripartite interactions. In fact, Beccari,
Covarelli & Nicholson (2011) showed that the mode of infection and interaction
with the plant of RR and FR follows different pathways. In particular, the
severity of FR symptoms does not depend directly from the amount of fungal
mycelium growing in the area of infection. Likely, therefore, other biocontrol
mechanisms -not only the direct antibiosis- could be elicited. A dual culture

assay in plate cannot properly simulate this kind of symptom development.

Conclusions

Our results showed that the assessment of the antagonistic activity of
biocontrol strain is strongly influenced by the adopted method. Many
promising antagonistic strains fail when they are tested in planta, due to a lack
of appropriate screening procedures (Pliego et al., 2011). Testing the potential
biocontrol isolates in field is essential, but not always possible, as it is
expensive, time and space consuming and poses procedural challenges given
the inconsistency of the abiotic and biotic parameters. While several factors
may contribute to diverse activity between the field and the laboratory
(Schisler & Slininger, 1997; Folman, Postma & Van Veen, 2003), our results
indicate that the selection of the appropriate method of in vitro selection should
take into account media and fungal strain diversity, increasing the chance to
select truly effective BCAs (Bardin et al., 2015). From the practical point of
view, a new single medium selection strategy for Fusarium pathogens of
wheat would benefit from the use of WMA. Possibly, more than a single

Fusarium toxigenic strain should be tested.
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Selection of Streptomyces strains limiting trichothecene B
production using a TRI5::GFP biosensor assay

Abstract

Fusarium graminearum, the major cause of Fusarium head blight in cereals,
contaminates grains with trichothecenes, among which deoxynivalenol
(DON). As it can severely reduce the wheat production, both quantitatively
and qualitatively, novel approaches for its management, such as biocontrol,
are under scrutiny. When searching for novel biocontrol agents (BCAs), their
ability to reduce mycotoxin production should be an essential criterion of
selection. Implementing high-throughput analysis of trichothecene by
chemical means is expensive and time consuming. Therefore, the availability
of a screening method able to assess specifically the limitation of
trichothecene synthesis would be important. A F. graminearum isolate
expressing GFP-tagged trichodiene synthase (TRI5::GFP) was used
developing a fluorimetric assay allowing to measure TRI5::GFP signal when
the fungus was exposed to different streptomycete filtrates (N = 5). Fungal
spores were treated with cell-free filtrates from Streptomyces liquid cultures in
order to evaluate their influence on fungal growth and DON production,
integrating absorbance and fluorescence measurements. The correlation
between the fluorimetric assay based on the TRI5::GFP detection and the
amount of DON measured by UHPLC-Orbitrap MS was assessed (r = 0.7).
Weak antifungal effect was observed for DEFQ9, with no impact on DON
production. Three strains (DEF19, DEF20 and DEF48) inhibited fungal
growth, while DEF39 suppressed TRI5 protein expression without affecting
fungal growth. The described method reduces the analytical costs and lowers
the use of chemicals and consumables in comparison with traditional chemical
analyses. In addition, it increases the speed to screen a large set of natural

products.
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Introduction

Fusarium graminearum is the main causal agent of Fusarium head blight
(FHB), a devastating disease of wheat and barley (O’'Donnell et al., 2000).
Yield losses are worsened by mycotoxin contamination of the harvested
product, which becomes unsuitable for human and animal consumption
(Goswami and Kistler, 2004). Indeed, trichothecenes B, such as
deoxynivalenol (DON), nivalenol (NIV) and their acetylated derivatives, can
be found in grains following F. graminearum infection (Foroud and Eudes,
2009). A specific cluster of genes is responsible for their biosynthesis, which
involves from seven to ten enzymatic modifications in order to transform
farnesyl diphosphate in a toxic sesquiterpene epoxoide (McCormick et al.,
2011). Differences among trichothecene chemical structures are due to the
diversity in gene functionality within the cluster. However, the first reaction
encoded by TRI5 gene, catalyzing the transformation of farnesyl diphosphate
in trichodiene, is shared among all trichothecene producers (Desjardins et al.,
1993). Therefore, this gene became a marker used to study the induction of
DON/NIV biosynthesis (Gardiner et al., 2009a, 2009b) and the role of these
mycotoxins in the various steps during the infection process (Boenisch and
Schéfer, 2011). Several researches focused on studying how fungal growth
parameters (e.g. pH, temperature, reactive oxygen species, carbon and
nitrogen sources) or natural products influence the expression of genes
related to trichothecene pathway (Kazan et al., 2012).

The increasing demand for novel biocontrol agents (BCAs) against
mycotoxigenic fungi lead to the development of screening tests, which often
consist of treating contaminated grains and performing chemical extraction
and analysis of the grain samples (Palazzini et al., 2007; Sultan and Magan,
2011; Zhao et al., 2014). These procedures are time-consuming, expensive
and imply the use of different organic solvents dangerous for human health.
The exploitation of fluorescence associated to TRIS protein expression
measured over time as a predictor of DON production in F. graminearum could

allow to obtain a high-throughput screening of novel biocontrol agents (BCAs)
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or natural products able to inhibit toxin induction and possibly its biosynthesis
(Kazan et al., 2012).

Novel antimycotoxigenic metabolites can be potentially discovered within the
large arsenal of bioactive compounds produced by genus Streptomyces,
promising Gram-positive bacteria exploited for their ability to counteract plant
pathogens (Rey and Dumas, 2017). To be able to identify the specific
metabolites, the first step consists of assessing the activity of the fermentation
broth, which contains secondary metabolites to be further characterized (Al-
Askar et al., 2011; Alam et al., 2012; Bressan, 2003; Khieu et al., 2015;
Nourozian et al., 2006).

The aim of the present research was to develop a 96-well microplate reader
assay to screen of Streptomyces culture filtrates able to limit toxin production
by the fungus F. graminearum. In this biosensor assay, we exploited a F.
graminearum isolate expressing GFP-tagged trichodiene synthase, encoded
by TRI5 (TRI5::GFP), which allowed us to monitor the first step of the toxin
biosynthesis pathway by fluorimetric assay. In addition, the influence of
filtrates on fungal growth was also assessed. This method was cross validated

by a chemical analysis of total DON content.
Material and methods

Streptomyces strain and culture conditions

The five Streptomyces strains (DEF09, DEF19, DEF20, DEF39 and DEF48)
used in this work were part of a collection of Streptomyces isolates maintained
in the laboratory of Plant Pathology at the Department of Food, Environmental
and Nutritional Sciences (DeFENS), University of Milan (ltaly). They were
selected on the basis of their interesting biocontrol features observed in vitro
and in planta against F. graminearum (Colombo et al., 2019b). Streptomyces
were grown for 14 days at 24°C on agar plates (90 mm diameter) containing
Czapek-Dox yeast medium (CZY: 35 g/L czapek dox broth, Difco
Laboratories, USA, 2 g/L yeast extract, Difco Laboratories, USA; 15 g/L agar;

Amresco, USA). Spores were collected by adding 5 mL of 10% sterile glycerol
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(ICN Biomedicals, USA) + 0.01% tween20 solution (Sigma-Aldrich, USA) and
scraping the surface of the colonies with a sterile loop. The concentration was
determined using haemacytometer and the spore suspension was stored at -

20°C in small aliquots.

Culture filtrates from Streptomyces strains

In order to obtain culture filtrates to test in microplate assays, 100 mL flasks
containing 50 mL of Czaper-Dox yeast broth (CZYB: 35 g/L czapek dox broth,
Difco Laboratories, USA; 2 g/L yeast extract, Difco Laboratories, USA) were
inoculated with 250 pL of the Streptomyces spore suspension (107 spores/mL)
and incubated at 24 °C for 14 days at 100 rpm. Liquid cultures were then
filtrated before use with 0.2 um syringe filter and an aliquot was plated on CZY
agar plates to check the sterility of the culture filtrates. pH was reported as
one of the abiotic factors, which induce toxin biosynthesis in culture media
(Gardiner et al., 2009b). Therefore, the pH of each filtrate was assessed in
order to normalize the pH also of the control treatment (medium-only) and to

compare the results. Small aliquots of sterile filtrates were stored at -20°C in.

Fungal isolate and culture conditions

Fusarium graminearum AB47 strain expressing GFP-tagged trichodiene
synthase encoded by TRI5 (TRI5::GFP) was used in this study (Blum et al.,
2016). Conidia were obtained in liquid CMC medium (15 g/L carboxymethyl-
cellulose, Sigma-Aldrich, USA; 1 g/L NH4sNOs, Carlo Erba Reagents, Italy; 1
g/L KH,PO4, Carlo Erba Reagents; 0.5 g/L MgSO4 x 7H.0, Carlo Erba
Reagents; 1 g/L yeast extract, Difco Laboratories, USA) inoculated with 10
agar-mycelium plugs of F. graminearum AB47 grown on V8 medium. The
incubation was carried out at 22°C for 6 days at 100 rpm. Conidia were
collected using sterile filter paper (Miracloth, Calbiochelm, USA). They were
subsequently washed in sterile water and resuspended in 20% sterile glycerol
(ICN Biomedicals, USA). The concentration was determined with a

haemocytometer and small aliquotes were stored at -20°C.
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Microplate assay

Liquid culture experiments were carried out in black 96 well polypropylene
plates with clear bottom (Greiner Bio-One, Austria) in 150 pyL of a basal
medium described by Correll et al. (1987) with minor modification. Per liter,
the medium contained: 30 g/L sucrose, Merck, Germany; 1 g/L KH»PO4, Carlo
Erba Reagents, Italy; 0.5 g/L MgSOs, Carlo Erba Reagents, Italy; 0.5 g/L KClI,
Merck, Germany; 10 mg FeSO.4 x 7H.O Merck, Germany and 200 pL of trace
solution (per 100 mL: 5 g ZnSO4 x 7H,0, Carlo Erba Reagents, Italy; 5 g KCl,
Merck, Germany; 0.25 g CuSO. x 5H,0, Merck, Germany; 50 mg MnSO4 x
H.0O, Carlo Erba Reagents, 50 mg H3sBOs3, Carlo Erba Reagents, Italy; 50 mg
NaMoO.x 2H,0, Merck, Germany). As nitrogen source this medium contained
2 g/L NaNOs (Carlo Erba Reagents, Italy) or 2 g/L L-glutamine (Muscleform,
UK) to maintain non-inductive or inductive mycotoxin conditions, respectively,
as reported in (Gardiner et al., 2009a). The final pH of the media was adjusted
to 5.5 with NaOH before autoclaving.

Conidia of F. graminearum AB47 were inoculated into the media at a final
concentration of 3x10° conidia/mL. Well treatments were performed in
quadruplicates adding 50 pL of filtrates from the selected Streptomyces strain
cultures. Control treatments were performed using CZY broth with a pH
adjusted to that of the culture filtrates (pH 9). Blank wells were prepared
adding 150 pL of culture media and 50 pL of filtrate or CZY without the
presence of fungal inoculum.

In order to evaluate the ability of the Streptomyces filtrates to modulate toxin
induction in F. graminearum AB47, the TRI5::GFP fluorescence was detected.
The incubation was carried out for 144 h at 22°C in a microplate reader
(Synergy H1, Biotek, USA) and fluorescence was recorded every hour using
excitation at 479 nm and emission at 520 nm. In addition, the fungal growth
(optical density at 620 nm) was assessed to identify filtrates characterized by
an antifungal activity. At the end of the incubation, the pH of each well was
measured using a pH meter (PC52+ DHS, XS instruments, Italy). The

experiment was repeated three times.
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Quantification of total DON by UHPLC-Orbitrap MS

The liquid cultures from wells containing L-glutamine were collected in 1.5 mL
tubes after the removal of the grown mycelium and centrifuged for 5 min at
10000 rpm. DON amount was quantified by UHPLC model Acquity (Waters)
coupled with an HR Fourier transform Orbitrap mass spectrometer (model
Exactive, Thermo Scientific, San Jose, CA), equipped with a HESI-II probe for
ESI and a collision cell (HCD). The operative procedures were already
described (Colombo et al., 2019b). The samples were prepared making the
appropriate dilutions in a solution of water:CH3;CN (20:80, v/v). Mycotoxin
standards (NIV, DON, 4ANIV, 15ADON, 3ADON) and solvents were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Water was supplied by
a Milli-Q apparatus (Millipore, Milford, MA).

Data analysis

All data from fluorescence and absorbance reads were organized in Microsoft
Excel 2016.

The fluorescence and absorbance obtained from blank wells (media+culture
filtrate or CZY broth) were subtracted to the correspondent fluorescence and
absorbance values. Fluorescence was measured using the arbitrary relative
fluorescence units (RFU).

In order to correlate the RFU with DON content of each well, total fluorescence
from reads obtained hourly for 144 h was calculated by a crude integration of
the fluorescence curve for each individual well. Therefore, the area under the
curve was calculated by summing each consecutive time point. The area was
correlated with the DON content (ppb) obtained from UHPLC-Orbitrap MS.
Areas of DEFO9/DEF19 treatments of experiment 1 and areas of DEF19
treatments of experiment 2 were not included in the correlation because they
presented not complete curves. Data from three experiments were analyzed
together.

All the statistical analyses were performed using R software, version R 3.5.3

(2019), unless stated otherwise. P < 0.05 was considered significant. Data
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obtained from absorbance and fluorescence reads from the three experiments
were combined and submitted to ANOVA. In particular, absorbance data
corresponding to the lag time and the middle of exponential phase for CZY
treatment (control) and the values of GFP signal at the peak for each treatment
were taken into account for statistical elaborations. In order to identify which
culture filtrate was able to inhibit the growth and TRI5::GFP protein expression
of F. graminearum in comparison with control treatment a Tukey HSD post-
hoc test for multiple comparison was performed. The same analysis was then
performed on DON content of each well in order to assess which treatment

was able to reduce mycotoxin production.
Results

Effect of culture filtrates on fungal growth

The kinetics of mycelial development absorbance (Figure 1) showed partial
growth inhibition in all treated wells in comparison to the control (CZY). In
particular, the analysis focused on basal medium containing L-glutamine
(Figure 1A), where TRI5::GFP protein expression was induced as described
below. The kinetics curves showed that the antifungal activity was lost during
the period of incubation. The absorbance in all curves reached the level of the
control at the end of the period of incubation, except for DEF19 and DEF39
filtrates (Figure 1A). Nevertheless, the treatments had the ability to delay the
conidia germination, postponing the exit from the lag phase and strongly

reduce the growth during the exponential phase.
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Figure 1 Fusarium graminearum AB47 growth curves obtained by absorbance kinetics
measurements (620 nm) for 144 hours in the presence of CZY (Control) or culture filtrates of
five Streptomyces strains. Conidia were added in basal medium containing L-glutamine (A) or
NaNOs (B) as source of nitrogen. Values are the mean of 12 biological replicates, with shade

colors representing the 95% confidence interval.
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Culture filtrates of DEF19 and DEF48 were the most effective in reducing the
mycelial development. In particular, DEF19, DEF20 and DEF48 filtrates
showed the highest ability to reduce the fungal growth at the end of the lag
phase of the control in comparison to all the other treatments (Figure 2). At
this point of the kinetics, the inhibition reached up to 83%, 78% and 86% for
DEF19, DEF20 and DEF48 filtrates, respectively. If absorbance reads are
analyzed in the middle of the exponential phase of the control treatment
(Figure 3), this trend was maintained for DEF19 and DEF48, with mycelial
inhibition reaching up to 83% and 86% respectively. DEF20 at this point was
less effective to inhibit the growth (72%). On the contrary, DEF09 and DEF39
culture filtrates showed weak antifungal activity in comparison to the others.
Antifungal effect of DEF39 decreased significantly during the exponential

growth phase.
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Figure 2 Tukey’s HSD analysis of absorbance values obtained after 57 hours, corresponding
to Fusarium graminearum AB47 lag phase in wells treated with CZY (Control). Values are the

mean of 12 biological replicates.

Lag phase
4- C b a a
3
Treatment
= M czv
£ Bl DEFO9
(=]
S2- Bl oEF19
o Bl oEF20
< DEF39
1 DEF48
R
——
Il l_‘_|
0-
czv DEF09 DEF19 DEF20 DEF39 DEF48
Treatment

Figure 3 Tukey’s HSD analysis of absorbance values obtained after 70 hours, corresponding
to Fusarium graminearum AB47 half of exponential phase of in wells treated with CZY (Control).
Values are the mean of 12 biological replicates.
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Effect of culture filtrates on TRI5::GFP protein expression

In order to follow the TRI5::GFP protein expression of F. graminearum treated
with culture filtrates from five Streptomyces strains, basal medium containing
NaNOsz and L-glutamine was tested. NaNOs used as nitrogen source was not
able to trigger the TRI5::GFP protein expression (Figure 4). Moreover, none
of the culture filtrates induced the TRI5::GFP expression in the presence of
NaNO:s.

