
                                    
 

 

PhD in  
 

Agricultural and Environmental Sciences 

 

 

CYCLE XXXVI 

 

 

COORDINATOR Prof. Carlo Viti 

 

 
 

 

 Diagnostics, epidemiology and control of 

emerging oomycetes and phytopathogenic fungi  

 
 

Academic Discipline (AGR/12)  

Patologia vegetale 
 

 

 

 

 

 

       Doctoral Candidate  Supervisor 

     Dr. Benigno Alessandra                Prof. Moricca Salvatore 

 

                                                    
 (signature) (signature) 
 

 

Coordinator 

Prof. Viti Carlo 

 

_______________________________ 
(signature) 

 



2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

The consultation of the thesis is free. Unless a specific authorization is obtained from the author, the thesis can 

be, however, downloaded and printed only for strictly personal purposes related to study, research and 

teaching, with the explicit exclusion of any use that has – even indirectly – a commercial nature.  



3 

 

Index 
 

 

 

Abstract .................................................................................................................................5 

Introduction ..........................................................................................................................7 

Aim of the Thesis ................................................................................................................17 

Chapter I .............................................................................................................................18 

Pathogenic fungi and oomycetes causing dieback on Fraxinus species in the 

Mediterranean climate change hotspot region ................................................................18 

1. Introduction ....................................................................................................................20 

2. Materials and methods ....................................................................................................21 

2.1. Sampling and isolation procedures .........................................................................21 

2.2. Isolate identification ................................................................................................21 

2.3. Pathogenicity tests ....................................................................................................21 

2.4. Statistical analyses .....................................................................................................23 

3. Results ..............................................................................................................................23 

3.1. Field survey ...............................................................................................................23 

3.2. Etiology ....................................................................................................................23 

3.3. Pathogenicity tests ....................................................................................................24 

4. Discussion ........................................................................................................................24 

5. Conclusion .......................................................................................................................27 

References ............................................................................................................................28 

Supplementary Material ...............................................................................................31 

Chapter II ...........................................................................................................................36 

Botryosphaeriaceae species associated with stem canker, shoot blight and dieback of 

Fraxinus ornus in Italy ......................................................................................................36 

1. Introduction ....................................................................................................................37 

2. Materials and methods ....................................................................................................39 

2.1. Field Surveys and Sampling ......................................................................................39 

2.2. Fungal Isolations ........................................................................................................39 

2.3. Morphological Identification .....................................................................................40 

2.4. DNA-Based Identification .........................................................................................40 

2.5. Pathogenicity Tests ....................................................................................................41 

2.6. Statistical analyses .....................................................................................................41 

3. Results ..............................................................................................................................41 

3.1. Field surveys ..............................................................................................................41 



4 

 

3.2. Isolate Identification ..................................................................................................43 

3.3. Pathogenicity tests ....................................................................................................46 

4. Discussion ........................................................................................................................48 

5. Conclusions .....................................................................................................................49 

References ............................................................................................................................49 

Chapter III ..........................................................................................................................53 

Trunk injection delivery of biocontrol strains of Trichoderma spp. effectively  

suppresses nut rot by Gnomoniopsis castaneae in chestnut (Castanea sativa Mill.) .....53 

1. Introduction ......................................................................................................................54 

2. Materials and methods .....................................................................................................56 

     2.1. Study Sites ...............................................................................................................56 

     2.2. Soil sampling and Trichoderma isolation ................................................................59 

     2.3. Identification of G. castaneae and Trichoderma spp. strains ..................................59 

     2.4. In vitro antagonism tests ..........................................................................................60 

     2.5. Biocontrol agent mixture preparation ......................................................................60 

     2.6. In vivo tests ..............................................................................................................60 

     2.7. Assessments of G. castaneae incidence...................................................................61 

     2.8. Statistical analyses ...................................................................................................62 

3. Results ..............................................................................................................................63 

     3.1. Gnomoniopsis castaneae and Trichoderma spp. identification ...............................63 

     3.2. In vitro tests..............................................................................................................63 

     3.3. Endotherapic treatments in the field ........................................................................64 

4.Discussion .........................................................................................................................65 

