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Introduction 

Annual vegetable crops are constantly threatened by the presence of 

soilborne pathogens, whose attacks determine heavy losses (Katan, 2017). 

As opposed to the natural ecosystems, where soilborne pathogens are 

generally more unlikely to cause severe damages, in agricultural systems 

their outbreaks are common and can be highly disruptive. The 

management of the diseases caused by these pathogens is difficult to 

achieve due to several factors, which can be resumed as follows: (i) 

repeated cultural crop cycles of the same susceptible hosts in the same field 

which causes an enrichment of pathogens’ propagules in the soil (Chellemi 

et al., 2016); (ii) ability of soilborne pathogens to survive, act and live in 

the soil even when their hosts are not present, making their control from 

the environment even more difficult. Other agricultural practices, i.e. the 

constant irrigation and the fertilization, may also result in the persistence 

of the pathogens, as also can implement their fitness (Katan, 2017); (iii) 

great efforts have been put on the selection of genetic resistance, and many 

are the commercial cultivars which are resistant to one or more soilborne 

pathogens, although these resistances can be overcome by the pathogens 

when the environmental conditions are particularly favorable or if the 

plants are subjected by severe infections (Gullino et al., 2022). As 

soilborne pathogen control is a major issue in the agricultural systems, the 

main strategy adopted has been for a long time soil disinfestation, which 

consists in the eradication of pests (such as nematodes, fungi, bacteria, 

insects, viruses) and weeds before the start of a cropping cycle, using 

techniques like steaming or fumigation. Several fumigants, volatile liquid-

based agents, were developed and used, starting with chloropicrin in 1927-

1928 against nematodes (Johnson and Godfrey 1932). Among different 
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molecules tested, methyl bromide (MB) became the most used one since 

the half of the 20th century, until its phase-out in 2005 (Katan, 1999; 

Gullino et al., 2003). Nowadays the list of permitted fumigants is limited, 

many of them were banned through the years and the selection of new ones 

is difficult due to the increasing attention above the toxicological and 

environmental issues connected with their use (Gullino et al., 2022). 

Nowadays, the knowledge about soil microbial composition and 

interactions between plants and microorganisms has greatly increased; it 

has been demonstrated that soil health (which also consists in the diversity 

and richness of soil microorganisms) can help to achieve a better control 

of diseases caused by soilborne pathogens (Raaijmakers and Mazzola, 

2012; De Corato, 2020). To prevent fumigants’ side effects on autochthon 

microbial community, chemical soil disinfestation cannot be used as 

principal control strategy for soilborne pathogens. In addition to technical 

and ecological impediments to a wide use of fumigants, in the last two 

decades, consumers’ demand for organic products increased, leading the 

agricultural system to a rearrangement of the disease management sector 

(Klonsky, 2000). The study of alternative control strategies enlightened 

how soilborne diseases outbreaks are not simply the result of the presence 

of both pathogens and susceptible hosts; in fact, many factors both abiotic 

and biotic can alter their ability to infect the plants (Mazzola, 2002). For 

this reason, it is extremely important to approach their management in a 

holistic way that considers not only the elimination of them from the 

environment but also the understanding of their biology to develop 

methods able to obstruct their outbreaks without the impoverishment of 

soil health. In the attempt to find alternative control strategies to soilborne 

pathogens outbreaks, many were the paths studied and applied in the last 

decades, among which can be found: biological control agents (Cook, 
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1993; Vannacci and Gullino, 2000), compost able to confer 

suppressiveness ability to the soil (Bonanomi et al., 2007) and resistance 

inducers (Burketova et al., 2015; Alexandersson et al., 2016). Biocontrol 

agents can act in several ways to protect plants from soilborne pathogens 

infections i.e. antibiosis, predation, faster colonization of the rhizosphere 

area; many of them are already known to be effective, such as strains of 

Trichoderma (Woo et al., 2014), Pseudomonas (Walsh et al., 2001) and 

Bacillus (Paulitz and Bélanger, 2001). Composts are a great source of 

microorganisms (in terms of richness and diversity) which can act as 

biocontrol agents, and of organic substances able to improve plants fitness 

and be used by such microorganisms as source of nutrients whether they 

are soil autochthones or delivered by the composts themselves (Noble and 

Coventry, 2005). The enrichment of composts with antagonistic 

microorganisms is a great strategy, which can allow a better 

suppressiveness of the pathogens (Bonanomi, 2018). Plant resistance 

inducers (PRIs) are substances able to activate the plants’ immune system, 

stimulating the salicylic acid, jasmonic acid and ethylene pathways, 

putting the hosts in an alert status so they are able to respond to pathogens 

attacks in a faster and more efficient way (Sandroni et al., 2020). In 

addition, also microorganisms already known as biocontrol agents and 

composts proved to activate the plants’ defense systems (Shoresh et al., 

2010). Despite the great advancement produced by the research in this 

sector, many gaps are still to be filled. As an example, the efficacy of 

alternative control agents is not always guaranteed, depending on the 

pathosystem and the environmental conditions in which they are applied. 

The consistency of their protective action can be unpredictable especially 

when used in field (Mercado-Blanco and Lugtenberg, 2014; Pirttilä et al., 

2021; Gullino et al., 2022). As already mentioned, one single strategy to 
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manage soilborne pathogens cannot be considered efficient, or at least 

good for a long way usage in years; for such reason it is extremely 

important to study how alternative strategies might work in the attempt to 

defend crop systems from these pathogens (Katan, 2017).  

In this thesis dissertation, three original studies will be presented and 

discussed, each one focused on a different crop: zucchini (Cucurbita 

pepo), pepper (Capsicum annuum) and lettuce (Lactuca sativa). The 

choice of these crops was based on their economic importance and great 

surface destined to the production in Italy and in other countries, having 

about 420630, 247620 and 735470 tons of production in Italy in 2020 

(FAOSTAT, 2022). The short life cycle and reduced dimensions of both 

aerial and root systems guided the choice of these crops; the factors 

mentioned make them perfect hybrids between model plants and crops 

with actual importance in agriculture. For what concerns the pathogens, 

two main soilborne ones were chosen: Phytophthora capsici (Phc) 

(Leonian, 1922) and Fusarium oxysporum f. sp. lactucae (Fol) (Matuo and 

Motohashi, 1967). Phc causes a wide range of diseases on several hosts 

(especially inside the families of Solanaceae and Cucurbitaceae), causing 

root, fruit, foliar and crown rot (Crossan et al., 1954; Erwin and Ribeiro, 

1996). The only propagules of Phc able to survive in soil when the host is 

not present for long periods, are the thick-walled oospores. Infection can 

start from oospore, sporangia or zoospore that reach the plants’ cuticle and 

penetrate it. In many cases, the infection starts with a biotrophic mode, 

switching to necrotrophic one (Stam et al., 2013); this behavior is 

described as hemibiotrophic. The life cycle of Phc is mostly associated 

with the host, after the collapse of the tissues in the necrotrophic phase, the 

oomycete can sporulate. Fol is able to cause disease specifically in lettuce, 

https://bsppjournals.onlinelibrary.wiley.com/doi/full/10.1111/ppa.12616#ppa12616-bib-0035
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but it can also colonize other plant species while the main host is not 

present in the field to persist in the environment between two crop cycles 

(Scott, 2014). In lettuce, Fol causes root rot and wilting; the infection starts 

with a direct contact with the root system, the fungus then enters the xylem 

and starts its biotrophic phase, colonizing the vascular system until it 

switches to a necrotrophic phase that determine the death of the cells; Fol 

also is considered hemibiotrophic. Fol has a great ability to differentiate 

new races, so far 4 have been identified (Matuo & Motohashi, 1967; 

Fujinaga et al, 2001; Fujinaga et al., 2003; Gilardi et al., 2016). The 

pathogen is able to develop resistance to chemical substances and to 

overcome the genetic resistances that are selected and inserted in lettuce 

varieties. Fol is also a seedborne as it is able to pass through infected seeds 

and spread in the field, implying the ineffectiveness of strategies only 

focused on the soil disinfestation before a cultural cycle. Besides the 

importance of the two pathogens chosen for the research here presented, 

P. capsici and F. oxysporum f. sp. lactucae belong to two different phyla, 

respectively: the fungus-like Oomycota and Ascomycota (Matuo and 

Motashi, 1967; Crossan et al., 1954), which makes them very interesting 

to be studied since they can potentially have different responses and 

mechanisms of interaction with the alternative control strategies. The three 

works presented here were focused on the study of different alternative 

strategies to better understand their mode of action and interaction with the 

plants and the soil system; each chapter of this thesis dissertation is 

organized in the form of papers as they were already published or 

submitted to scientific journals. 

  

https://bsppjournals.onlinelibrary.wiley.com/doi/full/10.1111/ppa.12855#ppa12855-bib-0021


7 
 

Outline of the works presented 

Chapter I: A compost treatment acts as a suppressive agent in 

Phytophthora capsici – Cucurbita pepo pathosystem by modifying the 

rhizosphere microbiota  

 

Bellini, A., Ferrocino, I., Cucu, M. A., Pugliese, M., Garibaldi, A. and 

Gullino, M. L.  

Frontiers in plant science, 885. (2020). 

https://doi.org/10.3389/fpls.2020.00885 

 

In the first chapter the pathosystem Phytophthora capsici - Cucurbita pepo 

is considered and studied in a greenhouse pot experiment where twelve 

compost mixtures were tested to evaluate their suppressiveness. At the end 

of the experiment, the disease incidence was evaluated: only one compost 

mixture (green compost enriched with Trichoderma TW2 strain at 10%) 

was able to statistically reduce disease incidence. To understand how that 

mixture was able to do so, an amplicon-based Illumina sequencing (based 

on rRNA gene specific for fungi) was performed on the rhizosphere area 

of the plants treated with that compost mixture in comparison to the ones 

of the plants of the chemical control (treated with metalaxyl) and the 

inoculated untreated control. The spatial division of the taxa found in the 

samples analyzed showed that compost treated plants had a different 

rhizosphere composition compared to the controls. This fact suggests that 

this specific compost may confer suppressiveness to the system considered 

here by altering the rhizosphere microbial composition. This can be a 

possible explanation, but it may also be not the only way. 

 

https://doi.org/10.3389/fpls.2020.00885


8 
 

Chapter II: Calcium oxide, potassium phosphite and a Trichoderma 

enriched compost water suspension protect Capsicum annuum against 

Phytophthora capsici by priming the immune system  

 

Bellini, A., Pugliese, M., Guarnaccia, V., Meloni, G. R. 

and Gullino, L. M.  

Pest Management Science, 77(7), 3484-3490. (2021). 

https://doi.org/10.1002/ps.6401 

 

In the second chapter the same compost enriched with Trichoderma TW2 

(but as compost suspension), a calcium oxide mixture and potassium 

phosphite were used in Phytophthora capsici - Cucurbita pepo 

pathosystem to test their ability to induce systemic acquired resistance 

(SAR) in the host plant. To verify this, the products were applied to the 

root system as drench while the pathogen was inoculated with an agar plug 

directly to the third leaf. A positive control (acibenzolar-s-methyl), and 

two negative controls (untreated and untreated inoculated) were used. The 

treatments were applied 72 and 24 hours before the inoculation. The 

induction of resistance was evaluated through the analysis of the mRNA 

of three specific genes activated by the SAR pathway: CaBPR1, CaPO1 

and CaDEF1 in three different endpoint times: immediately before the 

inoculation, 6 hours later and 24 hours later, by collecting the third leaf. 

At the same endpoint times, an upper leaf from each plant was collected to 

evaluate the accumulation rate of the salicylic acid through HPLC-MS/MS 

analysis. The analyses confirmed that all the treatments over-expressed at 

least one target gene or over-accumulated salicylic acid in at least one end 

point time. These results suggested that in the pathosystem considered, the 

treatments used were able to activate the SAR pathway. 
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Chapter III: Effects of Trichoderma enriched compost, BCAs and 

potassium phosphite on Fusarium wilt of lettuce and soil microbiome 

under intensive cultivation system  

Bellini A., Gilardi G., Idbella M., Zotti M., Pugliese M., Bonanomi G., 

and Gullino M.L. 

In preparation  

 

In the third chapter, two years, two field experiments are presented. The 

pathosystem here considered is Fusarium oxysporum f. sp. lactucae - 

Lactuca sativa. Based on previous works, three integrated pest 

management strategies were applied on seedlings at the greenhouse or in 

the fields right before the transplantation: (i) the same compost enriched 

with Trichoderma TW2 used in the two previous works here presented, 

(ii) a combination of T. gamsii + T. asperellum, Bacillus amyloliquefaciens 

and potassium posphite and (iii) a combination of T. polysporum + T. 

atroviride. All the IPM strategies used lowered the disease severity of 

lettuce wilting caused by Fol and increased the productivity compared to 

the untreated control. To test if the products used in the trials caused 

shifting in the microbial community of the rhizosphere area, the microbiota 

was characterized by high-throughput sequencing of bacterial and 

eukaryotic rRNA gene markers. No differences were found between the 

treated and the untreated plants, yet large differences were found 

comparing the two fields suggesting an important microbial buffering 

effect triggered by the soil.   
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Chapter I: A Trichoderma enriched compost treatment acts as a 

suppressive agent in Phytophthora capsici – Cucurbita pepo 

pathosystem by modifying the rhizosphere microbiota 

 

Bellini, A., Ferrocino, I., Cucu, M. A., Pugliese, M., Garibaldi, A.  

and Gullino, M. L.  