Adding L-glutamine in the basal medium allowed us to monitor the expression
of TRI5::GFP, the first of the gene involved in trichothecene production and
determine the ability of filtrates to inhibit the toxin synthesis. The initial phase
of fluorescence increase in control wells (CZY) can be observed after 60 hours
of incubation and the peak ca. 15 hours later. Effectively, this two important
steps of fluorescence reads happened immediately after the end of the lag
time and at half of the exponential phase of growth, respectively. In particular,
for wells treated with culture filtrates, a delay of the initial phase and peak of
fluorescence signal have been observed in comparison to the control, in
accordance with the inhibition of mycelial development described above.
Interestingly, DEF39 culture filtrate completely inhibited the TRI5::GFP
fluorescence, resembling fluorescence values of non-inductive conditions, in

all the three experiments (Figure 5).
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Figure 4 Fusarium graminearum AB47 fluorescence curves (RFU) obtained by kinetics
measurements for 144 hours in the presence of CZY (Control) or culture filtrates of five
Streptomyces strains. Conidia were added in basal medium containing L-glutamine or NaNOs
as source of nitrogen. Values are the mean of 4 biological replicates for each experiment
(EXP1, EXP2, EXP3).
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Figure 5 Fusarium graminearum AB47 fluorescence curve (RFU) obtained by kinetics
measurements for 144 hours in the presence of CZY (Control) and DEF39 culture filtrate in
basal medium containing L-glutamine. Values are the mean of 12 biological replicates, with
shade colors representing the 95% confidence interval.
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None of the other treatments showed activity similar to that of DEF39. Indeed,
analyzing the reads at the peak of TRI5::GFP protein expression in control
(CZY) and culture filtrates of DEF09, DEF19, DEF20 and DEF48 it was clear
that none of them was able to significantly decrease the peak RFU value

(Figure 6). Instead, DEF48 significantly increased TRI5::GFP expression.
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Figure 6 Tukey’s HSD analysis of values (RFU) recorded at the peak of fluorescence in wells
treated with CZY (Control) and streptomycete culture filtrates (DEF09, DEF19, DEF20, DEF48).
Values are the mean of 12 biological replicates.
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A certain degree of variability has been recorded among the three
experiments assessing the inhibitory effects of DEF09, DEF19 and DEF20 on
fluorescence production. In particular, the signal inhibition initially recorded for
DEF09 and DEF19 was not replicated in the second and third experiment
(Figure 4).

The results were compared with DON amount measured in each well at the
end of the period of incubation. Only DEF39 was able to reduce total DON
amount in the treated wells at the tested conditions (Figure 7). Correlation
analysis between the total area under GFP expression (RFU x time) and DON
content of each well resulted in r = 0.7 (Figure 8).
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Figure 7 Tukey’s HSD analysis of DON content (ppb) in wells treated with CZY (Control) or
streptomycete culture filtrates after 144 hours of incubation in basal medium added with L-
glutamine. Values are the mean of 12 biological replicates.
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Figure 8 Correlation between data of DON content (ppb) and of the total area under GFP
expression (RFUxtime) after 144 hours of incubation (r = 0.7) obtained from wells treated with
CZY and streptomycete culture filtrates.
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Discussion

The development of this biosensor leads to a substantial improvement over
the classical methods of BCA selection: it becomes possible to screen for
growth inhibition and toxin inhibition in a 6 days assay analyzing multiple
strains at the same time. It reduces the costs associated to the use of other
systems relying on chemical extraction and analysis based on HPLC-MS or
LC/MS (Bily et al., 2004; Evans et al., 2007). Previous experiments using
TRI5::GFP strain have been conducted to assess the effect of aminoacids,
sugars and pH on toxin induction (Gardiner et al., 2009a, 2009b). The assays
correlated well with DON production in the wells (r = 0.82) measured with
ELISA. In the present research, the correlation between the fluorescence
(RFU x time) and DON (ppb) amount measured via UHPLC Orbitrap MS at
the end of the incubation was r = 0.7, confirming that the suggested method
can be used to evaluate substances affecting trichothecene pathway.
Compared to previous assessments based on the measurement of transcripts
via targeted mRNA analysis at different timepoints to assess the effect of
exogenous molecules (Ponts et al 2011), our system does not require
expensive techniques and laboratory procedures apart from setting the
microplate at the initial step of experimental setup.

The microplate bioassay was validated here by testing the activity of culture
filtrates from Streptomyces spp. against F. graminearum growth. We
demonstrated that also under microplate growth conditions the activity of
DEF19, DEF20 and DEF48 was related to the production of specific antifungal
metabolites inhibiting F. graminearum development, as observed in dual
culture assay and in microsilage conditions (Colombo et al., 2019a, 2019b).
The strong antifungal activity of these strains correlated to the low levels of
DON present in wheat grains (Colombo et al.,, 2019a). Further studies will
address the characterization of the antifungal metabolites involved, possibly
belonging to the large group of polyene macrolides produced by Streptomyces
spp. against fungal pathogens of eukaryotes (van der Meij et al., 2017).

Surprisingly, in microplate culture conditions, the strains did not inhibit the

106



TRI5 expression with the exception of DEF39. It might be possible that culture
filtrates did not contain the same concentration of antifungal metabolites, or
the absence of actively growing BCAs continuously producing these
metabolites in turn failed to reduce the DON biosynthesis in liquid culture, that
was observed in microsilage conditions (Colombo et al., 2019a). The variation
in composition of the culture filtrates or its content stability over the time could
explain also the variable outcomes of fluorescence curves among the three
experiments reported in Figure 4, which is not observed for control wells. At
the end of the fungal growth kinetics, the fungal biomass reached the same
amount in the treated wells as in the control. DEF48 filtrate strongly inhibited
the conidia germination and initial growth of hyphae but increased significantly
the fluorescence at the peak level in comparison to the control. This higher
TRI5 protein expression corresponded to a significant increase of DON (ppb)
at the end of incubation. It appears that streptomycete extract can also act as
inducers of DON production. Likely the metabolic interactions occurring during
the fungal growth in liquid cultures affect the synthesis of DON. Other natural
products have been reported to affect fungal growth (50% of growth inhibition)
without reducing DON amount, suggesting that an increased mycotoxin
production per amount of fungal cells would be an attempt to stimulate host
cell death, allowing thus the pathogen to proceed with the infection under
stress conditions (Ponts et al., 2011).

Weak antifungal effect and no influence on TRI5 protein expression was
recorded for DEFOQ9 filtrate, despite its ability to counteract FHB symptoms in
planta (Colombo et al., 2019c). This indicates that the interesting features
exerted by this wheat endophyte are probably not related to a direct
production of bioactive compounds, but to an indirect defense response
elicited in planta, as reported for Streptomyces sp. EN27 (Conn et al., 2008)
Surprisingly, DEF39 filtrate did not affect mycelial growth but it completely
suppressed TRI5 protein expression during the incubation. These results were
confirmed by the low DON content (ppb) in wells treated by DEF39 filtrate in

comparison to the other treatments. In another study, a strong reduction of
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DON amount by DEF39 in wheat grains was not associated to a strong
suppression of the fungal biomass (Colombo et al., 2019a). Further studies
are needed to characterize the metabolites responsible for the observed
antitoxigenic activity that may differ when the Streptomyces strain is exposed
to fungal molecules or not. Indeed, it will be of interest to identify molecules
that target directly toxigenic ability of the strain as already shown for other
natural products able to inhibit aflatoxin production in Aspergillus parasiticus
and trichothecene in F. graminearum without affecting fungal development
(Sakuda, 2010).

In conclusion, in effort to find novel biocontrol agents against toxigenic
Fusarium spp., the selection of microorganisms able to limit DON production
is essential. Common screening procedures focus on reducing the mycelium
growth, but the antifungal effect not always correspond to the ability to inhibit
DON production (He et al.,, 2009). Therefore, finding a high-throughput
method for testing and selecting BCAs with multiple modes of action is crucial
for the development of an effective commercial product (Legrand et al., 2017).
The described method might be in the future integrated in a robust and fast
screening procedure of microbial collections against trichothecene producers,
as it combines the evaluation of mycelium growth and mycotoxin production,

reducing the cost of the analysis and increasing its speed.
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Abstract

Selection of biological control agents (BCA) profits from an integrated study
of the tripartite interactions occurring among the BCA, the plant and the
pathogen. The environment plays a crucial role in the efficacy of BCA,
therefore, the selection process shall utmost mimic naturally occurring
conditions. To identify effective biocontrol strains against Fusarium
graminearum, the major cause of Fusarium head blight (FHB) in wheat and
deoxynivalenol (DON) accumulation in grains, a workflow consisting of in vitro
and in vivo assays was set up. Twenty-one Streptomyces strains, 16 of which
were endophytes of different plants, were analyzed. In vitro and in vivo tests
characterized their plant growth promotion (PGP) traits. Biocontrol activity
against F. graminearum was firstly assessed with a dual culture assay. An in
vivo germination blotter assay measured Fusarium foot rot and root rot
symptoms (FFR-FRR) reduction as well as growth parameters of the plant
treated with the Streptomyces strains. A selected subset of Streptomyces spp.
strains was then assessed in a growth chamber measuring FFR symptoms
and growth parameters of the wheat plant. The approach led to the
identification of an effective Streptomyces sp. strain, DEFQ9, able to inhibit
FHB on wheat in controlled conditions by blocking the spread of the pathogen
at the infection site. The results were further confirmed in field conditions on
both bread and durum wheat, where DEF09 decreased disease severity up to
60%. This work confirms that FRR and FFR pathosystems can be used to
identify BCA effective against FHB.
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Introduction

Fusarium graminearum is a major threat to wheat, leading to Fusarium foot
rot (FFR) and Fusarium root rot (FRR) (Smiley and Patterson 1996), as well
as Fusarium head blight (FHB), the major cause of wheat losses (Goswami
and Kistler, 2004). Losses are aggravated by the accumulation of
deoxynivalenol (DON), an internationally regulated mycotoxin (Wegulo et al.,
2015). The pathogenic behavior of the fungus has been widely studied at the
spike level both from a molecular point of view (ligen et al., 2009; Lysge et al.,
2011) and from a physiopathological point of view (Boenish and Schéfer,
2011). The pathogen, similarly to other known foot and root rot pathogens of
wheat, such as F. culmorum (Scherm et al., 2013) and F. pseudograminearum
(Chakraborty et al., 2006), has a specific pathway of infection and spread via
roots (Wang et al., 2015a). Surprisingly, head blight, root, and foot rot caused
by F. graminearum share most of the developmental steps of pathogenicity
(Wang et al., 2018), including the DON synthesis (Covarelli et al., 2012).
Streptomyces spp. are well known Gram-positive bacterial symbionts of living
organisms (Seipke et al., 2012), and can establish tight interactions with inner
plant tissues (Coombs and Franco, 2003). They can act as plant growth
promoters by producing phytohormones, facilitating nutrient uptake and
inhibiting plant pathogens (Viaene et al., 2016, Vurukonda et al., 2018). They
have been extensively investigated as a source of bioactive molecules (Watve
et al.,, 2001) and Streptomyces-derived commercial products have been
successfully applied for crop protection (Newitt et al., 2019). Indeed, several
Streptomyces strains have been proposed as potential biocontrol agents
against toxigenic fungi, including numerous Fusarium spp. causing diseases
and mycotoxin accumulation in cereals (Nourozian et al., 2006; Palazzini et
al., 2007; Yekkour et al., 2012; Jung et al., 2013).

Previous studies of Streptomyces strains effective against F. graminearum
(Jung et al., 2013; Palazzini et al., 2007, 2017, 2018) did not assess their
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effect on the plant, despite the large arsenal of metabolites they produce may
affect plant development. Moreover, often only in vitro tests are used to
assess plant growth promoting traits for strain characterization, and rarely
BCA and PGP traits are evaluated in the presence of the host plant (Anwar et
al., 2016).

One of the main limitations of historical biocontrol studies is that often the
selection of strains is solely performed in vitro, which can result in the lack of
activity in field conditions (Burr et al., 1996; Milus and Rothrock, 1997).

In an effort to set up a solid selection procedure of Streptomyces strains active
against Fusarium head blight pathogens, the goal of this work was to
characterize Streptomyces strains for both their PGP associated traits and
their biocontrol activity, considering also tripartite interactions (plant,
microorganism, pathogen) under different environmental conditions. To
achieve this, the laboratory amenable pathosystems of FRR and FFR were
used. This procedure proved successful in the identification of a Streptomyces

sp. able to significantly limit FHB losses in field conditions.
Material and methods

Streptomyces used in the study

The collection of Streptomyces spp. maintained in the laboratory of Plant
Pathology at the Department of Food, Environmental and Nutritional Sciences
(DeFENS), University of Milan (Italy), hosts endophytic isolates from roots of

different plants (Sardi et al., 1992) as well as from different sources (Table 1).

The twelve most active strains able to significantly inhibit FFR or FRR caused
by F. graminearum (activity above 40%), identified in a comparative work of
in vitro screening methods (Colombo et al., 2019), were selected for this study
together with new isolates of diverse origin identified in this work (Table 1).

Overall, twenty-one strains were used.
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Table 1 Streptomyces strains used in the study.

Closest match as GenBank
Strain Source of Environment of sample Place of sample Year of sample
similarity % in Completeness (%) accession
code isolation collection collection collection
EzBioCloud database number
Monticello (LC, 99.50:Streptomyces
DEF06 Poa annua Golf course 1989 99.9 MK463961
Italy) geysiriensis
Camellia Arona 99.36:Streptomyces
DEFO7* Greenhouse 1988 100 MK412001
japonica (NO, ltaly) venetus
100:Streptomyces
DEFO08 Polyporus sp. Plane tree Monza (ltaly) 1980 99.9 MK463962
coelicoflavus
Triticum 99.93:Streptomyces
DEF09* Botanic garden Milano (Italy) 1989 100 MK412002
aestivum fulvissimus
100:Streptomyces
DEF13* Polyporus sp. Plane tree Monza (ltaly) 1980 100 MK412004
coelicoflavus
Ansedonia (GR, 99.93:Streptomyces
DEF14* Arundo sp. Lake shores 1996 100 MK412005
Italy) fulvissimus
Secale
DEF15* Botanic garden Milano (Italy) 1989 100:Streptomyces setonii 100 MK412006
cereale
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Cantu

99.71:Streptomyces

DEF16* Zea mays Cultivated field 1985 100 MK412007
(CO, ltaly) albidoflavus
Hordeum 99.50:Streptomyces
DEF17 Botanic garden Milano (Italy) 1989 100 MK463963
vulgare tanashiensis
Triticum
DEF18 Botanic garden Milano (Italy) 1989 100:Streptomyces setonii 100 MK463964
aestivum
Camellia Arona 99.37:Streptomyces
DEF19* Greenhouse 1988 100 MK412008
japonica (NO, ltaly) venetus
Mergozzo (NO, 99.37:Streptomyces
DEF20* Carex sp. Lake shores 1989 100 MK412009
Italy) venetus
Cantu
DEF21 Zea mays Cultivated field 1985 100:Streptomyces setonii 100 MK463965
(CO, ltaly)
S. Fruttuoso (GE,
DEF31 Homo sapiens Crypt 1960 100:Streptomyces calvus 100 MK463966
Italy)
Natural environment Canaima 99.57:Streptomyces
DEF33 unknown plant 1993 100 MK463967
(savanna) (Venezuela) corchorusii
Secale
DEF39* Botanic garden Milano (Italy) 1989 100:Streptomyces setonii 100 MK412014
cereale
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Secale

100:Streptomyces

DEF40 Botanic garden Milano (Italy) 1989 100 MK463968
cereale costaricanus
Natural environment Canaima 100:Streptomyces
DEF41* unknown plant 1993 100 MK412015
(savanna) (Venezuela) costaricanus
S. Fruttuoso (GE,
DEF46 Homo sapiens Crypt 1960 100:Streptomyces calvus 100 MK463969
Italy)
Natural environment Canaima 100:Streptomyces
DEF47* unknown plant 1993 100 MK412018
(savanna) (Venezuela) costaricanus
Cantu 99.36:Streptomyces
DEF48* Zea mays Cultivated field 1985 100 MK412019
(CO, ltaly) venetus

*Strains identified in Colombo et al., 2019. Underlined strains were not originally isolated as endophytes.