5.Conclusions .......................................................................................................................67 

References ............................................................................................................................67 

General discussion .............................................................................................................70 

Concluding remarks ..........................................................................................................78 

References ...........................................................................................................................79 

Acknowledgements ............................................................................................................92 

List of publications linked to the thesis ............................................................................93 

  

 

 

 

  



5 

 

 

Abstract 

 
 

Climate warming constitutes a primary threat to the overall health of global forests. The 

impacts of climate on forest ecosystems are manifold and intricate, encompassing interplays 

affecting species physiology and phenology, the geographical distribution of vegetation, and 

biogeochemical cycles. Another consequence of climate change is the modification of 

ecosystem processes, e.g. the rate of litter decomposition and habitat suitability, changes that 

can ultimately pose a threat to the survival of species within their native ranges. All these 

alterations can impact forests directly or indirectly. In fact, they not only weaken trees but also 

enhance the reproductive success of pathogens: it has been proven that climate anomalies lead 

to an increased host susceptibility as well as heigthen pathogen virulence, survival rate and 

biomass (a high pathogen inoculum pressure lead to a higher disease rate on crops). 

The problem is further worsened by the introduction of alien, invasive pathogens. In fact, in 

such a complex scenario, with plants weakened and physiologically impaired, even 

microorganisms typically considered opportunistic, secondary pathogens turn into aggressive 

pathogens. The field investigations carried out in this study deal with some severe outbreaks 

and mortality events that are heavily impacting Fraxinus spp. formations in the Mediterranean 

area. Botryosphaeriaceae and Phytophthorae emerged as prominent species in the monitored 

sites, particularly the fungal pathogens Botryosphaeria dothidea, Neofusicoccum parvum, 

Diplodia fraxini and the oomycetes P. acerina, P. bilorbang, P. cinnamomi, P. hydropathica, 

P. lacustris, P. multivora, P. plurivora, P. polonica, P. pseudocryptogea, P. pseudosyringae, 

and P. syringae. 

Botryosphaeriaceae species played a significant role. The characteristic of these fungi is their 

opportunistic nature, seriously affecting plants when these undergo stress conditions. With 

ongoing global warming, climatic stressors have become more prominent and frequent, 

creating greater opportunities for Botryosphaeriaceae to thrive and contribute to the decline of 

numerous tree species. These pathogens have the capacity to spread across vast areas due to 

their natural dispersal abilities or can be inadvertently introduced through human activities, 

impacting the functioning of entire agroecosystems. The epidemic spread of these pathogens 

is exacerbated by the challenge of promptly identifying the true etiological agent, as various 

secondary or commensal microorganisms are often associated and complicate the efforts to 



6 

 

identify the true etiologic agents.  

To further complicate the issue, pathogens recently introduced into a specific, previously 

uncontaminated area are often scarcely known and control measures against them are scarce or 

non-existent. A major drawback in these cases is the lack of effective diagnostic protocols. 

Reliable and timely diagnosis is in fact essential to promptly identify plant pathogens so that 

eradication of initial outbreaks can be effectively implemented. Accurate diagnosis is also an 

unavoidable tool for monitoring campaigns and thus it stands as the basis for the prevention of 

invasions by harfmul exotic pathogens. 

The Italian Peninsula, characterized by a highly variable climatic conditions and high plant 

diversity, with its position in the centre of the Mediterranean basin, is a crucial crossroad for 

the exchange of food, vegetables and other plant materials is particularly prone to possible, 

inadvertent introductions of harmful pathogens. Epidemiological studies in these cases are 

crucial to evaluate the adaptability of exotic pathogens and the potential threats the pose in new 

introduction areas. Furthermore, epidemiological studies provide valuable information on the 

possible strategies to mitigate the impact and the risks the newly introduced disease agents pose 

to local ecosystems. 

In order to prevent possible serious outbreaks in forests, it is imperative to develop new control 

strategies such as the exploitation of biological control agents (BCAs).  Biocontrol agents have 

a fundamental role in forestry as they can help to manage pathogen attacks without using 

pesticides. In forest environments, where the use of chemicals could negatively impact the 

delicate ecological balance (for this reason they are prohibited), sustainable and 

environmentally-friendly solutions, like those exploiting natural biocontrol organisms, may 

enable to effectively control harmful pathogens and to preserve the health of forest ecosystems. 
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Introduction 

 
 

Forests play a primary role in the functioning of plant communities as they regulate 

ecosystem functioning, preserve biodiversity, and provide essential goods and services. 