Frontiers in plant science, 885. (2020). 

https://doi.org/10.3389/fpls.2020.00885 

 

Introduction 

Phythophthora capsici Leonian (PHC) is a filamentous pathogen 

oomycete that causes root, fruit, foliar and crown rot over a wide host 

range, including some economically and nutritionally important 

horticultural crops (cucurbits, tomatoes, pepper, eggplant) (Lamour et al., 

2012). In Italy, and throughout the world, summer squash (Cucurbita pepo 

var. cylindrica L.) cultivation is threatened by the natural and human-

derived presence of PHC inoculum (Erwin and Ribeiro, 1996).  Chemical 

control strategies are difficult to adopt, due to the limited number of 

registered chemicals that are permitted and the scalar harvest system 

(Gilardi et al., 2015). However, many efforts have been made to find a 

source of genetic resistance in squash accessions to PHC strains (Michael 

et al., 2019; Siddique et al., 2019), but this approach is still at its beginning. 

For these reasons, alternative PHC control agents are being studied and 

adopted in agriculture. Moreover, one of the most promising and most 

studied techniques to prevent the infection of soil-borne pathogens is the 

application of organic amendments (Megavansi, 2015; Gilardi et al., 2016; 

De Corato et al., 2018c, 2018d). In the last few decades, interest in using 

organic amendments has grown throughout the world, due to the 

possibility of reintroducing recycled biowastes and organic matter into the 

https://doi.org/10.3389/fpls.2020.00885
https://www.sciencedirect.com/science/article/pii/S0261219409000404#bib9
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=56104346200&zone=
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primary production industry, which is connected to the concept of circular 

economy. Among the various organic amendments, compost has been 

studied the most and has been used because of its suppressiveness activity 

(Pugliese et al., 2015; Bonanomi et al., 2018). Nevertheless, since each 

compost can be different from other composts, suppressive action is not 

always guaranteed and, sometimes, a compost can even play a conductive 

role; Bonanomi et al. (2007) redacted a list of researches in this field and 

showed that, out of 2,423 studies, only 54% of the studied composts 

showed suppressive ability. It is also known that a mature compost can 

play both a suppressive and a conductive role as a function of the 

pathosystem (Bonanomi et al., 2010). Soil microbiota plays a major role 

in the suppressive activity of mature composts and, in an attempt to prove 

this, many studies have compared sterilized composts with their not-

sterilized counterparts, and have found that the inactivation of microbiota 

is connected to the loss of suppressive activity (Reuveni et al., 2002; 

Tilston et al., 2002; Papasotiriou et al., 2013; De Corato et al., 2019). Plant 

root exudates have been shown to have the ability to select a specific 

microbiota and influence the colonization of root areas by 

microorganisms; this means that rhizosphere microbiota is closely 

connected not only to the soil, but also to the plant genotype (Weller et al., 

2002; Haas et al., 2005; Bulgarelli et al., 2012; Doornbos et al., 2012; 

Badri et al., 2013; Mazzola et al., 2015). Moreover, the microorganisms 

present in a mature compost are also selected by root exudates, according 

to the need and the genotype of the plant (Antoniou et al., 2017, Cucu et 

al., 2019). Thus, in order to prevent soil-borne diseases when pathogens 

are present in field, it is very important to know which microorganisms 

confer compost suppressiveness according to the type of pathosystem. 

Many studies have investigated the microbial communities present in 
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several composts, but most of them were based on in vitro isolation, which 

has the drawback of excluding non-cultivable microorganisms and 

therefore of not giving a full picture of the entire complexity. 

Moreover,  recent studies have pointed out the importance of using 

molecular cultural independent methods (Cao et al., 2019; Carrasco et al., 

2019; Fernández-Bayo et al., 2019; Sìsìc et al., 2018; Zaho et al., 2019; 

Zhou et al., 2019). The objectives of this work were: to investigate the 

microbiota populations of four different composts by using targeted (Real 

Time PCR) and  non-targeted (amplicon based Illumina sequencing) 

molecular approaches; to test their ability to confer suppressiveness in a 

squash - PHC pathosystem in controlled greenhouse pot trials; to 

investigate, on the basis of the greenhouse trial results, the microbiota 

composition of the best compost treatment, in comparison with an 

untreated and a chemical treatment, by means of the same molecular tools 

used for the compost characterization.  

 

  

https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=16202681000&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=56082764400&zone=
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Materials and methods 

Composts used in this study 

Four different commercial composts were used in this study: i) a green 

waste compost produced in a dynamic composting system for 6 months 

and sifted with a 10 mm sieve (ANT’s Compost V - CV; AgriNewTech 

srl, Italy), ii) the same green compost enriched with experimental BCA 

“Trichoderma spp. TW2” (ANT’s compost M - CM; AgriNewTech srl, 

Italy), iii)  green compost produced in a dynamic composting system for 6 

months and sifted with a 20 mm sieve (ANT’s compost V2 – CV2; 

AgriNewTech srl, Italy) and iv) a municipal biowaste compost produced 

using green and urban organic fraction bio-wastes in a dynamic 

composting system for 4 months (ANT’s Compost B -CB; AgriNewTech 

srl, Italy). At the end of the maturation process, CV, CM, CV2 and CB 

were analyzed in service to establish their chemical compositions (Table 

1). 

Table 1: Chemical composition of the tested composts   

 ANT CV/CM ANT CV2 ANT CB 

pH 7.92 8.08 8.08 

Humidity (%) 42.00 43.10 40.90 

Organic C % w/w dry 21.00 25.80 22.00 

Organic N % w/w dry 1.57 2.36 2.13 

C/N ratio 13.00 9.44 9.16 

Total N % 1.63 1.55 2.40 

Organic  N/total N ratio 96.00 88.45 88.75 

Hg mg/kg dry matter 0.16 < 0.01 < 1.50 

Ni mg/kg dry matter 93.10 11.6 84.00 

Pb mg/kg dry matter 47.90 32.1 39.00 

Zn mg/kg dry matter 143.80 140.10 206.00 

Cu mg/kg dry matter 52.50 56.60 148.00 
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Greenhouse trials 

Summer squash (Cucurbita pepo var. cylindrica L. cv Genovese) seeds 

were sown in seed cells in a peat substrate (Tecno 2, 70% white peat and 

30% clay, pH 5.5–6, N 110–190 mg/L, P2O5 140–230 mg/L, K2O 170–

280 mg/L, Turco Silvestro terricci, Bastia d’Albenga, SV, Italy) and kept 

in a nursery for two weeks at 26±1°C. In the meantime, substrates were 

prepared for potted plants, by adding different percentages of each 

compost (1-10-20% v/v) to the same peat used for sowing. After one week, 

each substrate mixture was infested with 2 g/l of one strain of PHC 

(Agroinnova collection) grown for two weeks in grain-hemp (60:40) 

flasks. A chemical treatment, in which a suspension of metalaxyl (Ridomil 

gold,480 g l -1, Syngenta Crop Protection) and water was used in order to 

reach a final concentration of 50 µl/l of substrate, was carried out at the 

same time as the inoculation. One week after the infestation, the seedlings 

were transplanted into 2 l pots, with 3 plants per pot, and placed in a 

greenhouse kept at 24±1°C. Each treatment was replicated in three 

different pots per trial, with a randomized experiment design. The 

experiment was carried out twice independently.  

 

Disease assessment  

Disease incidence (DI) was evaluated by counting the number of diseased 

plants in each pot twice during the trials, according to the formula: number 

of diseased plants number of total plants x 100; an intermediate disease 

assessment was performed one week after transplantation; the final 

evaluation was performed one week later. The fresh biomass of the plants 

was also weighed. The area under the disease progress curve (AUDPC) 

was calculated according to Padley et al. (1989). 
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Sampling and DNA extraction 

Each compost was collected individually from different and random parts 

of big bags (total volume 50 ml). Two separate DNA extractions were 

carried out for each compost using 100 mg of fresh compost. The 

rhizosphere was collected, at the end of the pot trials, three biological 

replicates were collected from three different pots for each trial, the plant 

roots were shaken to remove any excess peat and the particles that were 

still adhered to the root system were collected in 50 ml vials. Total 

microbial DNA extraction was carried out with EZNA soil DNA kit 

(Omega Bio-Tek, Norcross, GA), following manufacturer’s instructions. 

DNA quantity was assessed using a NanoDrop 2000 spectrophotometer 

(Thermo Fisher Scientific, Waltham MA), while DNA integrity was 

verified by running 5 µl of each sample in a 1% agarose electrophoretic 

gel. 

Real Time PCR assays  

Real Time PCR assays were performed using a StepOne-PlusTM Real-Time 

System (Applied Biosystems, Foster City, CA, USA). The abundance of 

the total fungal (18S rRNA gene) and bacterial (16S rRNA gene) 

communities in the compost samples was determined. The abundance in 

the rhizosphere samples was instead assessed, for the total fungi, total 

bacteria and Phytophthora capsici, with the primers (Lan et al., 2013) and 

under the conditions described by Cucu et al. (2020). Real Time PCR was 

performed for each extraction in triplicate, and the average values were 

then transformed into Log of gene copies per gram of dry compost; these 

data were mediated between two extractions of each sample. Table 2 

summarizes the primers and Real Time PCR conditions. 
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Table 2: Description of the primer sets and amplification conditions of the 

quantitative Real Time PCR assays. 

Gene Primers 
Real Time PCR 

conditions 

18s rRNA gene, total fungal 

abundance 

FR1 (Vainio and Hantula 2019) 
390FF (Vainio and Hantula 

2019) 

45 cycles 
95° 30”, 50° 30”, 70° 60”  

16s rRNA gene, total 

bacterial abundance 

Eub338 (Muyzer, Waal, and 

Uitierlinden 1993) 
Eub51 (Muyzer, Waal, and 

Uitierlinden 1993) 

40 cycles 
95° 30”, 55° 35”, 72° 45”  

PHC, pathogen abundance Pc1F (Lan et. al., 2013) 
Pc1R (Lan et. al., 2013) 

40 cycles 
95°C 30s, 60°C 35s, 72°C 

45s 
 

 

Amplicon-based sequencing 

The mycobiota were evaluated by amplifying the D1 domain of the 26S 

gene using the primers and condition described by Mota-Gutierrez et al. 

(2018). A library preparation was performed according to the Illumina 

metagenomic procedure. Sequencing was performed using a MiSeq 

instrument (Illumina) with V3 chemistry and 250-bp generated paired-end 

reads, following the manufacturer’s instructions. After sequencing reads 

were assembled, quality filtered and processed using QIIME 1.9.0 

software (Caporaso), and the pipeline described by Mota-Gutierrez et al. 

(2018). Centroids sequences of each cluster were manually checked by 

Blast tool to confirm the taxonomic assignment. QIIME was used to rarefy 

the OTU table at the lowest number of sequences per sample and to build 

the OTU table. The OTU table displays the highest taxonomy resolution 

that was reached; when the taxonomy assignment was not able to reach the 

genus level, family name was displayed. The OTU table was used to build 

a Principal Component Analysis as a function of the treatment. An anosim 
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statistical test was used, through the vegan function of R, to identify any 

significant differences as a function of the treatments. The Wilcoxon 

matched pairs test was used to establish the difference in OTUs abundance 

as a function of the treatment. The P value was adjusted by the False 

Discover Rate.  

 

Statistical analyses 

Statistical analyses were performed, with SPSS software (IBM SPSS 

Statistics, Westland, MI, USA), for the disease incidence, fresh biomass, 

AUDPC and Real Time PCR data. ANOVA and Tukey post hoc tests were 

performed to establish the statistical values of the differences (p < 0.05). 

The DI, fresh biomass and AUDPC data were unified for the two separate 

trials.  

 

Availability of the sequence data  

The sequencing data were deposited at the Sequence Read Archive of the 

National Center for Biotechnology Information under BioProject number 

PRJNA580394  
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Results 

Abundance of the total microbial community in four composts 

Analyses were carried out, with Real Time PCR, to describe the 

microbiological assessment in four mature composts, in terms of gene 

abundance expressed as Log of copy-1 numbers per gram of dry matter 

(Figure 1 a-b). The fungal 18S rRNA gene copies per 1g of dry compost 

were between 10.29 and 10.56 for the four composts, while the bacterial 

16S rRNA gene was detected at between 9.48 and 9.84. No statistical 

differences were observed for the fungal or bacterial communities, since 

the four composts showed a similar abundance for these two markers.  

 

 

 

  

 

 

 

 

 

 

Figure 1: Abundance of the fungal 18S rRNA gene (A) and bacterial 16S rRNA 

gene (B) for four composts: CV, CM, CB, and CV2. Different letters indicate 

statistical differences between the four composts, as obtained with the ANOVA 

test and Tukey’s post hoc test. 
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Mycobiota composition of the 4 mature composts used in this study 

A total of 244298 raw reads (2 x 250 bp) were obtained after sequencing. 