117



Streptomyces identification

Bacterial isolates DEF07, DEF09, DEF13, DEF14, DEF15, DEF16, DEF19,
DEF20, DEF39, DEF41, DEF47, and DEF48 were identified in Colombo et al.
(2019).

DNA from isolates DEF06, DEF08, DEF17, DEF18, DEF21, DEF31, DEF33,
DEF40, and DEF46 was extracted following the method described by Sun et
al. (2014). Briefly, a single bacterial colony was transferred to a sterile 1.5 mL
tube containing 27 pL Tris (10 mM)-EDTA (1 mM) (pH 7.6); then, 3 uL KOH
(0.4M) - EDTA (10 mM) were added and incubated at 70°C for 5 min. Next, 3
pL Tris-HCI (10 mM) (pH 4.0) were added to adjust the pH of the lysate. The
lysate was used directly as a DNA template for the PCR amplification. 16S
rRNA primers (Turner et al, 1999) wused were 27F (5-
AGAGTTTGATCCTGGCTCAG-3) and rP2 (5-
ACGGCTACCTTGTTACGACTT-3’). PCR was performed in a total volume of
50 pL, which contained 0.3 pL of GoTag® DNA Polymerase 5 U/uL (Promega,
USA), 10 pL of Green GoTag® Reaction Buffer 5X (Promega, USA), 1 pL of
10 mM dNTP (Promega, USA), 1 pL of 10 uM primer forward, 1 pL of 10 pM
primer reverse, 1 uL of template DNA and nuclease free water. The reaction
conditions were initial denaturation at 95 °C for 5 min, followed by 35 cycles of
denaturation at 95 °C for 20 s, annealing at 56°C for 30 s and extension at 72
°C for 90 s. A final extension was performed at 72 °C for 7 min. Reaction
products were separated by electrophoresis on a 1.5% agarose gel containing
ethidium bromide and visualized under UV light. The PCR products were
sequenced in both directions (Eurofins Genomics, Germany) using 27F and
rP2 primers and two internal primers 16s_p692f (5'-
AATTCCTGGTGTAGCGGT-3)) and 16s_p782r (5'-
ACCAGGGTATCTAATCCTGT-3'). Assembled sequences were obtained with
Geneious Prime 2019 (Biomatters, USA). EzBioCloud database was used to

identify the strains based on 16S rRNA sequences (Yoon et al., 2017).
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Preparation of bacterial inoculum

Spores were collected after 2 weeks of incubation at 24°C on Czapek Yeast
Extract medium (CZY: 35 g/L czapek dox broth, Difco Laboratories, USA; 2
g/L yeast extract, Difco Laboratories, USA; 15 g/L agar, Amresco, USA; pH
6.5) scraping the surface of the colonies with a sterile loop and 5 mL of 10%
sterile glycerol (ICN Biomedicals, USA) + 0.01 % Tween20 solution (Sigma-
Aldrich, USA). The concentration was determined using a haemocytometer

and adjusted to 107 spores/mL. Small aliquots were then stored at - 20°C.

Antibiosis assay
The antibiosis assay was performed using one medium and 22 treatments (21
Streptomyces strains + one water control). Three replicates were prepared.
Briefly, 10 pL of Streptomyces spp. agar-spore suspension (1 x 108
spores/mL) or sterile water were inoculated on a Petri plate containing Wheat
Meal Agar (WMA; Colombo et al., 2019). After three days, a plug of agar-
mycelium (6 mm diameter) was taken from the edge of an actively growing
colony of F. graminearum Fg8/1 (Boenisch and Schéfer, 2011) and inoculated
upside down in the center of the plate at 25 mm distance from the bacterial
strain. After a period of incubation (3 days at 24 °C in the dark), the
antagonistic activity was assessed measuring the mycelial radial growth of the
pathogen in the control (R1) and in the presence of the antagonist (R2). The
percentage of mycelium growth inhibition compared to the control was
calculated according to the Eq. (1):
1)
(R1—R2)
— x

Screening for PGP traits in vitro

100

The twenty-one strains involved in the study were screened for PGP
characteristics. Indole acetic acid (IAA) production, tricalcium phosphate

solubilization, siderophore and chitinase production, starch hydrolysis, nitrate
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reduction and growth in presence of salt were determined following the
procedures described below.

The IAA production was evaluated following the method described in Bano
and Musarrat (2003). Ten pL of Streptomyces strain spore suspension (1 x
10° spores/mL) were inoculated in 5 mL of CZY broth (35 g/L czapek dox
broth, Sigma-Aldrich, USA; 2 g/L yeast extract, Difco Laboratories, USA; pH
6.5) adding 500 pug/mL of tryptophan (Sigma-Aldrich, USA). Three replicates
were prepared. After a period of incubation (24°C for 10 days at 125 rpm), the
liquid cultures were centrifuged (10000 rpm, 10 min, 15°C) and 2 mL of
supernatant were collected and mixed with 100 pL of 10 mM orthophosphoric
acid (Carlo Erba Reagents, Italy) and 4 mL of Salkowski reagent (1 mL 0.5 M
FeCls;, Sigma-Aldrich, USA; 49 mL 35% HCIO,4, Sigma-Aldrich, USA). The
samples were incubated at room temperature for 20 min in the dark. The
development of pink color indicated the IAA production. The absorbance of
the samples was measured with a spectrophotometer (Perkin-Elmer Lambda
20, USA) at 530 nm. The concentration of IAA produced was calculated based
on a standard curve of IAA obtained in the range of 1-50 pg/mL.

The ability to solubilize tricalcium phosphate was assessed in Petri plates (90
mm diameter) containing National Botanical Research Institute’s Phosphate
growth medium (10 g/L glucose, Sigma-Aldrich, USA; 5 g/L Casz(POa4)., Sigma-
Aldrich, USA,; 5 g/L MgCl, x 6H,0, Carlo Erba Reagents, Italy; 0.25 g/L MgSQOa4
x 7H,0, Carlo Erba Reagents, ltaly; 0.2 g/L KCI, Merck, Germany; 0.1 g/L
(NH4).S0O., Carlo Erba Reagents, Italy; 15 g agar, Amresco, USA; pH 7) as
described in Nautiyal (1999), inoculated with 10 pL of spore suspension (1 x
10°%). Three replicates were prepared. After an incubation period (24°C for 14
days), the halo was visually assessed. The halo width of 1 mm was marked
with +, lack of halo was marked with -.

Siderophore production was observed using Chrome Azurol S agar overlay
method (O-CAS) as described by Pérez-Miranda et al. (2007). The strains
were grown on a modified CZY medium without iron (pH 6.5) for siderophore

production. Ten pL of agar-spore suspension (10 pL of spore suspension in
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90 pL of 0.2% water agar) were inoculated in the center of a Petri plate (90
mm diameter) and kept for 14 days at 24°C. Subsequently, 15 mL of Chrome
Azurol S agar were cast upon culture agar plates (CAS agar: 60.5 mg/L
Chrome Azurol S, Sigma-Aldrich, USA; 72.9 mg/L hexadecyltrimethyl
ammonium bromide, Honeywell Fluka, Buchs, Switzerland; 30.24 g/L
piperazine-1,4-bis(2-ethanesulfonic acid), Sigma-Aldrich, USA; 10 mL 1 mM
FeCl;x 6H20 in 10 mM HCI, Sigma-Aldrich, USA; 9 g/L agar, Amresco, USA).
Three replicates were prepared. In addition, a negative control was prepared
using normal CZY medium. After 1 day of incubation at room temperature in
the dark, the change of color around the colony (from blue to orange) indicated
the siderophore production. The orange halo (D) and colony (d) diameters
were measured and the production of siderophores was calculated according
to the Eq. (2):

(2)

(D —-d)
2

Chitinase production (Kuddus and Ahmad, 2013) was assessed using chitin

medium (6 g/L Na:HPO., Carlo Erba Reagents, Italy; 3 g/L KH2PO., Carlo
Erba Reagents, Italy; 1 g/L NH4CI, Carlo Erba Reagents, Italy; 0.5 g/L NaCl,

Carlo Erba Reagents, Italy; 0.05 g/L yeast extract, Difco Laboratories, USA;
1% (w/v) colloidal chitin; 15 g/L agar, Amresco, USA; pH 6.5). Colloidal chitin
was prepared adding 20 g of chitin (Sigma-Aldrich, USA) to 300 mL of 37%
HCI (Merck, Germany). The chitin-HCI solution was kept for 60 min at 30°C in
continuous stirring and then precipitated adding 1 L of cold water. In order to
allow the precipitation of the colloidal particles, the material was kept at 4°C
overnight and then collected by filtration on filter paper, washing with
deionized water to bring up the pH at 6. Petri dishes (45 mm diameter)
containing chitin medium were inoculated with 10 pL of agar-Streptomyces
spore suspension (1 x 10°). Three replicates were prepared. After an

incubation period (24°C for 14 days), the halo (D) and the colony (d) diameters
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were measured and the capacity to degrade chitin was expressed using Eq.
).

The ability to hydrolyze starch (Shirling and Gottlieb, 1966) was evaluated
streaking a single colony of each Streptomyces strain on Petri dishes (90 mm
diameter) containing ISP Medium 4 (Difco Laboratories, USA, pH 7.2) added
with 10 g/L of soluble starch (Difco Laboratories, USA) and 1 mL of trace salts
solution (per 100 ml: 100 mg FeSO4x 7H.0O Merck, Germany; 100 mg MnCl,
x 4H,O Carlo Erba Reagents, Italy; 100 mg ZnSO, x 7H.O Carlo Erba
Reagents, Italy). Three replicates were prepared. After a period of incubation
(24°C for 14 days), the presence of the hydrolysis halo around the colonies
determined the amylase activity.

The nitrogen reduction capability (Shirling and Gottlieb, 1966) was assessed
by inoculating glass tubes containing 5 mL Bacto-Nitrate medium (13 g/L
nutrient broth, Oxoid, Italy; 2 g/L KNOs, Carlo Erba Reagents, Italy; 2 g/L bacto
agar, Difco Laboratories, USA; pH 6.5) with a single colony of each strain.
Three replicates were prepared. After an incubation period (24°C for 14 days),
200 pL of nitrate reagent A (a-naphthylamine, Sigma-Aldrich, USA) and B
(sulfanilic acid, Sigma-Aldrich, USA) were added in each tube. The presence
of nitrite was confirmed by the development of a red color after the formation
of a diazonium salt caused by the reaction between the reagents A and B.
High salt concentration growth was evaluated streaking single colonies on
Bennet’'s agar medium (Jones, 1949) (1 g/L yeast extract, Difco Laboratories,
USA,; 0.8 g/L, lab-lemco Oxoid, Italy; 10 g/L glucose, Sigma-Aldrich, USA; 2
g/L casitone, Difco Laboratories, USA; 15 g/L agar, Amresco, USA; pH 6.5)
added with 3.5% or 7% (w/v) of NaCl (Carlo Erba Reagents, Italy). Three
replicates were prepared. After 14 days of incubation at 24°C, the growth of
the strains in Petri dishes (45 mm diameter) was evaluated in comparison with

control plates (0% NacCl).
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Seed treatments and blotter assay germination

The twenty-one strains were tested for their potential growth promoting and
biocontrol activities against FRR and FFR. Seeds of Triticum aestivum L. cv.
Bandera were surface-sterilized in 0.7% sodium hypochlorite for 5 minutes
and then rinsed 3 times in sterile water. In sterile Petri dishes, seeds (N = 40)
were inoculated with 1 mL of Streptomyces strain spore suspension (10’
spores/mL) and dried under the laminar flow hood. Control seeds were treated
with 1 mL of deionized sterile water. For biocontrol experiments, seeds (N =
40) were treated in the same way. After 4 days, the seedlings were inoculated
with an agar-mycelium plug (6 mm diameter) taken from the edge of an
actively growing F. graminearum Fg8/1 colony and inoculated upside down
on the roots at a 10 mm distance from the seed. The assay took place in sterile
glass dishes as seed trays (diameter 150 mm). In each dish, a filter paper was
placed and soaked with 10 mL deionized sterile water before sowing. For each
condition, four glass dishes containing 10 seeds arranged in three rows were
prepared. The germination of the seeds followed the conditions described in
Covarelli et al. (2013). Briefly, the dishes were placed at 5°C in the dark for 24
hours simulating a period of vernalization and then moved at 20°C in the dark.
Three days after seed bacterization, dishes were placed in a growth chamber
(21°C, 16 h photoperiod using fluora lamp osram L36W/77). Seedlings were

watered with sterile deionized water every 2 days.

Evaluation of PGP and biocontrol effects in germination blotter assay
Germination was assessed after 2 days of incubation in the growth chamber,
when seeds were still in the dark to simulate normal germination process,
while root and seedling length as well as root number were assessed after 3
and 10 days. At the 10" day, seedlings were dried and the root and shoot dry
weight was assessed.

The biocontrol potential of the Streptomyces spp. against Fusarium root rot
(FRR) and foot rot (FFR) was evaluated using F. graminearum Fg8/1 infected

seedlings. Four days after pathogen inoculation the FRR was measured on
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20 roots as necrosis development. FRR data were reported as millimeters of
necrosis extension. Percentages of necrosis inhibition were calculated using
measurements of necrosis on the control (CN) and on the treated seedlings
(TN) using the Eq. (3):

3

(CN = TN)
—X

100
CN

Six days after seed bacterization, FFR was evaluated by scoring the
symptoms at the crown level on 20 seedlings (Covarelli et al., 2013) with a 0-
4 scale (0 = symptomless; 1 = slightly necrotic; 2 = moderately necrotic; 3 =
severely necrotic; 4 = completely necrotic) (Colombo et al., 2019). The FFR
disease severity was calculated for each treatment using the Eq. (4):

4)

Y.(Disease grade x Number of plants in each grade) 100

(Total number of plants) X (Highest disease grade)

The ability of the antagonists to reduce symptom development was assessed
with the Eq. (5): (5)

(DC — DT)
—=X

100
DC

DC and DT were the disease severity in the control and the treated seedlings,
respectively.
In addition, shoots from infected and control seedlings were dried and their

weight was measured.

Streptomyces biocontrol activity against FFR in soil substrate

Seed bacterization with Streptomyces spp. spore suspension was carried out
as described above with strains that showed promising BCA features in vitro
(DEFO7, DEF09, DEF19, DEF20, DEF39, DEF47, and DEF48). DEF08 was
used as a negative control, as it showed no FFR inhibition in the previous test.

Conidia of F. graminearum Fg8/1 were produced in CMC medium (15 g/L
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carboxymethyl-cellulose, Sigma-Aldrich, USA; 1 g/L NHiNOs;, Carlo Erba
Reagents, ltaly; 1 g/L KH2PO4, Carlo Erba Reagents, Italy; 0.5 g/L MgSO,
X 7TH,0O, Carlo Erba Reagents, Italy; 1 g/L yeast extract, Difco Laboratories,
USA; pH 6.5). Conidia were collected as described in Breakspear et al. (2011)
after 5 days of incubation by filtering cultures through one layer of Miracloth
(Calbiochem, USA) and centrifuging the filtrate for 10 min at 3000 rpm.
Supernatant was discarded and the pelleted conidia were washed twice with
sterile water (centrifuge 10 min, 3000 rpm).

Twenty inoculated seeds for each treatment (water or Streptomyces spp.
spore suspension) were placed in sterile glass dishes (diameter 150 mm) to
allow their germination at room temperature. After 6 days, wheat seedlings
were transplanted in polystyrene seed trays (32x52x5.5 cm) containing sterile
substrate (1:1 ratio of Irish peat and sand, pH 6.5, EC 0.2 dS/m, density 340
kg/m3, porosity 89% v/v, Vigorplant, Italy) watered with tap water. After that,
roots were inoculated with one agar-mycelium plug (6 mm diameter) taken
from a colony of F. graminearum Fg8/1 grown on V8 medium (Spanu et al.,
2012). In addition, 1 mL of F. graminearum Fg8/1 conidia (1 x 10° conidia/mL)
or a mixture of F. graminearum Fg8/1 (1 x 108 conidia /mL) + Streptomyces
(5x10° spores/mL) was added to control plants or already bacterized plants,
respectively (Simpson et al., 2000). Seedlings inoculated only with
Streptomyces strains, as well as non-inoculated ones (water-only) to be used
as controls were prepared.