However, in recent years, forests are under severe threat from the attack of newly introduced 

pathogens, the resurgence of endemic diseases, and increased stress induced by climate change. 

The world's climate has always shaped forest structure and diversity. However, today the global 

climate has become warmer and is changing at an unprecedented rate (Sturrock et al., 2011), 

causing annual losses of millions of trees and of extensive wooded areas of the planet 

(Hanewinkel et al., 2013). 

The IPCC report emphasizes concerns about global climate change, noting that 2019 

saw the highest atmospheric CO2 concentrations in 2 million years. Furthermore, global surface 

temperature has increased by 1.09 °C (from 0.95 °C to 1.20 °C) from 2011 to 2020 compared 

to pre-industrial periods (Legg, 2021). With this trend, climate change is likely to influence the 

life cycles and biological synchrony of many forest trees and pathogens, leading to changes in 

the distribution and phenology of events such as budding in host trees, spore release by 

pathogens, and activities of insects acting as vectors for pathogens. This can significantly alter 

the incidence and severity of diseases (Sturrock et al., 2011). 

The climate change has a dual negative effect. On one hand, it weakens plants, alters 

their physiology, and predisposes them to attacks from pathogens; on the other hand, it 

modifies the reproductive and infectious biology of pathogens (especially thermotolerant 

ones), increasing the frequency of their propagation cycles, hence their inoculum load in the 

environment, and consequently, the prevalence of disease (Elad and Pertot, 2014).  

In Mediterranean countries, over the past four decades, due to an unprecedented 

increase in travel and international trade, the number of invasive forest pathogens has 

exponentially increased (Fig. 1) (Garbelotto and Pautasso, 2012; Panzavolta et al., 2021). 

Invasive exotic species represent the second most significant cause of biodiversity loss and 

associated ecosystem service depletion, following habitat fragmentation, caused by climate 

change (Adla et al., 2022). The most severe effects of their spread range from eradicating native 

plant species to altering the species composition in an area. It is estimated that 37,000 alien 
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species have been introduced globally through human activities (Roy et al., 2023).  

 

 

 

  

Fig. 1: The frequency of interceptions of fungi and insects at entry ports in Europe during the period 2016-2020 (data obtained 

from Europhyt reports). The sizes of the circles indicate the relative quantity of interceptions of IAPP (fungi and insects) within 

each transportation route based on the continents of origin. The black sector of the circle indicates the relative frequency of 

insect interceptions; the white sector indicates fungal interceptions. Legend: soil = soil and cultivation substrates; wood and 

bark = roundwood, bark, and processed wood; packaging material = wooden crates, wooden pallets, wooden packaging 

material, straw; plants = plantation plants, stakes, cuttings, leaves, flowers, foliage-bearing branches; produce = fruit, 

vegetables, seeds. Credits: Panzavolta et. al., 2021 

 

In Italy, according to the ISPRA database, there are now more than 3,300 invasive 

species (Roy et al., 2023). Generally, it is the ecological and behavioral flexibility and the 
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ability to adapt to extreme conditions (temperature, salinity, contaminant concentrations, etc.) 

that make these species more persistent and less vulnerable compared to local and endemic 

species. However, their high reproductive capacity, competitiveness, and opportunism can also 

increase the likelihood of their successful invasion. 

The movement of non-native species to new sites can occur either naturally or through human-

induced processes, taking advantage of the limited resistance of native communities, a fact that 

must be ascribed to human disturbance and climate change. Fungal pathogens are moving 

towards the poles at a rate of 7.61 ± 2.41 km/year in the northern hemisphere, while climates 

are shifting at 2.7 km/year (Bebber et al., 2013; Marčiulynas et al., 2022). 