After quality filtering, a total of 242702 clean reads were used, with an 

average value of 60675 reads/sample and an average sequence length of 

386 bp. 26S rRNA gene sequencing showed differences between the four 

composts used in this study at a genus level. Thirty-one genera were 

observed (Figure 2), and it was possible to observe a clear predominance 

of a few taxa in all the composts. CV was mostly populated by 

Phialophora (5.5%), Coniochaeta (4.2%) and Aureobasidium (8.5%); 

CV2 showed Penicillium (21.1%), Miceliophthora (9.8%), Coniochaeta 

(2.5%), Cladosporium (10.7%), Aspergillus (8.5%), Arthoderma (13.3%) 

and Pseudoeurotium (5%); CB showed Scopulariopsis (2.6%), 

Pseudeurotium (4%) and Chaetomium (2.9%). CM was mostly populated 

by three main genera: Trichoderma (6.4%), Phialophora (3.4%) and 

Fusarium (11.5%). 
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Figure 2: Relative abundance of the fungal community in the four analyzed 

composts: CV green compost, CV2 green compost, CM green compost with the 

addition of Trichoderma sp. TW2 and CB mixed compost. The OTUs were 

selected by discarding the ones that were not present in the four composts under a 

threshold of 0.5%. 

 

Disease suppression by the compost mixtures 

The Negative Control –non-inoculated- (NC) and Chemical control (CC) 

showed no disease symptoms at the end of both trials. The Inoculated 

Untreated control (UC) showed up to 90% of disease incidence at the end 

of the trials. All the treatments showed a numerical reduction in DI, 

compared to the UC, and all the CM mixtures had the lowest disease index, 

but only samples from CM – 10% showed a statistical reduction of DI, 

compared to the UC (P<0.05), that ranged from 90% to 45%. As far as the 

fresh biomass is concerned, the untreated control showed the lowest value 

of all (5.8 ± 1.9 g), while the highest was for the non-inoculated treatment 

(34.0 ± 2.4 g). Of all the compost mixtures, CM – 10% was the only one 
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that was significantly different from the UC, with an average fresh biomass 

of 26.3 g (P<0.05). 

The area under the disease progress curve (AUDPC) values highlighted a 

similar situation as the DI and fresh biomass: the inoculated untreated 

control (UC) had the highest AUDPC value (351) of all the treatments, but 

only CM – 10% was significantly different from UC, with a value of 137. 

All the data are shown in Table 3, where the results of Trial 1 and Trial 2 

are united.  
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Table 3: Efficacy of the compost mixtures to suppress Phytophthora capsici 

disease on summer squash plants expressed as disease incidence (%), fresh 

biomass (g) and AUDPC values. The letters refer to the Tukey post hoc test, 

which was performed after one-way Anova (P<0.05). 

Treatm

ents 

Diseas

e 

incide

nce 

stand

ard 

error 

Tuk

ey 

AUD

PC 

stand

ard 

error 

Tuk

ey 

fresh 

biom

ass 

stand

ard 

error 

Tuk

ey 

Non-

inoculat

ed 

control 0.00 0.00 c 0.00 0.00 a 34.00 2.40 d 

Untreate

d control 90.00 4.70 a 

351.3

0 28.80 c 5.80 1.90 a 

Chemica

l control 0.00 0.00 c 0.00 0.00 a 32.80 3.10 cd 

CV - 1% 70.00 9.40 ab 

268.8

0 47.30 bc 9.80 3.00 ab 

CV - 

10% 75.00 12.50 ab 

301.3

0 49.10 bc 17.60 5.00 abc 

CV - 

20% 57.50 11.60 ab 

212.9

0 48.60 abc 21.20 2.90 abc 

CB - 1% 67.50 10.60 ab 

251.7

0 41.20 bc 16.60 2.30 abc 

CB - 

10% 67.50 6.60 ab 

226.7

0 30.70 bc 21.50 2.70 abc 

CB - 

20% 72.50 10.30 ab 

286.3

0 42.80 bc 18.10 5.90 abc 

CV2 - 

1% 72.50 13.30 ab 

287.5

0 58.20 bc 10.60 4.20 ab 

CV2 - 

10% 75.00 10.30 ab 

286.3

0 44.90 bc 17.50 3.50 abc 

CV2 - 

20% 70.00 6.30 ab 

257.5

0 30.60 bc 18.70 4.30 abc 

CM - 

1% 55.00 9.40 ab 

245.4

0 44.00 bc 12.40 3.10 ab 

CM - 

10% 45.00 9.10 b 

137.1

0 36.70 ab 26.30 3.30 bcd 

CM - 

20% 55.00 12.90 ab 

181.3

0 49.10 abc 21.70 2.90 abc 
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Abundance of fungi, bacteria and PHC in the rhizosphere of UC, CC 

and CM – 10% 

Since the only effective treatment was CM – 10%, molecular analyses 

were carried out using rhizosphere soils collected at the end of the trials 

for the Untreated Control, Chemical Control and CM – 10% treatments. 

Data from two trials are shown in Figure 3(a-c). No differences are evident 

for the abundance of fungi and bacteria between the three treatments. The 

specific PHC gene was found in both the untreated control and in the CM 

– 10% treatment at levels of 3 and 2.82, respectively [Log of copy-1 

numbers per gram of dry matter], while it was not found in the chemical 

treatment.  

 

Mycobiota composition of the rhizosphere soils 

The total number of paired sequences obtained from samples reached 

884148 raw reads. A total of 784797 reads were obtained after quality 

filtering, with an average value of 35672 ± 17772 reads/sample, and a 

mean sequence length of 393 bp. The Alpha diversity index showed a 

satisfactory coverage for all the samples (> 96%) but did not show a 

different level of complexity on the basis of the treatment. No significant 

difference in mycobiota composition or in alpha diversity index was 

observed, and the data were therefore averaged. 

Taking into account the microbiota composition at the highest taxonomic 

level (Figure 4), it is possible to observe a core mycobiota, composed of 

Fusarium, which reaches about 3% of the relative abundance in the control 

samples (UC), 1% in the compost (CM – 10%) and 2% in the chemical 

treatment (CC); Glomus,  which reaches 9, 5 and 15% in UC, CM – 10% 

and CC, respectively; Penicillium, which reaches 6, 1 and 4%, of the 

relative abundance in UC, CM – 10% and CC, respectively; 
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Saccharomycetales, which reaches 4, 1, and 3 %,  Torrubiella, which 

reaches 2, 2 and 1%; Trichoderma, which reaches 10, 12 and 7% 

and  Zygoascus, which reaches 1, 1 and 3%, respectively (Figure 4). A 

further separation of the samples, based on the treatment, was also 

observed, through the Principal Component Analysis (PCA, Figure 5), and 

the result was confirmed by means of the ANOSIM statistical test (P= 

0,003). Moreover, it was possible to observe a clear separation of the 

samples treated with compost, while the chemical treatment and control 

ones clustered together (Figure 5). By taking into account the significant 

difference in the OTUs among treatment (FDR < 0.05), it was possible to 

observe that the compost treatment (CM – 10%) was characterized by the 

presence of minor fraction OTUs. In other words, a higher presence of 

Chaetomiaceae, Microascaceae, Arthrographis, Myceliophthora and 

Phialophora was observed (Figure 6), while Penicillium and 

Pseudeurotium were reduced in the compost treated samples, compared 

with UC and with CC. It should be observed that Didymella was reduced 

by both treatments, compared with the controls (Figure 6). 

 

  



30 
 

 
Figure 3: Abundance of the fungal 18S rRNA gene (A), bacterial 16s rRNA gene 

(B), and PHC specific gene (C) in the rhizosphere samples at the end of the trials: 

untreated control (UC), chemical control (CC), and CM – 10% treatment. Three 

biological replicates were collected from three different pots per treatment and for 

each trial. PHC means Phytophthora capsici. Data from the two trials were analyzed 

separately and then averaged. Different letters indicate statistical differences between 

the treatments obtained with the ANOVA test and the Tukey’s post hoc test.  
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Figure 4: Relative abundance of the mycobiota in the rhizosphere samples at the end 

of the trials: untreated control (UC), chemical control (CC), and CM – 10% 

treatment. Three biological replicates were collected from three different pots per 

treatment and for each trial. Only OTUs which showed an incidence above 0.2% in 

at least two samples are shown. The data from replicates were averaged. 
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Figure 5: Principal component analysis based on the mycobiota composition referred 

to the rhizosphere samples at the end of the trials: untreated control (UC), chemical 

control (CC), and CM – 10% treatment. Three biological replicates were collected 

from three different pots per treatment and for each trial. The samples are color-

coded according to the treatment. 
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Figure 6: Boxplots showing the relative abundance of the differentially abundant 

OTUs based on the Wilcoxon matched pairs test (FDR ≤ 0.05) of the rhizosphere 

soil samples at the end of the trials: untreated control (UC), chemical control 

(CC), and CM – 10% treatment. Three biological replicates were collected from 

three different pots per treatment and for each trial. The boxes represent the 

interquartile range (IQR) between the first and third quartiles, and the line inside 

represents the median (2ND quartile). The whiskers denote the lowest and the 

highest values within 1.56 IQR from the first and third quartiles, respectively. 

The circles represent outliers beyond the whiskers. 
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Co-occurence co-exclusion analysis of the mycobiota of the 

rhizosphere soils 

The OTU co-occurrence/exclusion pattern of the rhizosphere soils is 

shown in Figure 7, where only significant correlations are reported (at a 

false discovery rate [FDR] of <0.01). As far as the main OTUs shared in 

the datasets are concerned, we observed that Trichoderma co-occurs with 

Artrhographis, Myceliophtora, Phialophora and Glomus; Verticillium co-

occurs with Alternaria and Cladosporium, while there is co-exclusion with 

Rizophus; Penicillium shows co-exclusion with Artrographis, Limacella 

and Endomyces, while it co-occurs with Chaetomium; Aspergillus co-

occurs with Myceliophtora and shows co-exclusion with Endomyces; 

Alternaria co-occurs with Cladosporium, Limacella and Verticillium, 

while it co-excludes with Zigoascus; Fusarium co-occurs with 

Hypocreales and Psillocybe. 
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Figure 7: Significant co-occurrence and co-exclusion relationships between the 

OTUs of the rhizosphere soil samples at the end of the trials. Three biological 

replicates were collected from three different pots per treatment and for each trial. 

The figure presents a Spearman’s rank correlation matrix (FDR < 0.01). The color of 

the scale bar denotes the nature of the correlation, with 1 indicating a perfect positive 

correlation (dark blue) and –1 indicating a perfect negative correlation (dark red). 
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Discussion 

Differences in the microbial load of the 4 composts used in this study 

Real Time PCR assays of the absolute abundance of genes have shown 

that all the composts had a high number of bacteria and fungi, confirming 

that all of them were potential sources of inoculum for agricultural 

applications. The mycobiota composition analyzed with amplicon-based 

sequencing showed differences between the 4 composts, as already 

reported for composting procedures, and the choice of the wastes is 

involved in the selection of the mycobiota (Anastasi et al., 2005; Neher et 

al., 2013). CV and CM were the same green composts, but CM was added 

with Trichoderma sp. TW2 strain, it is interesting to observe the 

difference, in terms of the relative abundance of the fungal genera, 

between these two strains, which suggests that the composition of mature 

systems, such as a green commercial compost with a strong microbiome, 

can also be altered. 

Disease suppression 

The disease assessments showed that, of all the compost mixtures, CM was 

the most effective one, but only CM – 10% was able to suppress the disease 

in the summer squash-PHC pathosystem, and to reduce the disease 

incidence by 50%, compared to the untreated control. The fresh biomass 

and AUDPC were in accordance with the disease incidence, these results 

were in accordance in both experiments. CV, which is the same mature 

compost as CM, but without the addition of the Trichoderma sp. TW2 

strain, was not able to control the disease in any mixture concentration. 

This datum suggests that the enrichment of mature composts with 

biological control agents may be a good strategy for this pathosystem. In 

addition, Trichoderma was effective against PHC, as already reported by 
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many authors (Ahmed et al., 2000; Ezziyyani et al., 2007; Lorito et al., 

2010; Bae et al., 2011), but a previous study conducted in field (Gilardi et 

al., 2018) showed that, against Fusarium wilt in lettuce, the application of 

Trichoderma TW2 alone was less effective compared to use of CM 

compost. This datum suggested that the combination of both BCA and 

compost would have been a better option also for the pathosystem 

considered in this research. 

Bonanomi et al. (2018) reviewed several works on BCA compost 

enrichment and pointed out that this could be the most promising way to 

achieve a long-term suppressiveness against soil-borne pathogens. In this 

context, the study of different composts, with the addition of different 

BCAs for several pathosystems, helps to clarify and identify the best one 

to use. On the other hand, biocontrol agents can be selected by composts 

that showed a high suppressive action and can be used as inoculum to 

enhance the ability of other systems to suppress soil-borne pathogens 

(Pugliese et al., 2008). Surprisingly CM – 20% treatment did not 

statistically suppress PHC disease incidence, the reason is still not clear, 

but it can be hypothesized that the complex interactions among compost’s 

microbiota and rhizosphere’s one could be modified when too much 

compost is added to the peat, regardless further analyses will be performed 

to investigate this phenomenon. 
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Differences in the microbial load of the rhizosphere  

Real Time PCR of the total gene abundance showed no differences in the 

rhizosphere soils at the end of the trial for the CM – 10 % treatment, 

chemical treatment and untreated control for the bacterial and fungal 

communities. Interestingly, the PHC gene was found in the CM – 10% 

treatment and Untreated control at similar levels, while it was not found in 

the Chemical treatment, thus suggesting that the reduction in the disease 

incidence in the CM – 10% treatment was not due to less development of 

the oomycete, but could instead be due to either the complex interaction 

between Trichoderma and others microorganisms, or the induction of 

resistance, which has already been reported to be stimulated by composts 

and Trichoderma spp. on many pathosystems (Vallad et al., 2003; Sang et 

al., 2010; Martínez‐Medina, 2017; Savitha and Sriram, 2017), or even to a 

combination of both. As for the mycobiota composition in the CM – 10% 

treatment, it was possible to observe that Chaetomiaceae and 

Microascaceae were higher than in the Untreated and Chemical controls. 