Plants were grown in a growth chamber (Conviron, Winnipeg, Canada) at 24
°C, 55 % relative humidity and 15 h photoperiod, watered with tap water every
two days. After 20 days, FFR disease symptoms were visually evaluated using
a 0-4 scale (0 = symptomless; 1 = slightly necrotic; 2 = moderately necrotic; 3
= severely necrotic; 4 = completely necrotic) (Supplementary file 1). The FFR
disease severity and protection level were calculated for each treatment using
the Eq. (4) and (5), respectively. Dried shoot weight of the infected seedlings

was also assessed.
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Streptomyces spp. re-isolation from inner root tissues and evaluation

of PGP effect in soil substrate assay

Control plants and plants inoculated only with Streptomyces (no-Fusarium
inoculation) from the previous test were harvested 20 days after transplant
and washed in sterile water to remove the excess soil. Shoot length and dried
weight of wheat plants were assessed for each treatment.

For inner root tissue analysis, 10 seedlings for each treatment were selected
and cut at the base. The roots were washed and surface sterilized with
propylene oxide (Sigma-Aldrich, USA) for one hour (Sardi et al., 1992).
Subsequently, 10 or 15 root pieces were cut in sterile conditions and placed
on water agar medium (WA) containing 15 g/L agar (Amresco, Italia), 25 mg/L
nalidixic acid (Sigma-Aldrich, USA), 50 mg/L nystatin (Sigma-Aldrich, USA),
and 50 mg/L cycloheximide (Sigma-Aldrich, USA). Plates were incubated for
7 days at 24°C. Growth of Streptomyces spp. colonies on the plate was
visually observed using a microscope. Morphological examination was carried
out to confirm the re-isolation. Roots not inoculated with Streptomyces strains
were used as negative control and subjected to the same procedure to check

the presence of Streptomyces spp.

Evaluation of biocontrol activity against FHB in growth chamber

Spring wheat (Triticum aestivum L.) cv. Bandera was cultivated in growth
chamber following the procedure described in Watson et al. (2018) to speed
up the plant development to reach anthesis in approximately two months.
Briefly, seeds were sterilized as described before and placed in sterile glass
dishes (diameter 150 mm) to allow their germination. After 3 days at 4°C they
were placed at room temperature for another period before sowing them in
pots (21x13x15.5 cm, five seeds per pot) containing non-sterilized Irish and
Baltic peat-based growth substrate (pH 6, EC 0.25 dS/m, density 120 kg/m?,
porosity 90% v/v, Vigorplant, Italy). The lighting was set to 12h light/ 12h dark
cycle for four weeks and then increased to an 18h light/ 6h dark photoperiod

using fluora lamp osram L36W/77 until complete spike development. The
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temperature of the growth chamber was set at 18 °C. F. graminearum strain
PH1 (Seong et al., 2009) was used to inoculate wheat heads. Bacterial spores
of DEF09, which showed consistent biocontrol efficacy under all tested
conditions, were prepared in CZY as described previously and F.
graminearum conidia were prepared in CMC medium. The day of the
treatment spores and conidia were collected and mixed with 0.01% Tween 20
(Sigma-Aldrich, USA) immediately before head inoculation. The final
concentration of the mixture was 1 x 10’ spore/mL for DEF09 and 1 x 10°
conidia/mL for PH1. Ten pL of this mixture was used to inoculate the fifth
centrally located spikelet from the bottom at anthesis. Three replicates were
prepared for each treatment and arranged in a randomized block design.
Three head treatments were performed: 1) F. graminearum, 2) F.
graminearum + Streptomyces sp. DEF09, 3) Control (sterile distilled water +
0.01% Tween 20). Each spike was sealed in a plastic bag for 3 days. The FHB
severity was visually estimated using a 0-100% scale 7 days after the
treatment (Stack and McMullen, 1998). The average of FHB infection level

was scored and the protection level calculated using the Eq. (5).

Evaluation of biocontrol activity against FHB in field conditions

In order to further verify the biocontrol effect of DEF09 against FHB under
complex environmental conditions, a field trial was performed. Field trial was
conducted in Travaco Siccomario, Pavia (45°08’50.1”N 9°09'20.0”E, Italy),
during the growth season 2019. The spring wheat (Triticum aestivum L.) cv.
Bandera and the durum wheat (Triticum turgidum L. ssp. durum) cv. Claudio
(both susceptible to F. graminearum) were sown with a 200 kg/ha density at
the end of October 2018 on a loamy soil (Sand 31.2%, Silt 47.5%, Clay 21.3,
cation exchange capacity 21.3 cmol* kg DM, total organic carbon 1.51% DM,
soil organic matter 2.60% DM, total Kjeldal nitrogen 0.19% DM, C/N ratio 7.95,
P,Os Olsen 87 mg kg DM, where DM stands for dry matter) with neutral pH
(7.1). The field was previously cultivated with soybeans. Nitrogen fertilization

was 30 kg/ha at the sowing and 50 kg/ha before booting. Weeding was carried

127



out with Arianne Il (Corteva, Italy) the 15/03/2019 at a dose of 3.5 I/ha. DEF09
spores and F. graminearum PH1 conidia were freshly produced in the
laboratory as described above and collected at the day of field inoculation.
Biocontrol assays started at wheat anthesis stage (beginning of May).
Flowering period of the two cultivars differed by 7 days. Spores were kept on
ice (max 2 hours) until inoculation. Thirty plants at anthesis stage were
selected for each treatment. Controls included: a) conidia of F. graminearum
PH1 2x10° conidia/mL, b) spores of Streptomyces DEF09 2x107 spores/mL;
c) sterile distilled water + 0.01% Tween 20 (Sigma-Aldrich, USA). The
treatment consisted of bacterial suspension and conidia + 0.01% of Tween 20
(Sigma-Aldrich, USA), mixed before head inoculation. The final concentration
of the mixture was 2x107 spores/mL for DEF09 and 2x10° conidia/mL for PH1.
Ten pL of spore suspension per treatment were used to inoculate a single,
centrally located spikelet at anthesis. Inoculation was arranged in a
randomized block design. Wheat heads were evaluated after 30 days. The
infected spikelets were counted and FHB disease severity was visually
estimated using a 0-100% scale (Stack and McMullen, 1998) for both wheat
cultivars. Protection level of DEF09 treatment was assessed using the Eq. (5).

Statistical analysis

Statistical analyses were performed using R software, version 3.5.1 (R Core
Team 2018), unless stated otherwise. To understand the effect of
Streptomyces treatments on plant development and on FRR a Kruskal-Wallis
test was applied, followed by a Dunn’s test with Bonferroni’s correction of the
P-values to control the experiment-wise error rate (R package “dunn.test’,

Dinno, 2017). Unless stated otherwise P < 0.05 was considered significant.

In order to identify treatments able to protect seedlings from FFR symptom
development in comparison to the untreated control, a Fisher’s test was
performed pooling the FFR symptoms in two groups (asymptomatic (class 0)
or symptomatic (classes 1-4)). Moreover, to assess also differences within the

range of symptomatic seedlings, an additional Fisher’s test was carried out
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comparing the group of mild symptomatic (class 1-2) with the severely
diseased group (classes 3-4). P < 0.01 for both tests was considered
significant.

CORREL function [CORREL(X, y)] in Microsoft Excel was used to determine
the correlation coefficient between the results of the dual culture assay and
chitinase activity, FRR protection and FFR protection. The equation (6) for

correlation coefficient is:
(6)
2 (x—x)y-¥)
2 G- Y -

For field trials, a two-group analysis (Mann-Whitney test) using Estimation

Correl(X . T) =

stats (Ho et al., 2018) was conducted for each cultivar on the number of
diseased spikelets of control (PH1) and treatment (PH1+DEF09). The results
are presented on a Gardner-Altman estimation plots.

Results

Screening for Streptomyces biocontrol and PGP activities in vitro

Identification of the nine isolates not identified in a previous study (Colombo
et al., 2019) by 16S rRNA confirmed that all 21 strains belong to Streptomyces
spp. (Table 1).

Results of in vitro tests for physiological and biochemical features directly or
indirectly involved in plant growth promotion are reported in Table 2. Chitinase
activity is widespread among all strains, but it is not correlated with the ability
to reduce F. graminearum mycelium development (r = 0.22). Low amount of
IAA production was recorded at the tested conditions, except for DEF09 and
DEF33 that produced 2.50 + 0.04 and 7.51 + 0.00 pg/mL of IAA, respectively.
Siderophore production was observed for DEF06, DEF17, DEF18 and DEF46.
The radius of the halo ranged from 3 to 36 mm and DEF46 showed the widest
halo of siderophore production on CAS agar. Only DEF06, DEF17, and

DEF21 were able to solubilize tricalcium phosphate on NBRIP medium. Starch
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hydrolysis was common among the strains except for DEF09, DEF13, DEF20,
and DEF41. Eleven strains reduced nitrate at the tested conditions (Table 2).
All strains except DEF33 were able to grow at 3.5 % salt in the medium and
71 % grew even at 7 % salt concentration. The antifungal activity of the
Streptomyces strains against F. graminearum Fg8/1 in dual culture assay
varied from 41% inhibition for DEF31 to 70% inhibition for DEF07, DEF19,
DEF20, and DEF48 (Table 3).

Evaluation of PGP effects in germination blotter assay

Under soilless conditions, none of the tested Streptomyces strains
significantly altered the germination percentage compared to the control
plants, which had a germination percentage of around 99 (Table 2). A slight
but significant reduction of the germination after seed bacterization was
observed only for DEF17. Some strains inhibited the shoot and seminal root
length three days after the seed bacterization (Supplementary file 2). After 10
days of incubation, an overall attenuation of these negative effects was
observed (Table 2) except for DEF41, DEF46, DEF47, and DEF48, which still

negatively affected both shoot and seminal root elongation (Table 2).

Ten days after seed bacterization, root number was not significantly different
from the control with the exception of DEF41 and DEF09, which showed
significantly lower number of roots compared to the control (4 versus 5)
(Supplementary file 2).

To assess the potential gain/loss in biomass, root and shoot dry weight were
also assessed after 10 days of growth (Table 2). Overall, the effect was
minimal and a significantly lower weight was obtained only for shoots in plants

treated with DEF17, while root dry weight was not significantly affected.

Evaluation of biocontrol activity in germination blotter assay

FRR was assessed 8 days after the antagonist inoculation. The results
confirmed the biocontrol activity observed in vitro (Table 3 and Supplementary
file 3) with a correlation coefficient of r = 0.5. DEF07, DEF09, DEF16, DEF19,
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DEF20, DEF21, DEF31, DEF39, DEF41, and DEF48 significantly reduced the
necrosis development on wheat roots in comparison with the untreated control

(P < 0.05), showing up to 46% inhibition of necrosis.

The Fisher’s test analysis of the FFR scores grouped in asymptomatic (0) and
symptomatic (1-2-3-4) showed the ability of DEF09 and DEF47 to maintain
the seedlings healthy in comparison to the untreated control (P = 2.57e-08, P
= 3.24e-05). Interestingly, seedlings treated with DEF08 showed more severe
necrosis (45.45%) at the crown in comparison to the untreated control (P =
7.00e-04), (Table 3 and Supplementary file 4). All P-values of Fisher’s test

analyses are reported in Supplementary file 5.

The strains with a capacity to reduce FRR did not reduce FFR symptoms in
the same manner. The best performing strain against FRR was DEF19
(46.74%), while the best performing strain against FFR was DEF47 with
protection percentages of 87.50%. Only DEF09 was able to control both
symptoms of F. graminearum infection with high level of efficiency, resulting
in approximately 80% inhibition of FFR development and >40% in FRR
development.

None of the non-endophytic strains showed the ability to effectively reduce the
disease severity in planta with the exception of DEF31, which showed a patrtial

efficacy against FRR only (29.14% reduction of necrosis extension).

In order to analyze if the BCA treatments were able to counteract the biomass
loss following the infection, the shoots from infected seedlings were dried and
weighed. Only DEF06 and DEFO07 increased significantly the shoot weight

compared to the Fusarium-treated control (Table 3).

Biocontrol and PGP activities in soil substrate

To further verify whether the biocontrol and the PGP activities were consistent
in a more complex environment - soil, and over a longer period of cultivation,
26 days - FFR, stem shoot length and dried weight were evaluated for strains
showing interesting biocontrol activities: DEFO7, DEF09, DEF19, DEF20,
DEF39, DEF47, and DEF48. DEF08 was used as negative control.
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First, the colonization of inner root tissues by selected Streptomyces strains
was verified. All root pieces (10/10) of wheat seedlings were extensively
colonized by the tested Streptomyces strains on WA plates. They showed the
ability to move in soil and internally colonize the plant, including DEFO8 that
was not originally isolated as endophyte.

The use of soil and the longer cultivation period until disease symptom
evaluation and PGP analysis led to decreased BCA activity of most of the
strains (Table 3, Supplementary file 6), with the exception of DEF07 and
DEF09 which were able to significantly reduce FFR (61% and 46% level of
protection, respectively) (Supplementary file 7 for Fisher's test P-values).
Plant growth promotion of non-infected plants colonized by the Streptomyces
spp. strains was not significant for the two parameters analyzed (Table 2).
Shoot dried weight of Fusarium-infected plants was, however, affected by
some strains: DEF07, DEF09, DEF39 and DEF47 lowered the dried biomass

in comparison with the Fusarium-treated control (Table 3).
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Table 2 The screening of plant growth promotion traits in vitro and in planta (germination blotter or soil substrate assays).

In vitro assays Germination blotter assay Soil substrate assay
Growth at high Root dried | Shoot dried Shoot dried
IAA Siderophore | Chitinase Germinated Shoot length
Phosphate salt Root length Shoot length weight weight weight
production production activity Starch Nitrate seeds (%) per (mm) per
Treatment solubilization concentration (mm) per plant | (mm) per plant| (mg) per (mg) per (mg) per
(ng/mL) (mm) (mm) hydrolysis | reduction blotter plant
activity +SD +SD plant plant plant
+SD +SD +SD 3.5% | 7% +SD +SD
+SD +SD +SD
Water
/ / / / / / / / 98.13+£3.96 | 176.50+32.51 | 135.43£17.57 |25.95+6.23| 12.45+3.79 |285.95+32.79|57.50+£14.05
control
DEFO06 | 0.00+0.07 + 10.75+3.18 (1.00+0.00 + + + - 93.75+5.17 | 193.17+30.66 | 127.78+26.58 |23.09+5.90| 12.19+2.12 nt nt
DEFO7 | 1.36+0.29 - - 6.00+1.75 + - + + 95.00+7.56 | 173.88+22.31 | 136.06+12.54 (22.86+8.22| 11.04+2.23 |287.13+27.03|51.44+10.29
DEF08 | 0.00+0.09 - - 0.5+0.71 + + + + [91.25%£11.26|174.33+27.89 | 125.60+10.19 [24.80+7.05(21.24+12.22(309.40+£28.10|44.28+12.70
DEF09 | 2.50+0.04 - - 1.58+0.80 - + + + 97.50+4.63 (118.13+42.97*| 132.63+13.62 |25.29+6.29| 14.08+4.40 |307.10+21.20| 62.20+7.91
DEF13 |0.00+£1.74 - - 5.58+2.65 - + + + |87.50+11.65|199.00+£14.67 | 131.56+15.50 |28.35+6.67| 9.27+4.05 nt nt
DEF14 |0.47+0.65 - - 2.17+1.04 + + + + 93.75+7.44 | 168.93+£22.21 | 130.00+£21.84 |23.61+6.36| 10.51+2.39 nt nt
DEF15 |0.85+1.86 - - 1.08+0.95 + + + + 97.50+4.63 | 169.22+21.17 | 122.00£27.86 |25.85+5.54| 10.73+1.85 nt nt
DEF16 |0.71+0.86 - - 1.25+1.09 + - + + 96.25+5.17 | 143.00+28.40 | 125.30£17.42 |25.44+5.86| 10.76+1.95 nt nt
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nt

nt

DEF17 |0.00+0.32 3.50+0.70 (3.58+0.52 + + - 90.00+5.34 | 143.42+52.81 | 131.79+16.79 |25.92+6.55| 9.54+1.80*

DEF18 | 0.00+0.03 4+0.70  |2.12+0.53 + + + | 97.50+4.63 | 166.06+£39.08 | 122.72+25.31 |31.03+6.44| 12.45+1.60 nt nt
DEF19 | 0.96+0.48 - 6.41+1.38 + + + |100.00+0.00| 161.65+23.05 | 119.76+15.88 |26.91+5.81| 9.76+2.07 (301.47+23.92(52.39+10.42
DEF20 |0.00+0.21 - 3.42+2.45 - + - |100.00+0.00| 155.39+18.76 | 128.28+16.60 |22.09+5.48| 10.08+2.06 |269.00+31.86| 46.49+8.62
DEF21 |1.03+1.01 - 5.67+0.63 + + + [ 97.50+4.63 | 152.17+£38.13 | 123.83+£22.56 |30.01+5.84| 11.75+2.89 nt nt
DEF31 |1.17+0.73 - 1.00+0.00 + + + |98.75+3.53 | 169.00+21.05 | 132.79+9.99 |23.56+5.31| 10.36+1.84 nt nt
DEF33 | 7.51+0.00 - 3.17+0.58 + - - 98.75+3.53 | 151.47+25.31 | 133.24+14.57 |24.86+6.39| 10.87+2.23 nt nt
DEF39 |1.60+0.04 - 1.00+0.00 + + + [100.00£0.00| 147.12+30.20 [112.53£19.69*|19.71+7.00 9.93+1.93 |302.57+14.11(68.21+10.96
DEF40 |0.00+0.13 - 1.12+0.18 + + + | 98.75+3.53 | 142.74+32.36 (110.58+20.13*|22.51+4.75| 10.02+2.37 nt nt
DEF41 |0.00+0.03 - 1.33+0.58 - + + [100.00£0.00{126.94+21.77*|114.78+23.84*|30.86+3.58| 12.75+1.31 nt nt
DEF46 |1.12+0.10 36.50+0.00 |2.66+2.02 + + - 98.75+3.53 [139.78+31.31*|105.50+21.61*|28.45+7.13| 10.45+1.75 nt nt
DEF47 |0.00+0.13 - 1.83+0.63 + + + [93.75+14.08|105.00+£17.13*|108.75+10.88*|25.38+8.31| 10.04+2.94 |312.13+23.32(53.04+11.69
DEF48 |1.70+0.02 - 7.33+1.89 + + + [100.00£0.00{133.90+40.73*|109.60+£22.38*|23.13+4.75| 11.70+2.60 |311.55+24.61| 48.84+9.65

Underlined are the strains that were not originally isolated as endophytes. * Indicates significant difference (P < 0.05) from the control assessed with
Dunn’s test and Bonferroni correction for multiple comparison. nt Not tested. SD Standard Deviation. +: halo width 1 mm; -: not active. The growth at
high salt concentration were compared to control plates (+ grown like control plates; - not grown).
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Table 3 Screening tests for biocontrol activity against F. graminearum in vitro and in planta (germination blotter and soil substrate assays).