Chaetomiaceae is a family composed of cosmopolitan genera, commonly 

found in the air and soil (Rodríguez et al., 2002),  that has already been 

related to beneficial actions, such as the suppression of Lisianthus 

Fusarium wilt (Zhou et al., 2019), antibacterial activity (Chovanová and 

Zámocký, 2016) and putative Entomopathogenic activity against Khapra 

Beetle (Mohammed et al., 2019). The high presence of Microascaceae in 

a compost is not surprising, since this family has already been reported to 

increase during compost maturation (Galitskaya et al., 2017). 

Interestingly, the levels of Penicillium were lower in the CM – 10% 

compost treatment than in the Chemical and Untreated control, thus 

suggesting that this compost treatment could be able to lower the 

percentage of this genus, which is a well-known plant pathogen and 

https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=42762363600&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=36626241400&zone=
https://www.sciencedirect.com/science/article/pii/S1878614616301234#bib32
https://www.scopus.com/authid/detail.uri?authorId=57191268368&amp;eid=2-s2.0-85069194671
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mycotoxin producer (Olsen et al., 2019; Schmidt-Heydt et al., 2019, 2019; 

Vidal et al., 2019; Zinedine and El Akhdari). PCA analyses clustered the 

CM – 10% treatment in a separate spatial dimension from the Chemical 

and Untreated controls. The chemical control and untreated control 

clustered together in the PCA analyses, but the disease incidence was zero 

in the chemical control, thus suggesting that the fungicide used in this 

study was effective against Phytophthora capsici but did not alter the 

rhizosphere mycobiome, compared to the untreated control, while the CM 

– 10% treatment altered the equilibrium of the rhizosphere. This datum is 

further confirmation of the CM suppressive action conferred by the 

microbial community as a result of the interaction of the Trichoderma sp. 

TW2 inoculum. 

Co-exclusion and co-occurrence 

The co-occurrence and co-exclusion analyses highlighted that 

Verticillium, Alternaria and Cladosporium occurred together, which is 

interesting because of the well-known pathogenic activity of these three 

genera (Klosterman et al., 2009; Rotem, 1994; Crous et al., 2017; Benschet 

al., 2012). The fact that these three genera co-occurred in the rhizosphere 

samples suggests their potential cooperation in biotic stressed plants. 

In addition, we observed that Trichoderma co-occurred with Glomus, the 

genus considered the one that contains the highest number of arbuscular 

mycorrhizal species (Schwarzott et al., 2001). This data suggests that a 

beneficial effect of Trichoderma is guaranteed in the rhizosphere 

environment, not only as a suppressive agent against Phytophthora 

capsici, but also by improving the rhizosphere microbiome in terms of 

quality. 

 



40 
 

Conclusions 

This study, which involved 4 different composts in a greenhouse pot trial, 

points out the potential of 12 compost-peat mixtures to prevent 

Phytophthora capsici infection against summer squash. Of all the compost 

treatments, only CM – 10% was able to suppress PHC.  An investigation 

was therefore conducted on the microbiome composition of: i) the 

rhizosphere soil at the end this treatment, ii) the chemical control and iii) 

the untreated control, to understand whether there was a reliable 

connection with suppressiveness. The mycobiota core composition of the 

CM – 10% treated pots clustered separately, compared to CC and UC. 

Further investigations are necessary to obtain a deeper understanding of 

how this protection is conferred to this pathosystem and how, if possible, 

to predict the suppressive capacity of mature composts against this 

disruptive oomycete. 
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Introduction 

Phytophthora capsici is a filamentous soilborne oomycete considered one of the 

most disruptive pathogens of some vegetable crops, representing the main 

problem on pepper (Capsicum annuum) (Leonian, 1922). The diseases 

caused by P. capsici depend on the site of infection, ranging from root, fruit, 

foliar to crown rot (Ristaino, 1990). Disease management is focused on several 

management tools including agronomical strategies, chemical fungicides and 

soil disinfestation (Hausbeck, 2004). A good control of the disease was 

guaranteed with the use of fungicides belonging to phenylamide class 

(PAF), in particular metalaxyl and its enantiomer mefenoxam. However, the 

fact these molecules have a specific site of action together with some aspects 

of P. capsici biology, i.e., the sexual recombination through oospores 

production when two mating types are paired and the mutations in zoospores 

genome mediated by UV light since sporangia are hyaline (Bruin and 

Edgington, 1982), led to the selection of some resistant strains. On the other 

hand, pepper plant breeding is promising but not resolutive: resistant varieties 

have often worse horticultural characteristics (granke et al., 2012). Moreover, 

it has been proved that genetic resistance might be effective only against some 

specific strains of P. capsica (Foster and Hausbeck, 2010). For these reasons, 

integrated management of Phytophthora blight is highly recommended. 
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Beyond the agronomical practices, such as increasing water draining, 

decreasing watering if not necessary and destroying infected plants, further 

control strategies need to be developed and implemented in practice. Among 

them, one interesting technique is the use of the so-called Plant Resistance 

Inducers (PRIs): inorganic salts, microorganisms and biomolecules able to 

prime the plant immune system guaranteeing a more efficient and quicker 

response to pathogens’ attack (Alexandersson et al., 2016). PRIs, acting on the 

host plants rather than targeting directly the pathogen, have several 

advantages: (i) they are considered safer for both environment and human 

health compared to chemical fungicides, since they are not focused on biocide 

mode of action (ii) they can be used on several pathosystems, and (ii) they are 

less able to induce resistance in target pathogens (Oostendorp et al, 2001). More 

specifically, PRIs act triggering two different molecular pathways through 

different stimuli: the systemic acquired resistance (SAR) and the induced 

systemic resistance (ISR). SAR is salicylic acid dependent, it can be activated  by 

both biotic and abiotic factors and it is able to prime the plant immune system 

against biotrophic and hemibiotrophic pathogens (Gozzo and Faoro, 2013). 

ISR is regulated by jasmonic acid and ethylene, it is generally activated by 

symbiosis with bacteria and fungi and it works  against necrotrophic 

pathogens (Pieterse et al., 2014). The activation of salicylic acid dependent 

pathway leads to overexpression of genes encoding defence proteins such as: 

the pathogenesis related proteins (Linthorst and Van Loon, 1991), the defensins 

(Lay and Anderson, 2005) and the peroxidases (Do et al., 2003). Based on 

previous experiments showing treatments able to reduce the disease severity 

and incidence on a wide range of pathosystems (Pugliese et al., 2018; Gilardi 

et al., 2020 a-b; Gullino et al., 2020), two mineral salts (potassium phosphite 

and calcium oxide) and a compost enriched with a Trichoderma strain (Cucu et 

al., 2020), were selected to understand their mode of action; acibenzolar-s-
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methyl was used as a positive control of resistance induction (Buonaurio et al., 

2002). Potassium phosphite has already been proved to be effective in 

stimulating the SAR in model species like Arabidopsis and potato (Olivieri et 

al., 2012; Mohammadi et al., 2020). Several compost treatments were 

demonstrated to enhance the immune systems of plants against different 

pathogens (Sang et al., 2010; Segarra et al., 2013). Moreover, Trichoderma spp. 

were demonstrated as able to activate the systemic acquired resistance pathway 

(Ahmed et al., 2000; De Sousa et al., 2020). Trichoderma sp. TW2 enriched 

compost has been used to prevent P. capsici infection against summer squash 

(Bellini et al., 2020); its mode of action was related with the alteration of 

rhizosphere mycobiota, but induction of resistance was also hypothesized. 

Calcium oxide was demonstrated to be effective in different pathosystems 

(Pugliese et al., 2018; Gilardi et al., 2020), similarly, it is known that calcium 

ions are involved in the SAR pathway (Schneider-Müller et al., 1994; Guerra 

et al., 2020). The aim of this work was to demonstrate the ability of the 

treatments chosen to act as PRIs in C. annuum against P. capsici. The 

investigation was conducted by studying: (i) the expression level of three 

genes representing the most studied and important families of SAR related genes 

(CaPO1 –peroxidases, CaPBR1 – pathogenesis related proteins and 

CaDEF1 - defensins) (Wong et al., 2007; Pandey et al., 2017) through RT-

Real-Time PCR assays, and (ii) the accumulation rate of salicylic acid 

through HPLC-MS/MS analysis.  
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Materials and methods  

Setting of the experiments  

The experiment was conducted using 40 plants for each treatment. Twenty 

plants for each treatment were used to sample the leaves for chemical and 

molecular analysis, while the other 20 plants were used for the assessment 

at T48 (48 hours after the inoculation) of mycelium growth, which was 

performed measuring the expansion of the lesion. The experiment was 

carried out twice independently.  

Statistical analyses  

The homogeneity of the data (Levene's test) allowed to unify the two trials. 

Statistical analyses were performed using the SPSS software (IBM SPSS 

Statistics, Westland, MI, USA). ANOVA and Duncan post hoc tests were 

performed to establish the statistical values of the differences (P < 0.05) 

for all data collected (damage on the leaf, molecular and chemical 

analyses).  

Plant material and inoculum  

Capsicum annuum seeds were sown in a peat substrate (Tecno 2, 70% 

white peat and 30% clay, pH 5.5–6, N 110–190 mg L−1, P2O5 140–230 

mg L−1 , K2O 170–280 mg L−1 , Turco Silvestro Terricci, Bastia 

d'Albenga, SV, Italy) and left in a growth chamber at 24 ± 1 °C for 3 

weeks. After that, seedlings were transplanted with one plant for every pot 

(7 × 7 cm) filled with the same peat used for the germination. A strain of 

P. capsici from the Agroinnova collection (1/63) was grown at 24 ± 1 °C 

in corn meal agar plates for 1 week before the inoculation.  

Treatments and inoculation  

Potassium phosphite, calcium oxide and acibenzolar-s-methyl were 

prepared dissolving commercial products in deionized water as in Table 
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1. Compost water suspension (Compost w.s.) was prepared in flasks with 

50% of green compost fortified with Trichoderma sp. TW2 (ANT's 

Compost M, AgriNewTech srl) and 50% of deionized water kept stirring 

overnight. After that, the supernatant was filtered with paper to remove 

the compost. The compost used was the same already applied in previous 

trials (Sang et al., 2010; Pagliarani et al., 2020). Treatments were applied as 

radical drench with an amount of 100 mL per each pot, two times: 72 and 

24 h before inoculation with the pathogen; the not inoculated and the 

untreated control plants were drenched with water. The inoculation of P. 

capsici was carried out after 24 h from the last PRIs treatment, briefly: a 

5 mm (diameter) plug disk of fresh mycelium was cut from Corn Meal 

Agar plates and placed on the third leaf previously moisturized with 

sprayed water. After the inoculation, plants were covered with plastic bags 

to create a moist chamber for 24 h. 

 

Table 1. List and amount of the treatments used in the trials 

Treatment Comme

rcial 
name 

Dosage (a. i.) 
mL or g L−1 

% Active 

ingredient 

Potassium phosphite P2O5 52%, 
K2O 42% 

Alexin 1.03 + 1.05 g 

L−1 

5
2 

+ 
4

2 

Acibenzolar-s-methyl Bion 0.0125 g L−1 50 

Calcium oxide Califol 1.10 mL L−1 22.1 

Compost water suspension ANT's 
Compos

t M 

50% 
compost 

50% water 

— 

Untreated inoculated control — —  

Untreated not inoculated control — —  

 

Analyses of target gene expression  

The third leaf of inoculated and not inoculated plants was collected in 

biological triplicate at three time points: immediately before inoculation 
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(T0), 6 h after inoculation (T6) and 24 h after inoculation (T24). The leaves 

were frozen with liquid nitrogen and stocked at −80 °C until the extraction. 

50 mg of each sample was grinded in liquid nitrogen with pestles and 

mortars previously sterilized for 3 h at 170 °C to eliminate any nuclease. 

The samples were then extracted using the RNase-Free DNase I Kit 

(Norgen Biotek Corp., Canada) following the manufacturer's instructions. 

RNA was quantified using a NanoDrop 2000 spectrophotometer (Thermo 

Fisher Scientific, Waltham, MA, USA). DNA contamination was 

eliminated using the TURBO DNA-free™ Kit (Thermo Fisher Scientific, 

Waltham, MA, USA) following the rigorous treatment as in the 

manufacturer's instructions. The samples were retrotranscribed with High-

Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, 

Waltham, MA, USA). The obtained cDNA was analysed in biological and 

technical triplicate using a StepOne-PlusTM Real-Time System with the 

Power SYBR™ Green PCR Master Mix (Applied Biosystems, Foster City, 

CA, USA). Three key genes of the systemic acquired resistance were 

analysed to assess their expression levels: CaPBR1, CaPO1 and CaDEF1, 

while CaActin (the actin gene) was used as housekeeping gene. The primer 

(Zhang et al., 2019) list and the RT Real-Time PCR conditions are described 

in Table 2. The expression levels of the target genes were calculated 

through 2−ΔΔCT method.   
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Table 2. Description of primer sets and amplification conditions of RT Real-
Time PCR assays 

 
Gene 

 
Primers 

Real time PCR 

conditions 

Pathogenesis related CAPR1-F 40 Cycles 

protein (PR)1 - CaBPR1 CAPR1-R 95° 1000, 56° 3000, 72° 3000 

Defensin - CaDEF1 CADEF-F 40 Cycles 

 CADEF-R 95° 1000, 56° 3000, 72° 3000 

Peroxidase - CaPO1 CAPO1-F 40 Cycles 

 CAPO1-R 95° 1000, 56° 3000, 72° 3000 

Actin - CActin2 CACTIN2-F 40 Cycles 

 CATIN2-R 95° 1000, 56° 3000, 72° 3000 

All primers and amplification conditions were taken from Zhang     et al (2019) 

 

Chemicals and reagents  

HPLC-grade acetonitrile, methanol, acetic acid and formic acid were 

purchased from VWR International (Radnor PA, USA) and Sigma-Aldrich 

(St Louis, MO, USA). Water was obtained using a Milli-Q water 

purification system (G. Maina, Pecetto Torinese, Italy). The standard 

compound salicylic acid (purity ≥99%) was supplied by Sigma-Aldrich (St 

Louis, MO, USA). Two stock standard hormone solutions were made in 

methanol at the concentration of 1000 and 10 μg mL−1, respectively, and 

both stored in the dark at −20 °C, while a standard working solution was 

prepared daily by diluting the standard stock solution to obtain calibration 

curve. 