Dual culture assay Germination blotter assay Soil substrate assay
Infected shoot dried
Treatment Mean of growth FRR protection | FFR protection (%) Infected shoot dried FFR protection (%)
weight (mg) per
inhibition (%) (%) per plant per treatment weight (mg) per plant per treatment
plant

Water

- - - 10,69+3,15 - 75,14+16,47
control
DEF06 66.66+6.41 12,14+23,38 17.61 17,71+4,49* nt nt
DEFO07 74.07+3.70" 38,20+21,41* 24.24n 16,35+4,78* 61.28* 57,30+11,65*
DEF08 60.49+4.27 15,20£15,12 -45.45** 10,81+4,70 -1.12 64,47+13,80
DEF09 59.26+3.70" 42,66+15,21*" 80.86*" 13,89+3,63 46.38* 59,07+12,01*
DEF13 32.1+10.69" 7,87+£19,35" 20.45" 11,88+4,90 nt nt
DEF14 49.38+2.14" 6,57+19,96" 41.18*" 11,66+5,84 nt nt
DEF15 37.25+3.927 18,59+22,84" 62.41*" 11,29+2,42 nt nt
DEF16 56.79+4.28" 38,45+27,18*" 43.61*" 9,61+2,23 nt nt
DEF17 39.50+5.66 -7,22+13,51 28.57* 10,57+2,54 nt nt
DEF18 61.73+2.14 18,48+24,57 15.97 7,49+3,01 nt nt
DEF19 76.54+2.14" 46,74+17,43* 25.93» 11,08+2,51 39.55 63,19+12,93
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DEF20 77.78+0" 27,26+24,45*" 41.23» 11,23+2,02 10.64 59,58+12,42
DEF21 45.68+9.32 35,22+25,73* 12.55 11,86+2,08 nt nt
DEF31 41.98+19 29,14+20,43* -14.81 10,98+1,64 nt nt
DEF33 55.56+0 7,67+21,09 17.36 11,29+1,84 nt nt
DEF39 64.20+2.14" 39,77+15,00* 43.75*" 13,40+3,13 -24.47 44,55+13,36*
DEF40 43.21+2.14 24,13+23,23 38.82 8,61+1,53 nt nt
DEF41 60.49+4.27" 35,96+18,90* 54.17* 10,19+2,47 nt nt
DEF46 39.50+8.55 21,07+25,69 45.00 8,90+2,33 nt nt
DEF47 54.32+4.28" 24,79+23,31" 87.50*" 9,81+2,63 -7.23 54,93+14,24*
DEF48 70.37+£3.70" 32,28+27,81* 55.88*" 10,69+1,77 29.04 61,37+11,00

Underlined strains were not originally isolated as endophytes. * Experimental data obtained from Colombo et al., 2019. nt Not tested. FRR Fusarium
root rot. FFR Fusarium foot rot

The average of mycelium growth inhibitions recorded in dual culture assay against F. graminearum strain Fg8/1 is reported. In planta results of
germination blotter assay or using soil are displayed as FRR protection (*P < 0.05 is considered significant) and FFR protection (Fisher’s test analysis:
*P < 0.01 treatment considered significantly able to maintain the seedling asymptomatic, ** P < 0.01 treatment considered significantly able to increase
disease severity). The average of infected shoot weight (mg) for each treatment assessed after 10 or 20 days after seed bacterization or transplant
is also reported.
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Biocontrol effects against FHB severity in growth chamber and field
conditions

The strain DEF09 showed the best performance against both FRR and FFR
diseases, with consistent results in all the assays. Being an endophyte
obtained from wheat, its efficacy against FHB disease was first assessed in
fully controlled environment (growth chamber). The strain, co-inoculated with
the pathogenic strain PH1, stopped the spreading of the disease at the first
infected spikelet in all plants (Figure 1). High level of protection (75%) was

reached under controlled conditions (Supplementary file 8).

In order to assess whether the strain could be effective also in field conditions,
where different biotic and abiotic interactions occur, a field trial was carried
out on bread and durum wheat. The P-value of the Mann-Whitney test was
2.47e-05 for Bandera and 1.35e-08 for Claudio. The presence of DEF09
reduced the number of diseased spikelets in comparison to the untreated
control (Figure 2), decreasing FHB severity up to 60% and 45% on cv.
Bandera and Claudio, respectively (Supplementary file 9).

Figure 1 Example of Fusarium head blight symptoms on wheat spikes grown in growth

chamber. The red arrow indicates the spikelet of infection. Examples of water inoculated control
(A), Fusarium inoculated control (B) and Fusarium+DEF09 treatment (C) are shown.

137


https://en.wikipedia.org/wiki/Mann%E2%80%93Whitney_U_test

Figure 2 The mean difference between PH1 and PH1+DEF09 for diseased spikelets (n°) of
cultivars “Bandera” (A) and “Claudio” (B) is shown in the Gardner-Altman estimation plot.

The unpaired mean difference of data obtained between PH1 and PH1+DEF09 is -3.73 (95.0%
CI-5.13, -2.17) and -4.07 (95.0% CI -4.97, -3.03) for cv. Bandera and cv. Claudio, respectively.
Both groups are plotted on the left axes; the mean difference is plotted on floating axes on the
right as a bootstrap sampling distribution. The mean difference is depicted as a dot; the 95%
confidence interval is indicated by the vertical error bar.
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Discussion

Comprehensive observation of different parameters, including the
physiological characteristics of Streptomyces strains and their interaction with
the plant (Colombo et al., 2019), is essential for successful selection and
characterization of bioactive strains able to adapt to complex environmental
conditions and microbiomes (Winter et al., 2019).

In this study, Streptomyces strains were extensively characterized for their
plant growth associated features, together with detailed examination of their
activity on germinating wheat and on wheat infected with F. graminearum. The
combination of in vitro and in vivo laboratory assays led to the identification of
an effective strain, DEF09, which also showed promising results in field trials
on both durum and bread wheat. The use of FRR and FFR pathosystems for
selecting a strain effective against FHB proved successful. This study is in
accordance with the observation by Wang et al. (2015b), who showed a good
correlation between FFR and FHB biocontrol activities for a diverse set of
bacterial strains. It also confirms functional analyses of genes from wheat-
infecting Fusarium species. Different genes were reported to be equally
involved in the pathogenic mechanisms of both FHB and FFR (Spanu et al.,
2012, 2018; Pasquali et al., 2013). From a physiopathological point of view,
F. graminearum shows a common infection process during both root- and
head infection (Wang et al., 2015a, 2018). Our work therefore supports the
idea that the use of FRR and FFR pathosystems, being more manageable
laboratory models than the FHB pathosystem, is suitable for selection of BCA
strains effective against FHB. In this work it was not possible to include strains
previously selected as BCA in other scientific works, therefore, it is not
possible to have a direct comparison of the activity of the strain DEF09 with
other Streptomyces strains, given that results depend on the complex
interactions occurring in the environment (Vurukonda et al., 2018).
Nonetheless, based on the reported efficacy of the different microorganisms,
the level of protection achieved by the strain DEF09 was comparable to that

obtained in field trials using Bacillus sp. and Cryptococcus sp. (Schisler et al.,
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2002) and slighty higher than those achieved with other Streptomyces strains
in field trials on bread wheat (Palazzini et al., 2017, Jung et al., 2013) and
durum wheat (Palazzini et al., 2018). It is plausible that the inoculation method
may affect the level of protection. Interestingly, Jung et al. (2013) reported
significant protection against FHB by the BN1 Streptomyces strain only when
the strain was sprayed on spikes but not when it was co-inoculated. In our
case, the high level of protection, comparable with fungicide treatments
(Giraud et al.,, 2011), was obtained with co-inoculation. Other inoculation
methods will need to be tested to better compare the level of protection
obtained by DEF09 in different environmental conditions with that of
previously studied strains. Novel approaches are also needed to explore the
efficacy of the strains in large scale field trials.

The combination of the methods used to assess the bioactivity of the strains
examined in our study allowed us to gain insight into their possible
mechanisms of activity. For example, the in vitro assays carried out on DEF09
suggest that this strain blocks the growth of the fungus with specific antifungal
molecules, as shown by the dual culture inhibition assay. Chitinase production
has been identified as the main biocontrol mechanism in some studies
(Herrera-Estrella and Chet 1999). DEFO09 is a chitinase producer, but the lack
of correlation (r = 0.22) between the chitinase production in different strains
and the growth inhibition of F. graminearum indicates that chitin degradation
may not be the unique factor responsible for the observed bioactivity of the
strains. Likely, the inhibition of fungal growth might be the result of a
synergistic effect of different lytic enzymes and metabolites (Zhang and Yuen,
2000; Zhao et al., 2013). DEFQ9 directly affects wheat plant growth, modifying
root development by way of seminal root elongation, as seen in the
germination blotter assay after 10 days, and impacting overall plant growth
(shoot dried weight) after pathogen infection. Interestingly, morphological
changes of roots have been associated with the induction of systemic
resistance (Zamioudis et al., 2013). Moreover, DEF09 was among the best

IAA producers in the pool. Indeed, IAA is known to play a role in plant
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morphology as well as in disease modulation, stimulating plant defense
(Pieterse et al., 2009) and therefore may contribute to protection against the
pathogen. From all these data we may infer that DEF09 possesses multiple
mechanisms leading to limitation of FHB on wheat. Metabolic profiling coupled
with functional genomics of DEFQ9 will likely allow for the delineation of the
mechanisms of action for the strain (Chen et al., 2018). A large set of
potentially bioactive strains was identified in this study. Strains able to
significantly interfere with pathogen development also transiently affected
plant growth, suggesting that a complex set of molecules is produced during
the tripartite interaction (Mayo-Prieto et al., 2019). Our future goal will be to
identify the determinants of these specific interactions occurring among the
BCA, the fungus, and the host, as detailed knowledge of their interaction, is
essential for developing novel plant protection strategies (Berendsen et al.,
2012).
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Fusarium, Streptomyces and wheat grains: studying the
interaction and the effect of inoculation timing on deoxynivalenol

accumulation in vitro

Abstract

Streptomyces spp. have been exploited as biocontrol agents (BCAs) against
plant pathogens for their ability to produce different bioactive compounds.
They can be used against Fusarium graminearum, the main causal agent of
Fusarium head blight (FHB) as well as against the contamination of grains
with deoxynivalenol (DON). In the present research, the effect of four
Streptomyces strains on fungal growth and mycotoxin production in
microsilage conditions has been evaluated, testing the efficacy of two
inoculation timings of the selected BCAs. In addition, the impact of the
pathogen presence on the BCAs development was assessed. Quantitative
real-time PCR detection of the two targets (Fusarium and Streptomyces spp.)
and chemical extraction and quantification of DON and ergosterol have been
used for these purposes. The results indicate that the highest level of DON
inhibition (99%) as well as a strong reduction of fungal biomass can be
achieved following the simultaneous inoculation of BCA and pathogen. This
research enabled studying the biocontrol efficacy of the tested Streptomyces
strains and monitoring their development in microsilage conditions. The
diversity of effects manifested by the different Streptomyces strains confirms
the importance of studying the interactions between the grains, pathogen, and
BCA.

Introduction

Fusarium head blight (FHB) is one of the most devastating cereal diseases,
especially for wheat and barley. It is caused by a complex group of Fusarium
spp., in which Fusarium graminearum is the main causal agent (Osborne and
Stein, 2007; Pasquali et al., 2016a). Severe yield losses occur in the field,

together with a variable level of grain contamination with mycotoxins
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belonging to the group of type B trichothecenes, such as deoxynivalenol
(DON) (Salgado et al., 2015). The fungal contamination in harvested grains
can be kept under control during the storage period, but the mycotoxin
incidence in feed and food products often increases dramatically, becoming a
threat for food and feed safety (Beattie et al., 1998; Yuan et al., 2018). The
risks to human and animal health have forced organizations worldwide to
establish standards for maximum allowable levels in products for human
consumption (Lee and Ryu, 2017). The toxic effects of DON include the
alteration of intestinal, nervous, and immune systems due to the inhibition of
protein synthesis and induction of apoptosis (Maresca, 2013).

Several control strategies to manage FHB incidence and consequent DON
contamination in harvested grains have been exploited in field, such as the
development of resistant varieties, application of fungicides, and crop rotation
(Miedaner et al.,, 2017). Nevertheless, some agricultural practices can
promote Fusarium development or enhance mycotoxin accumulation under
favorable environmental conditions (Vogelgsang et al., 2019). For this reason,
research on biocontrol agents (BCAs) has been receiving increased attention
as integrative approaches to manage FHB are urgently needed (Gilbert and
Haber, 2013). Biological control is an environmentally friendly approach to
fight plant pathogens using microbial antagonists. The complex epidemiology
of FHB results in the possibility of applying antagonists to seeds, crop
residues, or to the spikes (Legrand et al., 2017), as well as during post-harvest
(Magan et al., 2010).

Streptomyces spp. are Gram-positive bacteria belonging to the phylum
Actinobacteria which are ubiquitous in soil and commonly exploited for
antibiotic production in human and veterinary medicine. They grow through a
combination of tip extension and branching of hyphae, forming a vegetative
mycelium. Later, in response to nutrient depletion and other signals, they form
an aerial mycelium carrying spores (Elliot et al., 2008; Flardh and Buttner,
2009). In correspondence with these morphological changes, they produce a

variety of secondary metabolites active against possible competitors present
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in their niche (Chater et al., 2010). Recently, Streptomyces have also been
found to be established in symbiotic interactions with plants and other
eukaryotes (Seipke et al., 2012). Therefore, they have the potential to become
key players for developing novel strategies against plant pathogens and to
limit toxin contamination thanks to the discovery of promising metabolites for
crop protection (Rey and Dumas, 2017). Indeed, recent studies confirmed
their ability to reduce toxigenic Fusarium spp. growth and disease severity
(Jung et al., 2013; Nourozian et al., 2006; Winter et al., 2019), as well as DON
production in vitro and in planta (Palazzini et al., 2007, 2017). Two commercial
products based on live Streptomyces spp. are available on the market
(Mycostop® and Actinovate®). However, none of them was specifically
registered for FHB management (Newitt et al., 2019).

The lack of appropriate screening procedures and studies on product
formulation as well as complex procedures for microbial antagonist
registration still represent the major reasons for the low number of biocontrol
agents available on the market (Fravel, 2005).

In an effort to select novel Streptomyces strains able to counteract fungal and
mycotoxin contamination in a wheat—Fusarium spp. pathosystem, their
survival on wheat grains and the potential inhibitory effect of co-culture with
the pathogen needs to be assessed.

Ergosterol quantification is routinely used to determine the microbiological
status of grains and feeds (Ng et al.,, 2008; Rao et al., 1989; Tangni and
Pussemier, 2006) and can be exploited to evaluate the effect of a fungicide or
a natural product on fungal pathogen growth (da Silva Bomfim et al., 2015;
Shah et al., 2015). This fungal marker can also be used to normalize
mycotoxin levels based on fungal development (Bluhm and Woloshuk, 2005;
Zhao et al., 2014). Nevertheless, in recent years, quantitative real-time PCR
(gPCR) has been recognized as a rapid and highly sensitive technique to
accurately quantify fungal biomass in a wide range of food and grain samples,
a parameter which can be easily correlated with the level of disease observed

in field as well as mycotoxin contamination (Bilska et al., 2018; Zhang et al.,
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2009). Moreover, as gPCR is able to detect specific strains, it has been
increasingly used for biocontrol agent monitoring in the target substrate
(Gimeno et al., 2019), enabling the assessment of BCA survival under specific
abiotic and biotic conditions as well as how the time and application method
influence this survival (Sanzani et al., 2014).

In order to study the mechanism of action of four promising Streptomyces
strains (Colombo et al., 2019a, 2019b) against F. graminearum growth and
toxin production (DON) in vitro, specific gPCR methods to monitor fungal and
BCA strains were developed. These analyses were combined with ergosterol
guantification to confirm the gPCR-based quantification and to normalize DON
content in flour samples.

The goals of the paper were to test whether (1) fungal growth is affected by
the tested Streptomyces strains; (2) toxin production is affected by the tested
Streptomyces strains; (3) BCA development is affected by pathogen
presence; and (4) the timing of BCA inoculation is an important determinant

of their efficacy in microsilage conditions.
Materials and methods

Microorganisms

The four Streptomyces strains (DEF09, DEF20, DEF39, and DEF48) used in
this work were part of a collection of isolates maintained in the laboratory of
Plant Pathology at the Department of Food, Environmental and Nutritional
Sciences (DeFENS), University of Milan, Italy. They were originally isolated
from the inner root tissues of graminaceous plants (Sardi et al., 1992): DEF09
from wheat, DEF20 from Carex sp., DEF39 from rye, and DEF48 from corn
(Colombo et al., 2019a). These strains showed promising biocontrol features
in vitro and in planta against F. graminearum in previous works, being able to
limit the growth of various Fusarium strains in dual culture by over 40%
(Colombo et al., 2019a, 2019b). They were grown on Czapek yeast extract
medium (CZY: 35 g/L Czapek dox broth, Difco Laboratories, USA; 2 g/L yeast
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extract, Difco Laboratories, USA; 15 g/L agar; Amresco, USA) for 14 days at
24 °C. Spores were collected by adding 5 mL of 10% sterile glycerol (ICN
Biomedicals, USA) + 0.01% Tween 20 solution (Sigma-Aldrich, USA) to the
plate and scraping the surface of the colonies with a sterile loop. The
concentration was determined using a hemocytometer and adjusted to 2 x 10’
spores/mL. Small aliquots were then stored at —20 °C.

The toxigenic Fusarium strain used in this study was F. graminearum CS3005
(Gardiner et al., 2014). The strain was grown on V8 medium (200 mL/L V8
juice, Campbell's, USA; 2 g/L CaCOs;, Sigma-Aldrich, USA; 15 g/L Agar,
Amresco, USA) at 24 °C.

BCA treatments on wheat grains

Wheat grains of Triticum aestivum cv. Bandera (20 g) were placed in 100 mL
flasks, soaked with 20 mL of deionized water, and autoclaved for 20 min at
120 °C. The treatments consisted of four Streptomyces strains, one type of
fungus inoculation (F. graminearum CS3005), and two different times of
antagonist inoculation.

Grains were treated with 500 pL of Streptomyces strain spore suspension (2
x 107 spore/mL) and six agar—mycelium plugs (6 mm in diameter) taken from
a five-day-old Fusarium colony grown on V8 medium. BCAs were applied as
follows: 0 DPI (Streptomyces spp. treatments were carried out at the same
time as pathogen inoculation); 3 DPI (Streptomyces spp. treatments were
performed 3 days post-pathogen inoculation). Each combination of treatments
was performed in quadruplicate. Three controls were included. Blank samples
(grain without any treatment) only inoculated with 500 pL of 10% sterile
glycerol were prepared to define the background levels for each quantification,
the Streptomcyes-control, in which 500 pL of Streptomyces spore suspension
(2 x 107 spore/mL) was inoculated, and the Fusarium-control, in which six
agar-mycelium plugs of F. graminearum CS3005 were added to the sterilized
grains. The incubation was performed at 24 °C for 11 days in the dark. Flasks

were monitored and shaken daily. Wheat seeds were lyophilized (model Heto-
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EPD3, Thermo Scientific, San Jose, CA) for 24 h and ground to a fine powder.

Samples were kept at =80 °C for subsequent extraction.

Chemicals

Standards of ergosterol and mycotoxins (DON and 3ADON) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Solvents were purchased from
Sigma-Aldrich unless otherwise (St. Louis, MO, USA). Water was supplied by
a Milli-Q apparatus (Millipore, Milford, MA).

Ergosterol extraction and determination by liquid chromatography-
diode array detection

Ergosterol extraction was performed following the procedure described in a
previous research (Bluhm and Woloshuk, 2005). Briefly, samples were
prepared as follows: 400 mg of flour was weighed and extracted overnight
using 10 mL of a CHCIs/MeOH (2:1 (v/v)) solution. After centrifugation at 9000
rpm for 10 min, the supernatant was collected, and the pellet was extracted
again with 5 mL of the same solvent solution. The two extracts were combined,
and the volume was made up to 20 mL using CHCIs/MeOH (2:1 (v/v)). The
resulting solution was diluted 1:2 prior to injection and chromatographic
analysis. Ergosterol levels were used to normalize DON content per fungal
mass.

The used HPLC system was an Alliance 2695 (Waters, Milford, MA, USA)
equipped with a model 2998 photodiode array detector (Waters). A 5 um
Hypersyl Cig column (250 mm x 4.6 mm, Thermo Scientific, San Jose, CA)
maintained at 30 °C carried out the separation in isocratic mode. The flow rate
was 1.0 mL/min, and the eluent was methanol. Samples were maintained at
20 °C. Chromatographic data were acquired from 195 to 350 nm and
integrated at 282 nm. Ergosterol stock solution (0.26 mg/mL) was prepared in
MeOH and stored at —20 °C. Working solutions (n = 7) were prepared in the
range of 1.3-130 pg/mL, and 50 uL was injected into the chromatographic

system. Each analysis was carried out in duplicate.
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DON extraction and determination

To determine the amount of mycotoxins, the flour (1 g) was extracted with 10
mL of a water/CHsCN (20:80 (v/v)) solution under sonication for 30 min. Then,
the mixture was centrifuged at 1600g for 10 min, and the supernatant was
transferred into a 10 mL flask where the volumes were adjusted using a
water/CHsCN (20:80 (v/v)) solution. The residues were extracted again as
described above, and the two extracts were analyzed separately. Mycotoxin
determination was carried out using a UHPLC model Acquity (Waters)
coupled with an HR Fourier transform Orbitrap mass spectrometer (model
Exactive, Thermo Scientific, San Jose, CA), equipped with a HESI-II probe for
ESI (electrospray ionization) and a collision cell (HCD). A Hypersil Gold Cis
column (100 mm x 2.1 mm, 1.9 um, Thermo Scientific, San Jose, CA) was
used for the separation. The MS data were processed using Xcalibur software
(Thermo Scientific, San Jose, CA). The used operative conditions as well as

the elution gradient have been previously described (Colombo et al., 2019a).

DNA extraction

The total DNA from flour samples was extracted using a DNA extraction kit
(DNeasy mericon Food Kit, Qiagen, Germany). Briefly, 100 mg of the sample
was weighed and processed following the manufacturer’s instructions with
one minor modification whereby 5 pL of 20 mg/mL RNase A (Invitrogen, Fisher
Scientific, USA) was added during the first incubation step at 60 °C.
Quantification and verification of the 260/280 ratio of the extracted DNA was
carried out with a Take3 Micro-Volume plate in a microplate reader (Synergy
H1, Biotek, USA). Spectrophotometric quantification was confirmed by
fluorometric quantification. DNA samples were stored in Elution buffer (EB)

(Qiagen, Germany) supplied by the DNA extraction kit at 4 °C.

Primers
Details of the primers used in this study are listed in Table 1. In order to obtain
recA gene sequences of Streptomyces strains involved in this study, DNA was

extracted as described in (Sun et al.,, 2014) and amplified using primers
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recAPF and recAPR (Guo et al., 2008). Briefly, PCR was performed in a total
volume of 25 pL which contained 0.25 pL of GoTag® DNA Polymerase 5 U/
pL (Promega, Madison, WI, USA), 5 pL of Green GoTag® Reaction Buffer 5x
(Promega, Madison, W1, USA), 1 pL of 20 mM dNTP (Promega, Madison, W1,
USA), 1 pL of 10 mM forward primer, 1 L of 10 mM reverse primer, and 1 pL
of template DNA in nuclease-free water. The reaction conditions were initial
denaturation at 95 °C for 5 min, followed by 35 cycles of denaturation at 95 °C
for 20 s, annealing at 60 °C for 30 s, and extension at 72 °C for 90 s. A final
extension was performed at 72 °C for 7 min. Reaction products were
separated by electrophoresis on a 1% agarose gel containing ethidium
bromide and visualized under UV light. The PCR products were sequenced
(Eurofins Genomics, Germany) using recAF primer (Guo et al., 2008). Specific
primers were designed for Streptomyces quantification based on recA gene
polymorphisms. Sequences of the recA gene of DEF09, DEF20, DEF39, and
DEF48 (NCBI accession numbers MN207071- MN207074) were aligned
using Geneious version R11.1.4 (Figure S1). Primers for F. graminearum
quantification were designed based on TRI12 gene sequence (NC_026475).
In both cases, primer specificity was tested using NCBI Primer-BLAST with
default parameters against the nr database to assess the level of specificity
and identify potential mistargets. Bioinformatic analysis confirmed the
specificity of the designed primers for Streptomyces spp. recA (File S1).
Similarly, a novel primer set was designed based on a specific region of TRI12
which proved specific for Fusarium spp. (File S2).

Horlf and Hor2r primers (Nicolaisen et al., 2009), based on the plant EF1a
gene, were used as an internal control for each sample and to normalize
fungal and bacterial DNA quantities. Streptomyces spp. and F. graminearum
guantities were calculated as the copy number of target DNA/copy number of

wheat DNA using the formula described in File S3 (Pasquali et al., 2006).

153



Table 1. Primers used in the study for the amplification and sequencing of the recA gene
together with those used to quantify the three targets (Streptomyces spp., F. graminearum, and

wheat).
Primer Assay target Primer sequence Melting GC % Reference
name temp.
Streptomyces CCGCRCTCGCACAGAT (Guo et al.,
recAPF spp. TGAACGSCAATTC 702 56.9 2008)
Streptomyces GCSAGGTCGGEGTTG (Guo et al
recAPR promy TCCTTSAGGAAGTTGC ~ 74.6 56.9 ”
spp. o 2008)
Streptomyces  ACAGATTGAACGGCAA (Guo et al.,
recAF Spp. TTCG 55.3 45 2008)
Streptomyces  ACCTTGTTCTTGACCA (Guo et al.,
recAR spp. cCTT 55.3 45 2008)
gstrepto  Streptomyces AAGATCACCAGTGCGC .
RECAF Spp. TCAA 59.96 50 This study
gstrepto  Streptomyces GAGCTGGTTGATGAAG .
RECAR spp. ATCGC 59.40 52 This study
F. ATCTCAGCCAGACGAC .
TRI12QF graminearum AGGT 59.87 55 This study
TRI12DR .F' CCAGGCGAGGTGTAAT 59.55 55 This study
graminearum ATCC
TCTCTGGGTTTGAGGG (Nicolaisen
Hor1f Wheat TGAC 62 55 et al.,
2009)
GGCCCTTGTACCAGTC (Nicolaisen
Hor2r Wheat AAGGT 51 57 et al.,
2009)

gPCR analysis

Quantitative real-time PCR (qPCR) was performed in order to evaluate the
amount of Fusarium, Streptomyces, and wheat DNA in milled grain samples
following The Minimum Information for Publication of Quantitative Real-Time
PCR Experiments (MIQE) guidelines (Bustin et al., 2009).

experimentation, the primers, PCR protocol specifications, and thermocycling

Prior to

parameters were adapted to the available reaction mixes and laboratory

devices. All sample dilutions were prepared simultaneously using DEPC-
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treated and nuclease-free water (Fischer Scientific, USA), and stored dilutions
were kept at 4 °C during the week of the experiments. Primers were stored in
aliquots at -20 °C. All samples and primers were stored using only low
adsorption tubes (Eppendorf, Germany).

In addition, the possible interference of wheat DNA in Streptomyces and
Fusarium quantification was checked adding 5 ng of wheat DNA extracted
from untreated samples as previously described. Three replicates of each
dilution (5, 0.5, 0.05, 0.005, and 0.0005 ng) of fungal and bacterial DNA were
prepared and used to build the respective standard curves. Two non-template
controls (NTCs) were used: water-only and background DNA-only samples.
The reaction efficiency and determination coefficient (R?) were calculated
based on the obtained Cq values. As there was no influence on Cq values due
to the presence of wheat DNA (data not shown), all the experiments were
carried out with standard curves that were freshly prepared with
diethylpyrocarbonate (DEPC)-treated and nuclease-free water (Fischer
Scientific, USA).

The gPCR reactions were carried out using an Applied Biosystems
QuantStudio 3 PCR Systems (Thermo Fisher Scientific, USA) in standard
mode. The amplification mix consisted of 2x PowerSYBR Green PCR Master
Mix (Applied Biosystems, Thermo Fisher Scientific, USA), 0.3 uM of each
primer, 5 uL template DNA (1 ng/uL) in DEPC-treated and nuclease-free water
(Fischer Scientific, USA) in a total volume of 20 uL. The adopted amplification
protocol was 2 min at 50 °C, 10 min at 95 °C, followed by 40 cycles with 15 s
at 95 °C for denaturation and 60 s at 60 °C for primer annealing, extension,
and data collection. After the amplification reaction, a melting curve analysis
was used to determine the specificity of the amplification products by
incubating them for 15 s at 95 °C and 60 s at 60 °C and then reading the
fluorescence at 0.15 °C increments from 60 to 95 °C. Primer specificity was
verified by the presence of a single peak in the melting curve. Analysis of each
DNA target (Fusarium, Streptomyces, or wheat) was conducted in 96-well

optical reaction plates (Applied Biosystems, Thermo Fisher Scientific, USA)
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covered with Microamp optical adhesive film (Applied Biosystems, Thermo
Fisher Scientific, USA), and included a standard curve for quantification that
was prepared for each pair of primers with F. graminearum PH1 genomic DNA
(Cuomo et al., 2007), Streptomyces spp. DEF09 genomic DNA, and wheat
genomic DNA. The first concentration of the standard curve was 10 ng, then
six dilutions 1:10 (5 ng to 0.00005 ng) were selected based on previous
experiments. Three replicates were performed to check the linearity of the
assay and efficiencies were calculated for each plate. Each sample was also
amplified in triplicate and NTCs were added to each plate in triplicate.

Cq values were obtained by using QuantStudio™ Design and Analysis
Software version 1.5.0 (Thermo Fisher Scientific, USA) and exporting the
amplification results into Excel format. The threshold for the Cqg analysis was
manually adjusted for each amplified target. Outliers among the three
technical replicates were discarded if the standard error of Cq was higher than
0.2. PCR efficiency was calculated from the standard curves using the formula
based on regression slopes, where the efficiency (E) of the different assays
was E = 107%sl°re. Normalization of the curves was obtained using the standard
curves obtained for each plate as calibrator. All the amplification results and
calculations are available in File S3.

The amount (ng) of fungal, bacterial, and plant DNA was calculated using the
adjusted Cq and the selected standard curve. After the transformation of the
DNA amount in copy numbers, Streptomyces and Fusarium values were

normalized with the copy number of wheat DNA for each sample.

Data analysis

All the statistical analyses were performed using R software, version R 3.5.3
(R Core Team, 2019), unless otherwise stated. P < 0.05 was considered
significant.