Extraction and HPLC-MS/MS analysis of salicylic acid 

Phytohormone analysis from pepper leaves was performed following the 

procedure previously reported by Pagliarani et al. (2020), with minor 

modifications. Pepper leaves samples were frozen in liquid nitrogen and 

homogenized with mortars and pestles. About 0.2 g of sample was 

accurately weighed, transferred to 2 mL centrifuge tube and dissolved in 2 
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mL of extract solution (methanol: water, 80:20, v/v and acidified with 

0.1% acetic acid). The solution was shaken at 4 °C overnight in the dark 

and filtered with a 0.2 μm cellulose filter. Finally, the supernatant was 

analysed by HPLC-MS/MS. Quantification of salicylic acid was 

performed using a 1260 Agilent Technologies system consisting of a 

binary pump and a vacuum degasser, connected to a Varian autosampler, 

Model 410 Prostar (Hansen Way, CA, USA), equipped with a 20 μL loop 

coupled to a Varian 310-MS TQ Mass Spectrometer. A Luna 3 μm phenyl-

hexyl (150 × 2 mm, Phenomenex, Torrance, CA, USA) under a flow of 

200 μL min−1, was used for the chromatographic separation. Solvent A was 

H2O, while solvent B was CH3CN, both acidified with 0.1% formic acid. 

The gradient elution was programmed as follows: 0–7 min isocratic 40% 

solvent B, followed by a linear gradient from 40% to 100% B in 5 min and 

holding at 100% B for 4 min. The injection volume was 10 μL and the 

mass spectrometer was operated in the ESI (electrospray) positive 

ionization mode using multiple reaction monitoring (MRM) mode. The 

quantification ion transitions selected was 137 > 93 (16 eV). The collision 

gas (Ar) pressure was set at 2 mbar for all experiments. 

  



61 
 

Results 

Containment of P. capsici growth  

The symptoms on the leaves were assessed 48 h after the inoculation, 

measuring the diameter of the oomycete growth (mm). All treated plants 

showed a statistical reduction of the oomycete growth (Fig. 1) compared 

to the one recorded on the leaves of untreated plants. Average values of 3, 

4, 4.6 and 4.8 mm were observed in compost water suspension, 

acibenzolar-s-methyl, potassium phosphite and calcium oxide treated 

plants, respectively, compared to an average value of 18 mm measured on 

the leaves of untreated plants.  

 

Figure 1. Containment of P. capsici growth in the inoculated leaves compared assessed as diameter (cm) of the 

damage after 48 h post inoculation. The asterisk specifies the significant difference obtained with On-way Anova 

followed by the Duncan post-hoc test. 

Chemical analyses 

At T0, potassium phosphite and acibenzolar-s-methyl treated plants 

showed statistical overaccumulation of salicylic acid compared to 

untreated ones (respectively 760.2, 684.4 and 452.6 ng g−1), while calcium 

oxide (548.6 ng g−1) and compost suspension (431.7 ng g−1) treated plants 

did not statistically differentiate from the control. At T6, no plant showed 
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statistical overaccumulation compared to the control, ranging from a 

minimum of 482 ng C. annuum (compost treated) and a maximum of 563.3 

ng C. annuum (not inoculated untreated control). At T24, potassium 

phosphite, calcium oxide and compost water suspension treated plants 

(603.1, 528.5 and 521.6 ng g−1) overaccumulated salicylic acid compared 

to acibenzolar-s-methyl (497.2 ng g−1) and the untreated (413.9 ng g−1) and 

not inoculated (399.9 ng g−1) controls. Data shown in Fig. 2.  

 

 

Figure 2. Accumulation of salicylic acid in the upper leaves at T0, T6 and T24 (post 

accumulation). Data were evaluated by HPLC-MS/MS analysis. Letters refers to 

Duncan post-hoc test performed after one way Anova. Data from first and second 

replication are here condensed. 

 

Analyses of target gene expression  

CaBPR1 gene was generally more expressed at T0: potassium phosphite, 

acibenzolar-s-methyl and calcium oxide treated plants showed 

overexpression compared to the untreated control (respectively 8, 5, and 4 
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times). At T6, calcium oxide treated plants showed no statistical difference 

compared to the untreated not inoculated control. All the others showed a 

significant reduction of CaBPR1 gene expression. At T24, CaBPR1 gene 

was overexpressed in compost water suspension treated plants, while all 

the other plants did not statically differentiate. Peroxidase gene was not 

expressed at T0 in any sample; while at T6 a great overexpression of 

CaPO1 gene was observed in samples from acibenzolar-s-methyl and 

calcium oxide treated plants (49 and 26×) compared to the untreated 

control. At T24, no differences were observed. CaDEF1 gene was 

overexpressed in calcium oxide treated plants at T0; whereas at T6 there 

was a downregulation compared to the untreated not inoculated control. At 

T24, acibenzolar-s-methyl treated plants showed overexpression of 

CaDEF1 compared to the controls. Data were collected in Fig. 3–5, 

respectively for CaPBR1, CaPO1 and CaDEF1.  
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Figure 3. Expression levels of CapPBR1 gene in inoculated leaves (third) at T0, T6 and 

T24 (hours post inoculation). The data were calculated with RT-Real- Time PCR assay 

(CaActin gene was used as housekeeping) and extrapolated through 2−ΔΔCT method. 

Letters refers to Duncan post-hoc test performed after one way Anova. Data from 

first and second replication are here condensed.  
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Figure 4. Expression levels of CaPO1 gene in inoculated leaves (third) at T0, T6 and T24 

(hours post inoculation). The data were calculated with RT-Real- Time PCR assay (CaActin 

gene was used as housekeeping) and extrapolated through 2−ΔΔCT method. Letters refers to 

Duncan post-hoc test performed after one way Anova. Data from first and second 

replication are here condensed.  
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Figure 5. Expression levels of CaDEF1 gene in inoculated leaves (third) at T0, T6 and 

T24 (hours post inoculation). The data were calculated with RT-Real- Time PCR 

assay (CaActin gene was used as housekeeping) and extrapolated through 2−ΔΔCT 

method. Letters refers to Duncan post-hoc test performed after one way Anova. 

Data from first and second replication are here condensed. 
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Discussion 

The adoption of proper management strategies against P. capsici has a key 

role for C. annuum cultivation both in open field and in greenhouse since 

this pathogen represents the major cause of significant economic losses. 

The aim of this study was to elucidate the mechanisms of action of the 

treatments here considered (potassium phosphite, calcium oxide and a 

water suspension from a Trichoderma enriched compost) in the specific 

pathosystem P. capsici – C. annuum. To avoid a possible direct biocide 

effect caused by the treatments, the site of inoculation and the site of 

treatments were spatially divided, the first one was performed on the third 

leaf, while the treatments were given as radical drench as in Zhang et al. 

(2019) The disease severity on the inoculated leaves was calculated as 

diameter of the lesion caused by P. capsici's growth 48 h after the 

inoculation. The treated plants showed a significant statistical reduction of 

the lesions compared to the untreated ones, which could be determined by 

a range of several factors. To better investigate if, among these factors the 

activation of systemic acquired resistance was involved, both chemical and 

molecular analyses were conducted on tissues sampled at three endpoint 

times (T0, T6 and T24). RT Real-Time PCR assay was used to evaluate 

the expression levels of CaBPR1, CaPO1 and CaDEF1 on the third leaves. 

HPLC-MS/MS analysis was performed on upper leaves samples to assess 

the accumulation of salicylic acid in the tissues above the ones colonized 

by the pathogen, since it is known that the hormone generally has an 

acropetal movement inside the plants vascular system (Guedes et al., 1980). 

At T0 (72 and 24 h after the treatments) both overaccumulation of salicylic 

acid (in potassium phosphite and acibenzolar-s-methyl treated plants) and 

overexpression of CaBPR1 and CaDEF1 (in potassium phosphite and 

calcium oxide treated plants) were demonstrated. Genes expressing 
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pathogenesis related proteins are highly inducible by the accumulation of 

salicylic acid (Mandal et al., 2009) and have been proved to be 

overexpressed in potato plants 72 h after the treatments with potassium 

phosphite compared to control (Feldman et al., 2020). Defensins are 

proteins that exert a great antifungal activity (Thomma et al., 2002) helping 

the plants to cope with infections. CaPO1 gene was not expressed at T0 in 

accordance with the literature, since it is highly stress inducible (Kawano, 

2003). The fact that potassium phosphite and calcium oxide treatments 

determined an overaccumulation of salicylic acid and/or overexpression of 

CaBPR1 and CaDEF1 before the inoculation, highlights a clear priming 

effect, suggesting that the induction of resistance in C. annuum by these 

treatments could be helpful not only against P. capsici infection, but also 

against other biotrophic and hemibiotrophic pathogens. At T6 no 

overaccumulation of salicylic acid was observed in the upper leaves, in 

accordance with Rasmussen et al. (1991) where it was demonstrated that 

at least 4–6 h are needed to synthetize the salicylic acid signal in the 

infected tissues and then translocate it. Acibenzolar-s-methyl and calcium 

oxide treated plants showed a great over expression of CaPO1 gene at T6, 

as already proved with other treatments by Wang et al. (2013) confirming 

the involvement of these treatments in the activation of SAR pathway 

leading to a more efficient oxidative burst compared to the untreated 

plants. At T24, overaccumulation of salicylic acid was detected in 

potassium phosphite, calcium oxide and water compost treated plants. 

While acibenzolar-s-methyl treatment was able to overexpress CaDEF1 

gene in accordance with Zhang et al. (2019) where P. capsici induced an 

overexpression of the defensin gene in pepper 24 h after the inoculation. 

Moreover, compost water suspension treated plants overexpressed 

CaPBR1 gene at T24 in accordance with Asghari et al. (2020) and Esmail 
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et al. (2020) who demonstrated overexpression of the target gene 24 h after 

inoculation respectively in grapevine plants against Agrobacterium 

tumefaciens and in Triticum aestivum plants primed with diverse 

Trichoderma strains against Puccinia graminis f. sp. tritici. The fact that 

at T24 overexpression of target genes and overaccumulation of salicylic 

acid were here demonstrated, suggests that the immune system of the 

treated plants was still in an alert status. No overexpression of CaPO1 gene 

was detected at T24, in accordance with Do et al. (2013). These results 

confirmed the ability of the treatment here considered to act as PRIs, 

enhancing C. annuum defences against P. capsici. The overexpression of 

the three target genes in inoculated leaves of treated plants proved that the 

molecular pathway was activated in a more efficient way, furthermore the 

overaccumulation of salicylic acid in upper leaves corroborated the 

hypothesis. The method used to prove this stimulation of the plant immune 

system was effective since it allowed to study the systemic response from 

the roots, passing by the inoculated leaf to the upper ones.  

Conclusion  

In conclusion, these findings highlight the priming effect of the treatments 

considered in this study, thus suggesting that the mode of action is not, at 

least only, related with the direct interaction with the pathogen. To the best 

of the knowledge there are not similar studies on this pathosystem which 

consider the treatments used in this research analyzing both the expression 

of resistance genes and the accumulation of salicylic acid. More research 

will be undertaken to test if their ability to induce the SAR is maintained 

in field conditions and also in other pathosystems.  
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Introduction 

Lettuce cultivation is practised on 20,000 ha of agricultural land in Italy 

(ISTAT 2020). As an intensive crop, lettuce production and yield are 

threatened by the presence of Fusarium oxysporum f. sp. lactucae (Fol), 

the causal agent of Fusarium lettuce wilt, one of the most disturbing 

diseases affecting this crop worldwide (Matheron and Gullino 2012; 

Gullino et al.  2019). Characteristic symptoms of Fol infection are 

yellowing of leaves, slow growth accompanied by brown or red streaks of 

the vascular system and wilting to death. The economic losses, if the 

infection is not properly managed, can be significant (Matheron and 

Gullino 2012). In any case, Fol management is difficult for two reasons: 

(i) it spreads rapidly and easily as it is seed-borne (Garibaldi et al.  2004a) 

and (ii) has the ability to distinguish new races, in fact four are already 

known and reported (Fujinaga et al. 2001; 2003; Matheron and Gullino 

2012; Gilardi et al.  2017). Chemical control is not considered a sufficient 

strategy due to the reduced availability of soil fumigants, the need to 

reduce chemical treatments to avoid environment and lettuce 

contamination, and the increasing consumer demand for organic vegetable 

production. For these reasons, it is important to develop and test new 

alternative control strategies against this pathogen. The use of biological 
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control agents (BCAs), organic amendments and resistance inducers are 

among the most studied (Bonanomi et al.  2007; 2010; Gilardi et al.  2019; 

Gilardi et al.  2020). BCAs can act directly against pathogens via 

antibiosis, parasitism or predation, or indirectly by colonising the 

rhizosphere environment and using resources more efficiently than 

pathogens (Pal and Gardener 2006). Organic amendments, and composts, 

have been described for decades as suppressive against various vascular 

pathogens, including Fol (Pugliese et al.  2015; Gilardi et al.  2016; De 

Corato et al.  2018a, 2018b; Bonanomi et al.  2018). Many studies have 

demonstrated that composts’ microbiota plays an important role in 

suppressive action (Reuveni et al.  2002; Tilston et al.  2002; Papasotiriou 

et al.  2013; De Corato et al.  2019). Their mechanisms of action are similar 

to those of BCAs, but the complexity and richness of the compost 

microbiota suggest that different mechanisms could be used and act 

synergistically. Composts can also be enriched with BCAs to enhance their 

suppressive activity, as it has been indicated that this technique could be 

the most promising to achieve long-term suppressiveness against vascular 

pathogens (Bonanomi et al.  2018; Gilardi et al.  2019; Pugliese et 

al.  2011). Resistance inducers are compounds of various origins that have 

been shown to activate the plant immune system (Walters et al.  2009; 

Akram and Anjum 2011; Alexandersson et al.  2016); as they are non-

biocidal, they are considered safer for the environment and mammals. 

BCAs, and by extension composts, have been shown to activate the 

induction of resistance in several pathosystems (Compant et al.  2005; 

Ongena et al.  2007; Pieterse et al.  2014; Akram et al.  2015). Integrated 

pest management (IPM) strategies are combinations of different measures 

based on the principle of synergy between them to control pathogen attacks 

(Barzman et al.  2015). The complex of microorganisms inhabiting the 
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rhizosphere can strengthen plants and protect them from both biotic and 

abiotic stresses (Nihorimbere et al.  2010), in fact, the rhizosphere 

microbiota population is considered to be one of the greatest influences on 

plant health (Berendsen 2012). This is even more important for the 

protective effect against vascular pathogens that invade plant tissues 

through the root system, as is the case with Fol (Hubband and Gerik 1993; 

Gordon 2017). The application of organic amendments and BCAs may 

cause a shift in the composition and diversity of the rhizosphere 

microbiota, leading to a change in soil suppressiveness. Because the role 

of the rhizosphere microbiota in plant health is well established, it is not 

clear how microorganisms applied as treatments interact with those 

already present in the soil and their ability to establish permanent 

colonisation. Studying the rhizosphere microbiota with amplicon-based 

sequencing is a powerful tool (Simmons et al.  2018; Elsayed et al.  2020) 

to understand the effects of IPM strategies on microbial populations at the 

end of the crop cycle and to determine whether the protective effect 

guaranteed by the strategies is related to the shift in these populations. In 

the present work, and based on previous studies (Gilardi et al.  2016; 

2019), three IPM strategies were developed by using compost enriched 

with Trichoderma sp. strain TW2 and the combinations of different BCAs 

(Trichoderma spp. and Bacillus amyloliquefaciens (former subtilis) alone 

or with potassium phosphite. Lettuce rhizosphere composition and 

diversity were investigated for both bacteria (16s) and fungi (ITS) using 

Illumina amplicon-based sequencing. The objectives of the work were: i) 

to evaluate the efficacy of the three selected IPM strategies against lettuce 

Fusarium wilt under commercial and semi-commercial fields with 

different physicochemical characteristics and ii) to study the rhizosphere 

microbiota of treated and untreated plants. 
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Material and Methods 

Plants material and experimental design 

Field trials were conducted on two farms: a commercial farm in Moretta 

(CN, Italy) and an experimental farm in Carmagnola (TO, Italy). The farm 

in Moretta (sand:silt:clay 56:19:25, pH 7.12 and 1.37% organic matter) has 

a natural infestation of Fol race 1, which causes large annual losses in 

susceptible lettuce cultivars (Gilardi et al.  2019). The experiments here 

were conducted under a 360 m2 plastic tunnel, while on the Carmagnola 

experimental farm a 64 m2 plastic tunnel was used for the experiments. 

The soil in Carmagnola (sand:silt:clay 68.16:10.7:21.1, pH 8.2 and 0.94% 

organic matter) has no history of intensive lettuce cultivation nor evidence 

of natural occurrence of the pathogen. For these reasons, the soil there was 

artificially infested with a virulent strain of Fol coded as Mya 3040 (race 

1) from the Agroinnova collection (Garibaldi et al.  2002). Soil infestation 

was carried out as follows: i) the pathogen was cultured in sterilised wheat 

kernels left at 23°C for two weeks, then ii) 100 g/m2 of the colonised wheat 

kernels were incorporated into the soil at a depth of 10-15 cm using a rake. 

The experiments were repeated in two consecutive years (2019 and 2020, 

see Table S1) with the lettuce cultivar 'Voluski', classified as moderately 

susceptible to Fol (Gilardi et al.  2017). In both fields, two-week-old 

lettuce plants were transplanted in a mulched soil at a density of 16 

plants/m2, with a randomised design of treatments and untreated controls, 

with four replicates to avoid the side effect. Plants were irrigated with a 

drip irrigation system and grown in accordance with standard cultivation 

practises in the region. 
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Table S1: Schedule of the trials conducted in 2019 and in 2020 in both farms. 

year Farm Sowing Transplantation Trial end 

2019 
Carmagnola 

06/5/2019 30/05/2019 10/07/2019 

2020 26/06/2020 21/07/2020 24/08/2020 

2019 
Moretta 

06/5/2019 29/05/2019 01/07/2019 

2020 07/05/2020 01/06/2020 06/07/2020 

 

 

Integrated pest managements treatments 

The three IPM strategies tested in this experiment were selected from those 

described in previous works (Gilardi et al.  2016; 2019), choosing the best 

combination for the control of Fol in greenhouse and field conditions. The 

strategies were designed and applied starting at the nursery level as 

follows: (i) a compost enriched with Trichoderma sp. strain TW2 (ANT’s 

compost M; AgriNewTech s.r.l., Italy), (ii) a combination of commercial 

Bacillus amyloliquefaciens (former subtilis) QST 713 (Serenade Max, 

15.6%, Bayer Crop Science, Italy), Trichoderma gamsii icc 080 + T. 

asperellum asperellum icc 012  (Remedier, 2+2%, Isagro Ricerca, Milan, 

Italy), and potassium phosphite (Alexin, 95PS, P2O5 52%, K2O 42%, 

Massò, Spain), and (iii) a commercial mixture of Trichoderma polysporum 

IMI 206039 and Trichoderma atroviride IMI 206040 (Binab solution 

1+1%, BINAB Bio-innovation AB, Florettgatan 5, 254 67 Helsingborg, 

Sweden). For ease of reading, the tested IPM strategies are coded here as: 

i) Comp_Tricho, ii) Bac_Tricho and iii) Tricho. The products Bac_Tricho 

and Tricho were applied as soil drench in the nursery. Comp_Tricho was 

given as such for T0 treatment at sowing and applied in the field 

immediately before transplanting at a dosage of 1 kg/m2 for Moretta. In 

Carmagnola, Comp_Tricho was applied at a dosage of 0.5 kg/m2, 

considering the soil mixture, the possibility of applying the treatment with 
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the rototiller or manually, and because of the smaller size of the tunnel, 

which allows less deep diffusion. The type, dosage and timing of 

application of the three strategies are shown in Table 1. 
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Table 1: Coding names, technical formulation, dosage and timing of 

administration of the three IPM strategies used in this work for in fields 

experiments. T0 refers to the day of sowing, the other timing here presented are 

referred in days. Dosage column refers to the amount of commercial product used 

to treat seedling or soil. Comp_Tricho was given as compost as such, while 

Bac_Tricho and Tricho were given in a volume of 1 l per treatment.  

Treatmen

t 
Formulatio

n 

Commer

cial 

name 
Dosage 

Number 

of 

applicat

ions 

Timing 
Applica

tion 

Comp_Tr

icho 

Ant 

Compost + 

Trichoderma 

TW2 

ANT’s 

CM 

400 

g/100 

seedling

s 

2 

T0 sowing 

1 kg/m2 

for 

Moretta; 

0.5 

kg/m2 

for 

Carmag

nola 

Immedia

tely 

before 

transpla

nt  

field 

Bac_Tric

ho 

Bacillus 

amyloliquefa

ciens 

(former 

subtilis) 

QST 713 

Serenade 

MAX 
8 ml/l 2 

T0 sowing 

T10 nursery 

Trichoderma 

gamsii icc 

080 + T. 

asperellum 

asperellum 

icc 012 

Remedie

r 
2.5 g/l 2 

T5 sowing 

T15 nursery 

Potassium 

phosphite 
Alexin 2.5 g/l 2 

T0 sowing 
T15 nursery 

Tricho 

Trichoderma 

polysporum 

IMI 206039 

+ 

Trichoderma 

atroviride 

IMI 206040 

Binab 

solution 
1.7 g/l 3 

T0 nursery 

T7 nursery 

T15 nursery 
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Lettuce yield and disease assessment 

Yield and disease were evaluated at the end of each experiment. Plants, 64 

for each treatment considering 16 plants per replicate as experimental unit, 

were visually evaluated, and dissected to assign rating scale 0 to 4 

(Garibaldi et al. 2004). Disease severity data were calculated as follows: 

DS0-100=   ∑Nplants*Rating scale0-4*100Total N recorded plants4. 

The same plants used for disease severity rating were weighed to measure 

the fresh weight of each plant at the end of the trials. The data were then 

analysed using SPSS 26 software by performing one-way analysis of 

variance (ANOVA) and Tukey's post hoc tests to determine the statistical 

values of differences at the value of α =0.05. 

 

Soil collection and DNA extraction  

Rhizosphere samples were collected at the end of the experiment as 

follows: roots were shaken to avoid any excess of soil, and the remaining 

particles adhering to the root surface were collected in sterile vials for an 

amount of 100 mg from each plant. Three biological samples, from each 

treatment in both fields at the two experimental years, were collected 

unifying the rhizosphere soil of five plants randomly chosen inside the 

plots. Microbial DNA extraction was performed using the “EZNA soil 

DNA kit” (Omega Bio-Tek, Norcross, GA), following manufacturer’s 

instructions. DNA concentration was assessed by using a NanoDrop 2000 

spectrophotometer (Thermo Fisher Scientific, Waltham MA). Amplicon 

based sequencing was performed using V3 – V4 region (16s) for bacterial 

community (primers: 341F - CCTAYGGGRBGCASCAG, 806R – 

GGACTACNNGGGTATCTAAT) and ITS2 region for fungal community 

(primers: ITS3 - GCATCGATGAAGAACGCAGC, ITS4-
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TCCTCCGCTTATTGATATGC). The analysis was done by Novogene 

using Illumina NovaSeq 6000 platform (Cambridge Science Park, 

Cambridge, CB4 0FW, United Kingdom). 

 

Sequence data analysis 

Demultiplexed fastq files were processed using the DADA2 pipeline 

(version 1.16.0) (Callahan et al.  2016) in R software (4.0.4) (Team 2016). 

The resulting taxonomic units are referred to as amplicon sequence 

variants (ASVs). For bacterial sequences, forward and reverse reads were 

trimmed to 250 bp and primer sequences were removed using the 

following filter parameters: maxN = 0, maxEE for both reads = 2, truncQ 

= 2 (MaxEE corresponded to the maximum expected errors, TruncQ 

represented the parameter that truncates reads on the first occurrence of a 

quality score less than or equal to two, and MaxN was the maximum 

number of 'N' bases accepted). Nearly 4 million reads were used to 

estimate the error rates by learnErrors function. Sequences were 

dereplicated using derepFastq with default parameters and exact sequence 

variants were resolved using the dada algorithm. The 

RemoveBimeraDenovo function was then used to remove chimeric 

sequences. Fungal sequences were preliminary trimmed using Cutadapt 

software (Martin 2011) to remove adapter sequences and low-quality ends 

(<Q20). For both the bacterial and fungal datasets, reads with more than 

three errors in the forward reads and five errors in the reverse reads were 

removed. Taxonomy was then assigned using assignTaxonomy based on 

the SILVA (v132) and UNITE (v7) databases for bacterial and fungal 

communities, respectively (Quast et al. 2013; Nilsson et al. 2019). All 

sequencing data generated by this study can be found in the ENA using 

accession number PRJEB46355. 
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Statistical analysis and data visualization 

Plotting was performed using PRIMER 7 software (Primer-E Ltd, 

Plymouth; UK). Alpha diversity metrics were calculated. Heatmaps were 

created to assess variation in community composition at lowest taxonomic 

levels including the most frequent 50 ASVs of both bacterial and fungal 

communities for all the samples. In heatmaps, to assess the behaviour of 

group of variables according to IPM strategies, clustering was made 

according to the index of association.  Differently, samples were ordered 

according to non-metric multidimensional scaling (nMDS) based on Bray-

Curtis dissimilarity matrices. The significance of changes in composition 

of the two communities analysed were tested by PERMANOVA (999 

permutations, Table S2), using the treatments, field, and year as fixed 

factors. The significance of variation in the alpha diversity metrics of the 

two communities was assessed using the ANOVA test, and specific 

changes in IPM strategies assessed by post-hoc Tukey test. The level of 

significant differences was assessed at α < 0.05. All statistical analyses 

were performed using R software. Furthermore, functional group variation 

for the fungal community was analysed, identifying putative fungal 

functional groups as well as their trophic modes using FUNGuild (Nguyen 

et al.  2016). Co-occurrence networks incorporating communities 

containing bacteria and fungi were based on single ASV and generated 

using only the 50 most frequent ASVs for each bacteria and fungi. The 

pairwise correlations between the ASVs were calculated using the 

Spearman correlation in R (version 3.3.2 and Hmisc package 4.0–1). 