The whole study was divided into multiple experiments in order to manage the
analysis. Therefore, each set of experiment required separate control

replicates (no-BCA treatment).
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The efficacy of the bacterial antagonist treatment against fungal growth and
DON production was assessed as the difference between controls and treated
samples. Therefore, ergosterol quantification data, Fusarium copy number
(expressed as Fusarium copy number/wheat copy number), and DON level
(expressed as pg DON/mg ergosterol) were subjected to ANOVA followed by
a Tukey HSD post hoc test for multiple comparison.

In addition, the ratio between fungal quantity in control samples and treated
samples was evaluated for ergosterol and gPCR data. In particular, from the
gPCR data for each sample, the average of the ng of fungal DNA in control
samples was divided by the ng of fungal DNA in the treated samples.
Ergosterol ratios were calculated as the average of the ug of ergosterol in
control treatments divided by the ug of ergosterol in the treated samples. The
correlation between the ergosterol and gPCR ratios was then estimated.

In order to understand whether Streptomyces strains developed in the same
way with treatment at 0 and 3 DPI, the Streptomyces copy nhumber data
(expressed as Streptomyces copy number/wheat copy number) from qPCR
were submitted to ANOVA, followed by a Tukey HSD post hoc test for multiple
comparison. In addition, the growth of Streptomyces strains at 0 DPI treatment
was evaluated, comparing Streptomyces copy number in control samples (no-
Fusarium spp.) and those obtained from co-cultured samples (Fusarium spp.

+ Streptomyces spp.). Data were subject to comparison using a t-test.
Results

Streptomyces influence on fungal growth

Four Streptomyces strains (DEF09, DEF20, DEF39, and DEF48) were
selected based on their promising biocontrol features against F. graminearum
obtained in vitro and in planta as assessed in previous studies (Colombo et
al., 2019a, 2019b). Wheat grains were treated with F. graminearum CS3005
and independently with each Streptomyces spore suspension and incubated

for 11 days as described in the Materials and methods section. The effect of
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the Streptomyces strains on fungal growth in flour samples was evaluated at
two different inoculation times (0 or 3 days post-pathogen inoculation; DPI).
The time point of 3 days post-inoculation was selected as this corresponds
with toxin synthesis by the fungus (Ponts et al., 2006). Two methods for fungal
quantification were evaluated (ergosterol and qPCR). Ergosterol
concentration was evaluated by chemical extraction and HPLC analysis. The
gPCR-based Fusarium quantification was carried out based on TRI12, a gene
commonly exploited to quantify trichothecene producers in samples. No
significant quantities of ergosterol or gPCR amplifications were detected in
blank samples (no-BCA or fungal treatment), confirming that the used seeds
were free of F. graminearum (Table S1). In addition, the ratios of the fungal
amount in the control to that in the treated samples were calculated for both
the ergosterol and the gPCR method in order to assess the correlation
between the two quantification methods, and a correlation value of 0.82 was
obtained (Figure S2).

The inoculation of DEF09, DEF20, DEF39, and DEF48 strains at 3 days after
fungal inoculation (3 DPI) were conducted to simulate a treatment of an
already established Fusarium infection, and did not result in any antifungal
effect as measured in terms of ergosterol amounts as well as DNA copy
number (Figures 1, 2). On the contrary, when co-cultured with Streptomyces
strains from the first day of inoculation (0 DPI), the fungal growth was clearly
inhibited by all Streptomyces spp. strains (P < 0.05). All P-values from the
ANOVA analysis are listed in Table S2.
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Figure 1 Ergosterol content (ug/g) quantified in flour samples treated with Streptomyces spp.
DEF09, DEF39, DEF20, and DEF48 at 0 days post inoculation (0 DPI) (A,B) and 3 DPI (C,D)
after 11 days of incubation. The presence of different control replicates (no-biocontrol agent
(BCA) treatment) is due to multiple experiments being performed. Means of four replicates were
subjected to ANOVA and separated according to Tukey’s HSD (honestly significant difference)
test (P < 0.05).
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Figure 2 Fusarium copy number normalized to wheat copy number in flour samples treated with
Streptomyces spp. DEF09, DEF39, DEF20, and DEF48 at 0 DPI (A,B) and 3 DPI (C,D) after
11 days of incubation. The presence of different control replicates (no-BCA treatment) is due
to multiple experiments being performed. The means of four replicates were subjected to
ANOVA and separated according to Tukey’s HSD test (P < 0.05).
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The BCAs were able to limit ergosterol content up to 45%, 52%, 40%, and
60% for DEF09, DEF20, DEF39, and DEF48, respectively. Fusarium copy
number reduction reached up to 70%, 92%, 50%, and 85% for DEFO9,
DEF20, DEF39, and DEF48, respectively. The highest Fusarium inhibition
was recorded for DEF20 and DEF48 treatments, suggesting they were the
most effective strains, and this conclusion was consistent for both the gPCR
and the ergosterol analyses (Figure S3).
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Streptomyces strain fitness in microsilage

To assess the effect of Fusarium presence in the contaminated seeds on the
growth of the four Streptomyces spp. used in this study, a qPCR analysis
targeting the recA gene region of the strains was performed.

In the 0 DPI treatment (Figure 3A), DEF20 and DEF48 showed increased
growth in the presence of F. graminearum which, in the case of DEF48, was
statistically significant in comparison to the other strains (P = 9.79 x 107°).
However, the growth of all Streptomyces strains was reduced when applied 3
days after F. graminearum inoculation. Although the growth of DEF20 and
DEF48 was higher than that of the other two Streptomyces strains, these

differences were not statistically significant (Figure 3B).
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Figure 3 Copy number of Streptomyces spp. normalized to wheat copy humber in the (A) 0 DPI
or (B) 3 DPI treatments. Means of four replicates were subjected to ANOVA and separated
according to Tukey’s HSD test (P < 0.05).
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The fungal quantification confirmed that the antagonists affect pathogen

development in microsilage conditions when co-inoculated with fungus. Since

the fungal pathogen might also reciprocally affect the development of the
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antagonist, we used qPCR to evaluate if the growth of Streptomyces strains
was comparable to that on grains without fungal contamination after 11 days
of incubation at 24 °C. The development of almost all the Streptomyces strains
after 11 days was clearly influenced by the presence of the pathogen (Figure
4). The t-test comparison highlighted the differences among BCA

development in co-culture with CS3005 or when cultured alone (Figure 4).

Figure 4 Streptomyces spp. copy number normalized to wheat copy number in flour samples
after 11 days of incubation. *P < 0.05 was considered significant in the t-test comparison
between control replicates (Streptomyces alone) and 0 DPI treatment (Streptomyces strain +
F. graminearum CS3005).
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DEF09 and DEF39 were clearly inhibited by the presence of the fungus (P =
0.03 and P = 0.00). Despite their reduced growth, they were still able to exert
antifungal activity against the pathogen (Figures 1A, 2A). DEF20 was not
influenced by the co-culture with the Fusarium strain (P = 0.87). Indeed, it
showed the same development as in control flasks (Streptomyces alone).

Surprisingly, DEF48 growth increased in the presence of F. graminearum

CS3005 in comparison with the control treatment (P = 0.03).
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Therefore, DEF20 and DEF48 demonstrated a great ability to colonize the
substrate and to exhibit a strong antifungal effect in the tested conditions
(Figure 1B, 2B).

Influence of the BCA treatment on mycotoxin production in microsilage
conditions

To verify the ability of the biocontrol Streptomyces spp. to limit toxin
production, DON amounts (ug/mg ergosterol) were measured in all the
experiments. Ergosterol content in flour samples were used to normalize
mycotoxin production to fungal mass (Seong et al., 2009). Similarly to what
observed for fungal quantification (Figure 1, 2), when co-cultured (0 DPI), all
four BCAs significantly reduced mycotoxin production (Figure 5A-B). No
significant decrease in toxin amount was recorded when Streptomyces spp.
were applied 3 days after pathogen inoculation (3 DPI, Figure 5C-D).
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Figure 5 Deoxynivalenol (DON) amount (ug/mg ergosterol) quantified in flour samples treated
with Streptomyces spp. DEF09, DEF39, DEF20, and DEF48 at 0 DPI (A,B) and 3 DPI (C,D)
treatment after 11 days of incubation. The presence of different control replicates (no-BCA
treatment) is due to multiple experiments being performed. Means of four replicates were
subjected to ANOVA and separated according to Tukey’s HSD test (P < 0.05).
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Therefore, all strains were effectively able to reduce DON (ug/mg ergosterol)
at 0 DPI treatment according to the following percentages: 71%, 94%, 83%,
and 99% for DEF09, DEF20, DEF39, and DEF48, respectively (Figure S4).

Discussion

Our study contributes to deciphering the interactions occurring between
Streptomyces strains and a toxigenic strain of F. graminearum in a controlled
environment. Direct antifungal activity was observed only when the two
microorganisms were co-inoculated (0 DPI treatment). Therefore, these
results have important implications on the development of BCAs that are

effective in controlling mycotoxin accumulation in grains.
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The fact that the antimycotoxigenic activity is most probably a consequence
of the antifungal activity suggests that the BCA needs to colonize the seed
before the fungus becomes established, and no curative effects can be
expected as confirmed by absence of inhibition of the fungal growth and
mycotoxin production following the treatment at 3 DPI. This might be linked to
the Streptomyces developmental program, which requires colonization of the
substrate with the formation of vegetative mycelium, and only in response to
nutrient depletion and other signals, can morphological differentiation and the
production of bioactive compounds occur (Flardh and Buttner, 2009). Our
results also confirm previous observations where a higher level of mycotoxin
reduction was obtained after treating peanut grains with a Streptomyces strain
in a preventive way (24 h before pathogen inoculation) (Zucchi et al., 2008).
The appropriate strategy of BCA application can substantially improve their
efficacy under complex environmental conditions; indeed, several reports
have highlighted the importance of helping the Streptomyces spp. to get pre-
established in the target substrate before pathogen infections (Newitt et al.,
2019).

Indeed, the different BCA strains had different developments at O DPI.
Although DEF09 and DEF39 showed reduced growth in the presence of
Fusarium in comparison with the control without fungal inoculation, they were
still able to reduce mycotoxin production and fungal growth. DEF20 growth
was not affected by co-inoculation with the pathogen. Surprisingly, DEF48
biomass increased in response to co-culture with CS3005 and, moreover, it
showed the highest inhibition percentage of ergosterol and mycotoxin levels.
Indeed, some strains can also benefit from fungal metabolite production (Mille-
Lindblom et al., 2006) and, during this interaction, the production of antifungal
metabolites can be elicited (Elleuch et al., 2013; Fguira et al., 2008; Zhao et
al., 2013). Therefore, further studies are needed on the interaction with
multiple fungi causing DON accumulation (Pasquali and Migheli, 2014) to
decipher the specific mechanism of activity and the reliability of the BCA in the

environment.
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A key aspect in the selection of BCAs against toxigenic Fusarium spp. is the
evaluation of their ability to counteract mycotoxin production (Martinez Tuppia
et al., 2017). Indeed, the microbial reduction of pathogen development does
not always correspond to a reduction in toxin level (Dalié et al., 2012; He et
al.,, 2009). In the present research, treated samples at 0 DPI not only had
inhibited Fusarium growth but also reduced mycotoxin levels in comparison to
control treatments. A strong level of DON inhibition (ug/mg ergosterol) of
above 94% was recorded for DEF20 and DEF48 in parallel with a strong
reduction of fungal biomass. Indeed, high chitinase activity was already
described for these two strains in a previous study (Colombo et al., 2019b),
but we cannot exclude the contemporary production of other bioactive
metabolites able to suppress pathogen development, a common trait
characterizing the Streptomyces genus (Palaniyandi et al., 2013).
Interestingly, DEF39 showed a remarkable decrease in toxin production (83%)
and the lowest inhibition of fungal biomass (40% of ergosterol inhibition).
Chitinase activity was weak for this strain (Colombo et al., 2019b), suggesting
that within its arsenal of secondary metabolites it also harbors the potential to
regulate toxin production via specific mechanisms that are not linked to
antibiosis alone. Several microbial metabolites have been characterized for
their specific inhibitory activity against aflatoxins produced by Aspergillus
parasiticus, such as dioctatin A, blasticidin A, and aflastatin A (Kondo et al.,
2001; Sakuda et al., 2000; Yoshinari et al., 2010). Future studies will
characterize the metabolites of the strain DEF39 to decipher their bioactivity.
Despite the fact that the DEF09 strain was effective against FHB development
in field conditions (Colombo et al., 2019b), it exhibited a lower antifungal
activity in comparison to DEF20 and DEF48 in this study. It will be of interest
to understand the biocontrol mechanisms elicited by this strain in planta. It is
likely that plant defense mechanisms are also triggered and can be
investigated based on known hormone signaling defense signals (Palazzini et
al., 2018). Moreover, the behavior of the other analyzed strains should be

assessed under complex environmental conditions, such as in field studies,
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where multiple environmental factors can influence the fithess and the activity
of the strains.

Identifying the molecules involved in the specific interactions between the
grains and pathogen will be important for deciphering the mode of action and
to identify the determinants of the antifungal and antimycotoxigenic activity of
these Streptomyces strains, as has been done in other cases (Wang et al.,
2013).

To conclude, the selection of novel BCAs against toxigenic Fusarium spp.
cannot be carried out without taking into account their activity against
mycotoxin production and testing their ability to grow on mycotoxin-
contaminated substrates (Dalié et al., 2012; He et al., 2009; Martinez Tuppia
et al., 2017). Our preliminary results, despite the interesting features of the
strains as potential BCAs against F. graminearum, indicate that they are active
only before pathogen establishment. Therefore, it will be necessary to test the
optimal method of application to achieve toxin reduction under complex
environmental conditions. Future integration of functional genome analysis of
the strains may lead to the identification of effective molecules able to block
fungal growth and modulate toxin biosynthesis (Pasquali et al., 2016b), a
promising approach to developing novel targeted strategies to limit the

damage of toxin accumulation in food and feed (Pani et al., 2016).

Supplemental information for this article can be found online at
https://drive.google.com/drive/folders/13h35atx2IKSJiXGm4bjUDMotQU
MnEETm?usp=sharing
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Chapter 4: Investigation of specialized metabolites from
antifungal streptomycetes

The importance of natural products isolated from streptomycetes is not
restricted to human and veterinary medicine. Indeed, these bacteria have
been evaluated also in agricultural field as plant growth promoting bacteria
(PGPB) for their ability to establish symbiosis with plants (Seipke et al., 2012).
Therefore, a wide range of compounds are produced in order to win the
competition with other microorganisms present in the rhizosphere and to
better colonize the host tissues (Compant et al., 2010). Several metabolites
have been identified to be involved in this interactions and for biocontrol
purposes, such as chitinases (Baharlouei et al., 2010), volatile organic
compounds (Wang et al., 2013) and antifungal agents (Mizuhara et al., 2011).
The genes responsible for this secondary metabolites production are
organized in biosynthetic gene clusters (Bentley et al., 2003; Ikeda et al.,
2003). Antifungal metabolites produced by streptomycetes belong mainly to
the class of polyene macrolides, a particular group of polyketides (Zotchev,
2012). Important polyene macrolides isolated from streptomycetes are the
tetraene nystatin, the heptaene candicidin, trichomycin, ascosin, and
amphotericin B (Waksman et al., 1965). The presence in these molecules of
a series of conjugated double bound facilitate their identification by the
particular light-absorption spectra (Oroshnik et al., 1955). In addition, the
presence of a glycosylic residue attached to the macrocyclic lactone complete
the chemical structure of these natural products, which facilitate the interaction
with fungal membranes, making them permeable to ions and small molecules.
Other macrolides acting as ionophore antibiotics belongs to the class of the
macrotetrolides, which exhibit antimicrobial and insecticidal effects (Ziika,
1998).