Based on the statistical analysis, only strong and significant correlations 

were considered (Spearman’s r>0.6 or r<−0.6 and p<0.05). The network 

visualisation was made using Cytoscape (version 3.8.2). Each edge 
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represents correlation and each node represents an ASV. A set of 

integrative metrics were calculated and compared to describe the network 

topology. For example, the average number of neighbours explains the 

complex pairwise connections and the average path length describes node 

distribution. Pearson’s correlation was used to identify the correlations 

between disease severity and yield production and the first 50 most 

abundant ASVs for bacteria and fungi. 

 

Table S2: Result of Permanova significance test across treatments during the two 

years of the experiment, in two different fields. Treatments were used as the fixed 

factor (N° of permutation 999). Here reported main significant variation between 

the studied treatments for fungal and bacterial communities. Test of significance 

is based on Bray-Curtis similarity values. Significance level is fixed for p-value 

below 0.05. 

  
Fungal 

community 

Bacterial 

community 

Permutation N 999 999 

Total sum of squares 8.067 3.435 

Within-group sum of 

squares 

4.092 1.104 

F 2.073 4.504 

p 0.004* 0.001* 

(*Significance level is at 0.05) 
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Results 

Disease assessment and yield 

In both years, the disease severity (DS) recorded in the control plots always 

showed a statistically higher infection rate compared to the treated ones in 

Carmagnola (DS 34.4-43.3) and Moretta (DS 43.3-40.0), with the only 

exception for the Comp_Tricho and Tricho strategies in the trial conducted 

in 2020 at the Carmagnola experimental farm (Fig. 1a). At the Carmagnola 

site, Comp_Tricho, Bac_Tricho, Tricho and the control provided DS of 17, 

12.5, 14.3 and 34.4 in 2019 and 21.7, 10, 20.8 and 43.3 in 2020, 

respectively; while at the Moretta site DS of 11, 13, 13.1 and 43.3 in 2019 

and 24.4, 14.4, 18.1 and 40 in 2020 were recorded. Except for the case in 

Carmagnola in 2020, which had a problem with water runoff due to the 

intense summer rains, all treatments showed a fresh weight between 3.7 

and 5.3 kg/m2, while the controls ranged between 1.4 and 4.4 kg/m2 (Fig. 

1b). In Moretta, all treated plots had statistically higher yield compared to 

the untreated control in 2020. The same trend was observed in Carmagnola 

in 2020 with the treatments Comp_Tricho and Bac_Tricho IPM compared 

to the control. The efficacy of both treatments and yield production are 

shown in Figure 1. 
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Figure 1: (a) Efficacy of the three IPM strategies to reduce Fusarium oxysporum 

f. sp. lactucae disease on lettuce plants expressed as disease severity (%) and (b) 

productivity expressed as fresh biomass (Kg/m2). Evaluation made at the final 

survey. Different letters indicate statistical differences between the four 

composts, as obtained with the ANOVA test and Tukey’s post hoc test (p<0.05). 

 

 

Microbial diversity 

Illumina amplicon-based sequencing (on 16s and ITS fragments) revealed 

the composition of the microbiota in the rhizosphere; diversity indices 

(number of species, number of reads, and Shannon index) showed no 

statistical differences between samples for both bacterial and fungal 

communities (Fig. 2-3). 
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Figure 2: Box and whisker plots showing distribution of diversity indices, number 

of species, number of reads and Shannon Index, for bacteria community, for each 

treatment divided per site and year of rhizosphere sampling. 
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Figure 3: Box and whisker plots showing distribution of diversity indices, 

number of species, number of reads and Shannon Index, for fungal 

community, for each treatment divided per site and year of rhizosphere 

sampling. 
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Rhizosphere associated bacteria 

The bacterial community showed a dominance of five phyla: 

Proteobacteria, Chloroflexi, Firmicutes, Acidobacteria and 

Actinobacteria (Fig. 4a) in all samples. There were observable differences 

only between different trials, indicating some kind of site- and year-

specific pattern. No similarities were observed between the same 

treatments in different years or fields, nor were there any significant 

differences between treated plants and controls. In Moretta 2019 and in 

Carmagnola 2019, Comp_Tricho and control plants had a similar 

rhizosphere bacterial community. Overall, no major differences were 

observed between controls and treatments. Plotting the 50 most abundant 

bacterial community ASVs (Fig. 5) showed that the greatest differences in 

community composition existed between the two fields. Specifically, most 

bacterial ASVs were found in similar abundance in both Carmagnola and 

Moretta, while some ASVs showed some specificity for one or the other 

field, such as Rodopseudomonas, Enterobacteriaceae, Paenisporosarcina, 

which were found more frequently in the Carmagnola field, and Blautia, 

Faecalibacterium, Escherichia and Ralstonia, which were more frequent 

in Moretta. Bacteria of the genus Bacillus, which were slightly more 

abundant in Carmagnola, were the most abundant ASV, which underlines 

the analysis; surprisingly, this genus was not more abundant in the plants 

treated with Bac_Tricho.  
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Figure 4: Stacked bar chart of relative abundance for (a) bacterial and (b) fungal 

communities at phylum level. Data are averaged among three biological 

replicates for each treatment and are here presented grouped for site and year. 
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Figure 5: Heatmap showing relative abundance of the 50 most frequent amplicon 

sequence variant (ASV) in the bacterial community for each sample collected 

from rhizosphere at the end of the trials. Hierarchical clustering of variables is 

based on an association index. Samples follow the color coding of the legend. 

 

Rhizosphere associated fungi  

A similar situation was observed for the fungal community (Fig. 4b), 

where Ascomycota occupied 75 to 90% of the observed phyla, followed by 

Basidiomycota, Mucoromycota, and Aphelidiomycota, with variable 

proportions. There was also no clear separation between the rhizosphere 

of the treated plants and that of the control among the fungi. More in detail, 

Carmagnola 2019 had a clear pattern of similarity between samples, in 

Carmagnola 2020 there was a higher proportion of Mucoromycota and 

Aphelidiomycota in Bac_Tricho, in Tricho and in the control samples. In 

Moretta 2019, there was the highest proportion of Basidiomycota (about 

20%) in the Bac_Tricho treatment, while Moretta 2020 had the highest 

proportion of unassigned sequences in the Tricho treated plants. The 

heatmap of the 50 most abundant ASVs in the fungal community (Fig. 6) 

showed that few of them dominated over the others. Ascomycota, for 
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example, was the most abundant, with a greater presence in the 

Carmagnola field compared to the Moretta field. In terms of fungi, there 

was also a common core of ASVs between the two sites, but also some 

differences: Fusarium and Chaetomium were more abundant in Moretta, 

while Rhizopus was slightly more abundant in Carmagnola. Surprisingly, 

Trichoderma did not show a greater presence in the rhizosphere of the 

treated plants compared to the control plants. 

 
Figure 6: Heatmap showing relative abundance of the 50 most frequent amplicon 

sequence variant (ASV) in the fungal community for each sample collected from 

rhizosphere at the end of the trials. Hierarchical clustering of variables is based 

on an association index. Samples follow the color coding of the legend. 
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Bacterial and fungal distribution and co-occurrence 

Considered at the whole community level with nMDS analysis, both 

bacteria and fungi showed no spatial segregation as a function of 

treatments. The ordination of the bacterial community (Fig. 7a) clearly 

separated by field and year, while that of the fungi (Fig. 7b) followed the 

site. Pearson correlations (Fig. S2) between bacterial or fungal 

communities and disease severity or yield production for the Carmagnola 

and Moretta fields generally showed no strong correlations for any 

individual ASV, except for Carmagnola and yield in the bacterial 

community. The correlation basis network (Fig. 8) showed that the 

Carmagnola and Moretta fields had different interactive structures when 

the community of bacteria and fungi were analysed together. In the 

Moretta field, the correlations can be explained as more open, fungi and 

bacteria seemed to co-occur and co-exclude each other, while in 

Carmagnola the trend was more closed, as fungi seemed to interact only 

with each other, and bacteria did the same. Figures (8a and 8b) highlighted 

some genera that were considered more important for the experiments, 

surprisingly Fusarium and Trichoderma did not correlate in a strong way 

either in Carmagnola or in Moretta. Bacillus, which dominated the 

population of both fields, showed few correlations in the Moretta field and 

had none in the Carmagnola field. 
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Figure S2: Heatmap of Pearson’s correlation between the 50 most frequent 

amplicon sequence variant (ASV) in the bacterial and fungal community 

and the disease index and growth (fresh biomass). Data are expressed as 

average of every sample per each site. 
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Figure 7: Bi-dimensional Non-metric MDS of the bacterial and fungal 

communities in the rhizosphere collected at the end of the trials. Data are 

averaged for year and site of sampling, following the colour coding of the 

legend. 
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Figure 8: Correlation base network analysis showing potential interactions 

between bacterial and fungal families in (a) Moretta and (b) Carmagnola 

fields. The lines connecting nodes (edges) represent positive (blue) or 

negative (red) co-occurrence relationship. The intensity of the color and 

the length of the edges represent the strength of correlation. Square nodes 

correspond to fungal ASVs and circle nodes correspond to bacterial ASVs. 

The connection stands for a strong (Spearman’s ρ>0.6 and ρ<-0.6) and 

significant (P-value<0.05) correlation. The size of each node is 

proportional to the ASV relative abundance, only the top 50 ASVs were 

kept. The nodes were colored by phylum level. Data of the years and the 

treatments were averaged to have a view of the impact made by the site. 
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Fungal functional guilds 

The fungal community was analysed to identify the different guilds (Fig. 

9). Twenty-one main guilds were found, with a predominance of plant 

pathogens, animal pathogens, fungal parasites, endophytes and wood 

saprophytes. In terms of phyla composition, there was no clear pattern 

identifying the treatments in the different trials, nor was there a consistent 

difference between treated and control plants. The Tricho treatment of 

Carmagnola 2019 and the Bac_Tricho treatment of Moretta 2019 showed 

a greater number of guilds compared to all other treatments. Seven trophic 

modes were found (Fig. S1) with dominance for pathotroph-saprotroph-

symbiotroph in Moretta (both 2019 and 2020) and increased abundance of 

pathotroph-saprotroph and saprotroph-symbiotroph for Carmagnola field 

in both years. 

 

 

 



101 
 

 
Figure 9: Stacked bar chart of relative abundance of fungal guilds based on 

FunGuilds. Data are averaged among three biological replicates for each 

treatment and are here presented grouped for site and year.  
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Figure S1: Stacked bar chart of relative abundance of fungal trophic mode. Data 

are averaged among biological replicates for each treatment and are here 

presented grouped for site and year. 
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Discussion 

The introduction of environmentally friendly strategies to control lettuce 

Fusarium wilt is extremely important, as is a better understanding of how 

they behave under commercial conditions. In this work, the effectiveness 

of three IPM strategies against Fol was tested under commercial and semi-

commercial conditions in tunnels. The three IPM strategies tested showed 

a great ability to statistically reduce disease severity in both fields and 

years, from 50% to 70% compared to untreated controls. This is in 

agreement with preliminary experiments conducted in both greenhouse 

and field conditions (Gilardi et al.  2019). On the other hand, at the phylum 

level, the microbiota data showed that there was no detectable treatment 

effect at the end of the experiment. In fact, there was no clear 

differentiation between treated plants and the corresponding controls, in 

contrast to a previous work where the same compost applied against 

Phytophthora capsici protected Cucurbita pepo by altering its rhizosphere 

composition (Bellini et al.  2020). In this case, the experiment was 

conducted under greenhouse/pot conditions, using peat as substrate, which 

was probably a much simpler study system. Some work reported a change 

in rhizosphere microbiota when different BCAs were used, but always in 

pot systems (Liu et al.  2021). While in agreement with our results, Cucu 

et al. (2020) reported that field application of BCAs did not alter the 

rhizosphere microbiome of Cucurbita pepo. Most ASVs were similar, but 

some differences were observed between the two fields. Bacillus was the 

most abundant ASV for bacteria, which is consistent with the literature 

(Amin et al.  2015). The Moretta field had a greater abundance of 

Gemmatimonadaceae, Blautia and Bifidobacterium than the Carmagnola 

field. These bacterial ASVs have been reported to be involved in chitin 

degradation and could be affected by fertilisation and the use of sludge 
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amendments in the soil (Vo et al.  2017; Hui et al.  2020), which is 

consistent with the fact that Moretta is a commercial farm subject to more 

intensive management and therefore conventional fertilisation. Moreover, 

the abundances of Blautia and Bifidobacterium could also be explained by 

the difference in pH between the two fields, as the two bacterial genera 

have a neutral pH optimum (Cui et al.  2021; Liu et al.  2021). Some of the 

ASVs found in greater presence in Carmagnola soil (such as 

Enterobacteriaceae, Pantea and Lactococcus) have been associated with 

the ability to degrade simple sugar molecules (Degelmann et al.  2009; 

Teuber et al.  2006) and this may indicate a richer presence of these 

molecules in this field compared to Moretta. The 50 most abundant ASVs 

of fungi showed that the greatest dominance was in Ascomycota, which 

was expected since this phylum is predominant in agricultural soils (Ma et 

al.  2013; Egidi et al.  2019). Fusarium was very abundant in the Moretta 

field, as expected based on the history of Fol infection at this site. 

Chaetomium was also more abundant in Moretta, again a genus containing 

species that degrade cellulose-rich substrates, such as components in soil, 

straw, or wood (Aru et al.  1997). Neither Trichoderma nor Bacillus was 

found in greater abundance in the rhizosphere of plants treated with these 

BCAs. These data suggest that the BCAs used here did not colonise either 

the bulk soil or the rhizosphere of the lettuce, at least at the end of the 

experiments. Accordingly, very low Pearson correlation coefficients were 

found between the 50 most abundant ASVs with yield production and 

disease severity. Two-dimensional nMDS analyses showed that there was 

no treatment effect on the spatial distribution of bacterial and fungal 

communities: Bacteria segregated by site and year, while for the fungal 

community segregation was only observed for site. Network analyses of 

the two fields confirmed that genera such as Fusarium, Trichoderma, and 
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Bacillus were not involved in large co-occurrences or co-exclusions; 

however, some differences were highlighted between the two fields, again 

suggesting that the microbiota compositions of the rhizosphere samples 

were mainly influenced by soil type than by experimental treatments. All 

microbiota composition analyses indicated that the rhizosphere of mature 

lettuce was not shaped by the nursery treatments, but that the native soil 

microbiota influenced and balanced it, which is in agreement with Tosi et 

al. (2021). Nevertheless, a clear protective effect of the treatments against 

Fusarium wilt in lettuce was observed. Two hypotheses are presented here 

to explain this phenomenon. The shaping of the rhizosphere could have 

been performed at the nursery stage and could have been involved in the 

protective effect against Fol in the first phase of field cultivation. After this 

early phase, the soil microbiota might have acted as a biological buffer and 

balanced the composition of the rhizosphere, which is consistent with 

previous studies (Dalmastri et al. 1999; Prischl et al. 2012; Lundberg et al. 

2012). Franco (2021) noted that the timing of sampling could influence the 

results of metagenomic analyses of the rhizosphere microbiota, as it has a 

dynamic and plastic composition. The age of a plant also affects the 

microbial rhizosphere composition, as young plants have different needs 

(Tosi et al.  2021) and it is known that plant exudates recruit beneficial 

microorganisms from the soil that follow specific needs (Antoniou et 

al.  2017). Therefore, Fol-induced infection itself could be a factor driving 

the rhizosphere microbiota of lettuce, as Berendsen et al. (2012) found that 

infected plants tend to attract specific microorganisms as a defence coping 

system. The second hypothesis presented here is the involvement of the 

induction of resistance, which may have played a central role in these 

experiments by activating the molecular pathways that can protect the 

plant from pathogen attacks. Many studies have reported the ability of 
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Trichoderma spp. to activate the immune system of the plants they come 

into contact with (Fontenelle et al.  2011; Ramírez-Cariño et al.  2020; 

Sawant et al.  2020). Indeed, in a previous work with the Capsicum 

annuum - Phytophthora capsici pathosystem (Bellini et al.  2021), it was 

shown that the same Trichoderma TW2-enriched compost used in the first 

IPM strategy and potassium phosphite (used in the second IPM strategy) 

activate systemic acquired resistance. These two hypotheses require 

further confirmation with experiments conducted, although it cannot be 

ruled out that both or only one of them is true. 

 

Conclusions 

This study showed that the three IPM strategies tested here were able to 

reduce disease severity caused by Fol in two different soils under 

commercial tunnel conditions in two consecutive years. Surprisingly, the 

rhizospheric microbiota was not driven by the treatments, but was shaped 

by the autochthonous soil microbial populations. Induction of resistance 

may have been involved in the protective effect of the treatments. Further 

studies should be considered to evaluate whether lettuce resistance 

pathways can be activated by these IPM strategies. 
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Discussion 
The aim of this Ph.D. thesis was to elucidate the mode of action behind 

some alternative control strategies tested in different conditions in three 

pathosystems.  

In the first one, twelve different compost mixtures were tested against Phc 

to protect summer squash in a greenhouse peat pot experiment. The 

mixtures were obtained with four different composts added at three 

different percentages to the peat (1-10-20%). Above all the mixtures, only 

one (green compost sieved at 10 mm enriched with Trichoderma TW2) 

was able to statistically reduce the disease incidence when compared to the 

untreated inoculated control. Therefore, mycobiota analysis was made 

using the 26S rRNA gene on the rhizosphere collected from that compost 

mixture, the chemical control (treated with metalaxyl) and the untreated 

inoculated control at the end of the trials. The amplicon-based sequencing 

data, when analyzed through PCA suggested that the composition of the 

mycobiota associated to the rhizosphere was altered by the presence of the 

compost, in fact a clear separation between the fungal communities of the 

compost treated rhizosphere plants and the controls ones was visible. The 

first work strengthened the knowledge about compost derived 

suppressiveness. Three are the major conclusions that can be deduced: (i) 

the enrichment of a known BCA strain can amplify the suppressive action, 

as the same compost not enriched with the Trichoderma TW2 strain did 

not statistically lower the disease incidence in the pathosystem studied, 

this was in agreement with Bonanomi et al. (2018); also it was previously 

tested  in another pathosystem that the same compost was more effective 

than the Trichoderma strain used alone (Gilardi et al., 2019); (ii) the 

quantity of the compost used is not positively correlated with the beneficial 

effect against a pathogen, as it was already proven by Noble et al. (2017) 



120 
 

and Pugliese et al. (2011), in fact only 10% mixture reached the highest 

value of protection, while the same compost used at 20% decreased the 

protection effect against Phc; (iii) in a controlled and simple system as the 

peat pot greenhouse experiments conducted for this study, it is clearly 

evident how the compost altered the mycobiota rhizosphere composition 

and that this alteration is involved in the suppressive action, since the 

metalaxyl treated plants and the untreated inoculated ones showed the 

same spatial placing in the PCA analysis. A possible involvement of the 

induction of resistance by the compost enriched with Trichoderma TW2 

was also hypothesized, since other strains of Trichoderma were already 

proven to act in that way (Vallad et al., 2003; Sang et al., 2010; Martínez-

Medina et al., 2017; Savitha and Sriram, 2017). 

To test this hypothesis, another work was conducted using the same strain 

of Phytophthora capsici in a growth chamber environment with Capsicum 

annum as host, chosen for the reduced sized and to see whether the 

protective action could have been exploited also for a member of the 

Solanaceae family. Together with the compost (given as water 

suspension), also potassium phosphite and calcium oxide were tested for 

their ability to activate the plant immune system, acibenzolar-s-methyl was 

used as a positive control as it is known to activate the systemic acquired 

resistance (Buonaurio et al., 2002).  

To avoid any direct interaction between the treatments and the pathogen, 

the site of the inoculation and the site of treatments administration were 

spatially divided (the first one was performed with an agar plug directly 

on the third leaf, while the treatments were given as radical drench two 

times: 72 and 24 hours before the inoculation). In this case, all the 

treatments were able to statistically reduce the growth of the oomycete 

compared to the untreated control. Analyses of the accumulation of 
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salicylic acid on the upper leaves and of three target genes known to be 

involved in the SAR pathways (CaPBR1, CaPO1 and CaDEF1) (Zhang et 

al., 2019) on the inoculated leaves were conducted respectively with 

HPLC-MS/MS and RT-Real Time PCR at three end-point times: 

immediately before the inoculation, six and twenty-four hours after. It was 

interesting to see that all the treatments used were able to statistically 

induce an over accumulation and/or over expression of the salicylic acid 

and target genes in at least one endpoint time compared to the untreated 

controls, in accordance with patterns of accumulation or expression found 

in other studies on the SAR pathway in other pathosystems (Rasmussen et 

al., 1991; Do et al., 2003; Kawano, 2003; Asghari et al., 2020; Esmail et 

al., 2020). These results confirmed the ability of the treatments applied to 

act as plant resistance inducers at least in this pathosystem, but they also 

suggested that potassium phosphite and calcium oxide are able to activate 

the SAR in Capsicum annuum regardless the pathogen chosen, since they 

induced respectively over accumulation of salicylic acid and over 

expression of CaPBR1 and CaDEF1 genes at time zero, therefore 

activating the alert status in the plant.  

Lastly, to test the Trichoderma TW2 enriched compost, potassium 

phosphite and other BCAs (of the genera Trichoderma and Bacillus) on a 

more complex environment and against another pathogen, a two-year 

experiment was carried out considering the pathosystem Fusarium 

oxysporum f.sp. lactucae and Lactuca sativa. Two fields were considered: 

a commercial farm with an intense lettuce cultivation history and an 

experimental farm. Three IPM strategies (the compost enriched with 

Trichoderma TW2, a combination of T. gamsii + T. asperellum, Bacillus 

amyloliquefaciens and potassium phosphite and a combination of T. 

polysporum + T. atroviride) were selected for this study to test their 
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efficacy on the control of Fol’s attacks and their involvement in the change 

of rhizosphere associated microbiota, an untreated control was present in 

both fields. The treatments were given at the nursery level and, only in the 

case of the compost, as an amendment directly on the field immediately 

before the transplantation of the seedlings. All three IPM strategies 

statistically reduced the disease incidence caused by Fol in both years and 

fields when compared to the corresponding untreated controls. The 

rhizospheric soil, collected at the end of the trials, was analyzed through 

amplicon-based Illumina sequencing targeting the 16s and the ITS rRNA 

genes to study the bacterial and fungal communities. Surprisingly, neither 

in the bacterial nor in the fungal communities there were treatment 

associated patterns, as the analyses of the phyla, the 50 most abundant 

ASVs and nMDS showed. Conversely, large differences were observed 

when comparing the two fields and years, as in the nMDS analysis the 

spatial distribution clearly showed how they were grouping for the same 

soil and year, regardless of the treatments. Based on the data collected two 

considerations can be made: firstly the treatments were able to reduce the 

disease severity in two different fields, suggesting that their employment 

could be considered as consistent IPM strategies; then the rhizospheric 

microbiota at the end of the trials were more affected by the native 

microbial communities of the soils than by the treatments, which is in 

agreement with Tosi et al (2021). Together the three works discussed can 

be seen as an in-depth study of the mechanisms of action of the treatments 

chosen, tested in different pathosystems and environments. The compost 

enriched with Trichoderma TW2 was able to exert a protective action in 

all the three pathosystems studied; the work done to select it in the Phc-

zucchini pathosystem allowed to set a percentage (10%) of use for that 

specific pathosystem and to see how the rhizospheric mycobiota changed 
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after the plants were treated with it. In the second pathosystem (Phc-

pepper), all the treatments were able to induce the systemic acquired 

resistance and therefore hinder the growth of the oomycete’s mycelium on 

the inoculated leaves, also for this work the number and the amount of the 

administration were set (data not shown), until reaching the best settings. 

Lastly, the third work represents a sort of scale-up of the previous ones, 

because the field is the most complex, challenging and yet exciting for the 

study of the rhizosphere microbiota. The same compost used in the first 

two works, the combination of different BCAs (of the genera Trichoderma 

and Bacillus) and potassium phosphite were able to lower the disease 

incidence caused by Fol on lettuce cultivation, in both years and fields. As 

mentioned, the microbiota inhabiting the rhizosphere area at the end of the 

in field trials did not show a treatment related pattern, but showed a site 

and year division. This behavior of the rhizospheric microbiota suggests 

that the soil acted as a microbial buffer, but yet the protective effect of the 

treatments exerted above lettuce plants against Fol was still visible. It is 

clear that the treatments had an effect on the plants, but it is not certain 

how they acted since no major changes in the rhizospheric microbiota were 

registered at the end of the trials, as it was on the first work described. It is 

possible that the rhizosphere microbial communities were affected by the 

treatments at the nursery stage; this initial shaping could have been 

involved in the protective effect that was registered against Fol’s attacks. 

Once in the fields, the soil microbiota acted as a biological buffer, 

balancing the composition of the rhizosphere, which is consistent with 

previous studies (Dalmastri et al. 1999; Prischl et al. 2012; Lundberg et al. 

2012). Furthermore, it is known that root exudates can recruit beneficial 

microorganisms from the soil, following specific needs of the plants, such 

as when they establish contact with a pathogen (Antoniou et al.  2017; 
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Cucu et al.  2019). Indeed, the activation of the immune system by the 

treatments is a possible explanation too since it was already proven for the 

compost and potassium phosphite in the second work on the Phc-pepper 

pathosystem. As the research it is built on itself, many are the future works 

that can be done in future to implement this thesis. For example the 

selection of new BCAs from composts, the implementation of other 

composts with the already known BCA, the study of new IPM strategies 

using different combination and the study of the same strategies (such as 

alone or in combination) on other pathosystems.  

The importance of understanding the mode of action of the alternative 

control strategies is crucial for their improvement and their correct use. 

The studies presented here were an effort to fill, whether it was possible, 

this gap between what is already known and what is still to be discovered. 

Some knowledge was strengthened confirming the initial assumptions, 

while others were weakened and led to make new assumptions and 

hypotheses.  
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