The isolation of natural products from microorganisms or plants relies mainly
on different chemical extraction techniques coupled with HPLC-UV and LC-

MS analysis of the crude extracts (Bucar et al., 2013). Quality assessment is
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conducted with the bioassay-guided isolation technique, which help to check
the bioactivity of the crude extracts or fractions against the target organism
and speed up the identification of metabolite of interest (Zhang et al., 2007).
In the last twenty years, genome sequencing and annotation for secondary
metabolic gene clusters became useful for natural product discovery, allowing
the structure prediction and biosynthetic pathway characterization of novel
and already known metabolites (Nett et al., 2009). In this way, the combination
of chemical analysis and genome information helped to develop high quality
natural product library with high structural diversity and interesting bioactivity
The characterization of Streptomyces strains active against F. graminearum
and F. culmorum carried out during this PhD project led to the selection of
three potential biocontrol streptomycetes producing bioactive compounds.
DEF20 and DEF48 were able to limit mycelial development and DEF39
reduced deoxynivalenol (DON) production in microplate bioassay. Therefore,
their antifungal secondary metabolites produced in vitro were investigated in
collaboration with the research group of Professor Barrie Wilkinson at the
Department of Molecular Microbiology (John Innes Centre, Norwich, UK).
Bioassay guided isolation technique was used to identify the metabolites by
evaluating the activity of fractions obtained from agar plate extraction against
the target pathogen. In addition, Illumina sequencing of their genomes was
performed. Crude extracts from co-culture with the fungal strains or alone on
three different agar-media was obtained. By checking their activity against the
target pathogen, we selected the medium used to obtain extracts exhibiting
the highest bioactivity and therefore with the ability to trigger the production of
bioactive molecules. Interestingly, we observed that the presence of the
fungus was not essential for the metabolite production.

Afterwards we further purified the compounds from all the three
streptomycetes. The integration of the antiSMASH bioinformatic analysis to
identify secondary metabolite biosynthetic gene clusters (Blin et al., 2007),
literature searches for antifungal compound composition, analysis of the

active fractions allowed us to identify bioactive molecules produced by three
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strains. Further molecule characterization will be needed to confirm their role
and bioactivity. This work allowed to identify putative new undescribed

molecules and molecules with new bioactivities which can lead to patenting.
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General conclusion

Fusarium spp. causal agents of Fusarium root rot (FRR), foot rot (FFR) and
head blight (FHB) in wheat and barley reduce yield quality and quantity, but
also contaminate grains with mycotoxins, in particular deoxynivalenol,
nivalenol and their acetylated derivatives. The management of these
pathogens in field is already carried out using different control strategies (e.g.
resistant varieties, crop rotation) due to the lack of a complete efficacy of the
use of chemicals. Indeed, the common agricultural practices together with
favourable environmental conditions can influence Fusarium development,
enhancing mycotoxin accumulation. Therefore, biocontrol strategies can be a
feasible option within an integrative approach to manage toxigenic Fusarium
spp. One of the major obstacles in biocontrol research is the lack of
consistency and efficacy of biocontrol agents (BCAs), in particular when the
selected strains in vitro are tested under complex environmental conditions.
In addition, strains able to limit pathogen development are not always
successful in limiting mycotoxin contamination. Given the different type of
toxins produced by strains of the same Fusarium species leading to different
virulence and toxigenic effects, it is worth exploring the efficacy of biocontrol
agents against a subset of Fusarium strains representing the toxigenic variety
existing worldwide. Streptomyces spp. are soil dwelling bacteria, which have
been exploited mainly for antibiotic production in human and veterinary
medicine, but they are becoming important also within the agricultural
framework due their efficacy to promote plant growth and protect from
pathogens. Recently, many streptomycetes have been considered valuable
as BCAs against toxigenic Fusarium spp., but rarely their specific ability to
minimize/detoxify deoxynivalenol production has been considered. In
addition, in the majority of cases, the screening for biocontrol activity is
conducted in vitro or in planta under controlled conditions. Therefore, finding
novel approaches to screen and select microorganisms able to counteract

toxigenic fungi is necessary to better mimic the abiotic and biotic interactions
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occurring in natural environment, but also to take into account the effect on
deoxynivalenol production.

This PhD thesis presents our efforts to select and characterize, with novel
approaches, streptomycete strains taking into account the tripartite
interactions occurring within wheat-Fusarium spp. pathosystem.

A pool of Streptomyces spp. belonging to the collection of Plant Pathology
laboratory of DeFENS (University of Milan, Italy) have been tested for their
ability to act as biofungicides, limiting Fusarium development reducing
disease severity in planta and deoxynivalenol production. Since we were
searching for microorganisms against cereal pathogens, we used
Streptomyces strains showing endophytic habitus in graminaceous plants
together with strains isolated from other substrates as outliers.

The first experimental step of the work has been focused on the evaluation of
the influence of different culture media and Fusarium strain diversity in a
common procedure for screening antifungal agents (dual culture assay). In
addition, we assessed which media used for in vitro selection predict the level
of antifungal activity assessed in planta against FRR and FFR. Dual culture
results have been affected by the adopted parameters: media, fungal strain
and their interactions had an effect on the level of antifungal activity exhibited
by the pool of streptomycetes. Interestingly we observed that the use of
common media for in vitro screening reduced the level of antifungal activity
showed by the strains. In addition, there was a lack of correlation between
results obtaining with media used in dual culture and the antagonisms
observed in planta confirming the inability of common screening procedure to
select effective BCAs. However, we tested a medium based on wheat grains,
which seems to be the most effective one to elicit antifungals production and
give the higher correlation with the observed FRR level of inhibition.

In an effort to improve the selection of biocontrol agents (BCAs) against
toxigenic fusaria, the evaluation of their influence on mycotoxin production is
required. In order to get a high-throughput screening of novel biocontrol

agents (BCASs) or natural products able to inhibit toxin induction and possibly
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its biosynthesis we developed a microplate bioassay exploiting the use of
fluorescence measured over time and a transgenic strain as a predictor of
DON production in F. graminearum under highly inductive conditions (a
particular nitrogen sources). This method avoids the use of chemical
extraction and quantification analysis of the samples which are time
consuming and expensive. In this way, we could identify a promising strain
(DEF39) which was able, under the tested conditions, to completely suppress
the TRI5::GFP protein expression without affecting fungal development.
Further studies are needed to identify the specific secondary metabolite/s
responsible for the observed inhibition.

A second step of the research focused on the evaluation of the plant growth
promotion and biocontrol features in planta of a group of strains against FRR.
Performing germination blotter and soil substrate assays under controlled
environmental conditions we observed that none of the strains were able to
enhance plant germination parameters but one (DEF09) exhibited consistent
efficacy to limit FRR-FFR symptoms severity (protection level > 40%).
Therefore, we tested the strains against FHB and we obtained up to 60% of
protection under field conditions.

On the basis of the obtained results with in vitro and in planta screening we
tested the ability of four streptomycetes (DEF09, DEF20, DEF39 and DEF48)
to reduce deoxynivalenol production in microsilage conditions. We tested two
timepoints of BCA application 1) contemporary infection 2) 3 days post
pathogen inoculation. The antifungal activity against mycelial development
and deoxynivalenol production was observed only when both fungal species
and streptomycetes were co-inoculated, suggesting that preventive
treatments or, worst case contemporary treatments, should be considered for
BCAs efficacy. Interestingly, DEF39 showed a remarkable decrease of toxin
production (83%) and the lowest inhibition of biomass of the fungus (40% of
ergosterol inhibition). This result confirms outcomes obtained in the high-
throughput assay and lead to the hypothesis that the strain arbors the potential

to regulate toxin production via specific mechanisms that are not linked to

179



fungal growth antagonism. DEF48 combined instead the ability to colonize
massively the grain as growth substrate and inhibit efficiently the fungal
biomass together with DON level, acting as biofungicide.

The identification of the antifungal compounds produced by DEF20, DEF48
and DEF39 was carried out in collaboration with the research group of Prof.
Barrie Wilkinson at the Department of Molecular Microbiology of the John
Innes Centre. Bioassay guided isolation technigque coupled with lllumina
sequencing of their genomes were performed. The integration of the
antiSMASH bioinformatic analysis to identify secondary metabolite
biosynthetic gene clusters, literature searches for antifungal compound
composition, and the screening of the UV spectra of the active fractions
allowed us to identify molecules from DEF20, DEF39 and DEF48. The
opportunity for patenting is currently being explored.

Accordingly, to the results obtained in this study, a pool of promising biocontrol
agents was selected acting against fungal development or DON production.
This research highlighted the complexity of finding efficient screening
procedure due to the several interactions occurring in wheat-Fusarium spp.
pathosystem. However, we think that further studies could confirm the activity
in planta as well as lead to the identification of the molecules able to inhibit,

directly or indirectly, mycotoxin production.
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Implications and future directions

The first part of the PhD project addressed the selection of novel
Streptomyces strains using common as well as innovative screening methods.
Dual culture assay is commonly adopted to evaluate antibiosis against the
target pathogen. In many studies, it has been considered inappropriate to
select BCA active in planta (Pliego et al., 2011). However, in vivo tests are not
always a feasible option, as they can be expensive and time consuming.
Therefore, the evaluation of new culture media able to 1) modulate the
production of antifungal metabolites, and 2) resemble the plant tissue, is a
strategy to improve dual culture assays. Indeed, a medium based on wheat
has been proved to better correlate with the antifungal activity observed in
planta (Colombo et al., 2019).

The selection of antagonists of toxigenic fungi should take into account their
ability to reduce mycotoxin contaminations (He et al., 2009). The development
of the microplate bioassay presented in Chapter 2 reduces analysis costs and
lowers the use of chemicals and consumables in comparison with common
chemical analyses. In addition, in the future this bioassay will be applied to
increase the speed and capacity to screen a large set of natural products, as
well as purified compounds.

The microplate experiments allowed to observe an interesting activity of
culture filtrate from DEF39 strain, which suppresses completely the
TRI5::GFP protein expression and the total DON production at the end of the
period of incubation. Future research will address the antimycotoxigenic
metabolites involved. Indeed, previous researches observed the ability of
different natural products to act on the mycotoxin biosynthetic pathway,
without affecting fungal development (Sakuda, 2010). The purified compound
will be applied on wheat heads or in post-harvest to test its activity against
trichothecenes also in planta.

The promising strains evaluated in the manuscripts presented in Chapter 3

showed the ability to reduce head blight and foot rot severity (DEF09) and to
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limit fungal contamination in wheat grains (DEF09, DEF20, DEF39 and
DEF48). The reduction of fungal biomass was positively correlated with a
reduction of mycotoxin accumulation. Therefore, we obtained a pool of
promising BCA to further characterize and ideally develop as commercial
products. DEFQ9, a wheat endophyte, has the ability to counteract F.
graminearum in planta. Induction of plant defense responses could be the
mechanism of action involved, due to the observed activity throughout the
experiments performed (e.g. the modification of root architecture, low
antifungal activity in dual culture). This mechanism has been rarely described
in wheat-Fusarium spp. pathosystem. However, one strain of non-pathogenic
Pseudomonas fluorescens elicited host defense responses and protected
barley heads against F. culmorum infections (Petti et al., 2010). Therefore,
repetition of field experiment will be carried out to confirm the FHB protection,
as well as transcriptome analysis to determine the effect of the bacterial
treatment on the transcriptome of wheat head tissue. For the other strains,
bioassay guided fractionation technique and genome analysis of biosynthetic
gene clusters were combined in order to identify the produced antifungal
metabolites, possibly active against F. graminearum. It is well known that
Streptomyces spp. have evolved the ability to produce chemically different
metabolites at the same time in order to succeed the competition in their niche
(Challis and Hopwood, 2003). The identification of antifungals produced by
the selected Streptomyces strains is essential. Indeed, their application should
be preferred to living Streptomyces applied as BCA, to avoid the dispersion in
the environment of the variety of medical antibiotics they produce (Rey and
Dumas, 2017).

Based on our knowledge, it is the first time that the isolated compounds have
an effect against F. graminearum. Additional experiments will evaluate the

antimycotoxigenic activity of compounds found to be produced by DEF39.
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PhD activities

Collaborations with other research groups

During my PhD | had the chance to work with other research groups. In
particular, in order to test the selected biocontrol agents against
deoxynivalenol accumulation in cereals, | worked with Dr. Claudio Gardana
and research group of Prof. Paolo Simonetti of the Department of Food,
Environmental and Nutritional Sciences of the University of Milan (Italy) in
order to set up a protocol for mycotoxin extraction and quantification in flour
samples.

The isolation of antifungal metabolites from the streptomycetes selected
during the first part of the PhD project was carried out in collaboration with the
research group of Prof. Barrie Wilkinson at the Department of Molecular
Microbiology (John Innes Centre, Norwich, UK) which is one of the major
group working with streptomycete natural products. Therefore, | had the
chance to be a visiting worker in his group for five months (March-July 2018)
and to acquire knowledge about natural product research and genome
analysis for biosynthetic gene clusters. The results have been briefly

described in the last chapter of the thesis.

Conferences
The results obtained during my PhD project have been presented at national

and international conferences.

Oral presentations:
Colombo E.M., Kunova A., Pizzatti C., Saracchi M., Cortesi P., Gardiner D.,

Pasquali M. - “Development of a Fusarium graminearum biosensor assay to
monitor the activity of naturally derived products to control trichothecene
production”, 7" Conference on physiology of yeasts and filamentous fungi,
June 24™-28" 2019, Milan, Italy

Colombo E.M., Kunova A., Pizzatti C., Cortesi P., Saracchi M., Pasquali M. -

“In vitro study of endophytic streptomycetes and their influence on wheat-
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Fusarium spp. pathosystem”, First International Congress of Biological
Control, May 14™-16" 2018, Beijing, China.

Poster presentations:

Colombo E.M., Batey S., Kunova A., Wilkinson B. - “ldentification of
antifungal metabolites from a Streptomyces sp. effective against Fusarium
graminearum and F. culmorum”, XXV National congress Italian
Phytopathological Society (SIPaV), September 16"-18™" 2019, Milan, Italy.

Colombo E.M., Kunova A., Pizzatti C., Saracchi M., Pasquali M. - “Use of
Streptomyces spp. as biocontrol agents of wheat crown rot caused by fusaria”,
poster, ICPP2018: Plant health in a global economy, July 29""-August 392018,
Boston, USA.

Colombo E.M., Gardana C., Kunova A., Pizzatti C., Saracchi M., Pasquali M.
- “Killing or modulating. Selection strategies of streptomycetes limiting
trichothecene type B production in cereals affected by Fusarium” European

Fusarium Seminar, April 8"-11™" 2018, Tulln, Austria.

Colombo E.M., Kunova A., Pizzatti C., Burrone E., Cortesi P., Saracchi M.,
Pasquali M. - “Streptomycetes against fusaria: limiting toxin production and
fungal growth”, XXIII National congress ltalian Phytopathological Society
(SIPaV), October 4"-6" 2017, Piacenza, Italy.

Colombo E.M., Pasquali M. - “Exploring streptomycetes - fusaria interactions
to limit toxin production”, 22nd Workshop on the Developments in the Italian
PhD Research on Food Science Technology and Biotechnology, September
201-22" 2017, Bozen, ltaly.
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Publications

The results obtained during my PhD have been published in:

Colombo E.M., Pizzatti C., Kunova A., Gardana C., Saracchi M., Cortesi P.,
Pasquali M. (2019) Evaluation of in-vitro methods to select effective
streptomycetes against toxigenic fusaria. PeerJ, €6905. DOI:
10.7717/peerj.6905.

Colombo E.M., Pizzatti C., Kunova A., Saracchi M., Cortesi P., Pasquali M.
(2019). Selection of an endophytic Streptomyces sp. strain DEF09 from wheat
roots as a biocontrol agent against Fusarium graminearum. Frontiers in
Microbiology, 10, 2356. DOI:10.3389/fmicb.2019.02356.

In addition, a review of literature was submitted to the special issue “Fusarium
Mycotoxins” of the International Journal of Molecular Sciences in September
20109:

Colombo E.M., Kunova A., Cortesi P., Saracchi M., and Pasquali M. (2019)
Critical assessment of Streptomyces spp. able to control toxigenic fusaria in

cereals: a literature and patent review.

The manuscripts “Selection of Streptomyces strains limiting trichothecene B
production using a TRI5::GFP biosensor assay” and “Fusarium, Streptomyces
and wheat grains: studying the interaction and the effect of inoculation timing
on deoxynivalenol accumulation in vitro” are under final evaluation by the

authors and will be submitted to Toxins.

Advanced course

In order to acquire experience in prokaryotic genome analysis | attended one
week of training course "Annotation and analysis of prokaryotic genomes
using the Microscope platform" organized by the LABGeM, a bioinformatic
team of Genoscope (the French sequencing center), now part of the France
Génomique infrastructure. | acquired basic knowledge in functionalities of the

Microscope platform and bacterial metabolism analyses, exploration and
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annotation. The course has been held in March 2019 at the University of Evry-

Val d’Essone (Paris, France).

Award

- Young researcher in training award for registration to SIPaV Congress
held in September 2019 in Milan.

- Travel award for young researcher participating to the “First International
Congress of Biological Control” held in May 2018 in Beijing (China),

granted by the International Organization for Biological Control (IOBC).
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