Among the historical, “emerging” pathogens that have disrupted ecosystems and nearly 

led to the extinction of important tree species are: Ophiostoma novo-ulmi, the causal agent of 

Dutch elm disease; Seiridium cardinale, the pathogen responsible for lethal cypress blight; the 

root rot agent Heterobasidion irregulare, which causes severe attacks to pine, silver fir, 

Norway spruce, larch, and Pseudotsuga sp., as well to beech forests in Calabria (Gonthier and 

Capretti, 2007); Hymenoscyphus fraxineus, responsible for a widespread dieback on Fraxinus 

spp. throughout Europe (Ogris et al., 2010); and Melampsoridium hiratsukanum, the rust 

pathogen which is devastating riparian Alnus formations in the Alps (Moricca and Maresi, 

2010, Moricca et al., 2021). Moreover, there is particular concern about recent reports of the 

invasive pathogen Geosmithia morbida on Juglans nigra and J. regia (Moricca et al., 2019; 

2020; Bracalini et al., 2023). 

Among the several groups of new pathogens, oomycetes have experienced the most 

significant increase, particularly those belonging to the genus Phytophthora, which is one of 

the most important genera of pathogens causing serious damage with devastating impacts in 

both agricultural and forest environments (Erwin and Ribeiro, 1996; Jung et al., 2018; Scott et 

al., 2019; Burgess et al., 2021). These microorganisms, also called “water moulds”, can survive 

for extended periods under adverse conditions, even in preserved structures (Jung et al., 2018), 

and can exploit the movement of water to infect plants in nurseries, agricultural crops, urban 

greenery, tree plantations and natural forests (Werres et al., 2007). Some of the most severe 

Phytophthora attacks have been those by Phytophthora cinnamomi and P. cambivora on 

Castanea sativa (Vannini et al., 2010), Phytophthora acerina on Acer pseudoplatanus (Ginetti 

et al., 2014), as well as on various species on Quercus ilex and Q. suber (Scanu et al., 2013; 

Linaldeddu et al., 2013) and the devastating attacks of P. ramorum on various forest and 

ornamental species (Rizzo et al., 2002). 

In this scenario, a key role is played by certain opportunistic microorganisms known 
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for their endophytic habitus or for living in forest ecosystems as facultative parasites but 

currently responsible for the severe "decline" of numerous forest species lethal attacks from 

various weakness pathogens, both root pathogens (Armillaria, Rosellinia, etc.) and canker 

pathogens, such as Biscogniauxia, Botryosphaeria, Diplodia, Sphaeropsis, Phomopsis 

(Ragazzi et al., 2004; Benigno et al., 2023).  

Members of Botryosphaeriaceae share ecological characteristics with other endophytes 

of woody plants, displaying diversity, horizontal transmission, spatial structure, and a range of 

host affinities. Some are aggressive pathogens, causing host death  following tree physiology 

impairment due to  various stresses (Benigno et al., 2023; 2024). Their widespread distribution, 

prolonged latent phase (allowing them to evade quarantine measures), and rapid disease 

development when hosts are under stress, pose significant threats to agriculture, plantations, 

and native forests, especially amid climate change crisis. The success of opportunistic 

endophytes is notable in disturbed environments or non-native plantings. Stressors include 

water deficit, drought, heat waves, frost, physical damage (e.g. hail), biological stress, 

competition, and unsuitable sites. Certain Botryosphaeriaceae's lack of host specificity enables 

them to infect a broad range of hosts, making prevention crucial due to the impracticality of 

chemical control on a large scale. 

Therefore, the phenomenon of forest decline/dieback must be placed in a broad context 

where many factors interact with each other, with different successions, intensities, and modes, 

contributing to trigger a series of nonspecific manifestations that individually would not 

produce the same symptoms. 

These factors can be categorized into three groups: Predisposing, inciting and 

contributing factors (Manion et al., 1981). Predisposing factors compromise the natural host's 

intrinsic defence mechanisms and increase the susceptibility of trees to long-term damage. 

These factors are related to climate, site conditions, prolonged periods of drought leading to 

water stress, soil conditions, forest management practices, and disturbances in land use. 

Inciting factors may be episodic and of short duration, whether physical or biological. 

Examples include hailstorms, frost, acute water shortages, and high temperatures. While these 

factors cause acute, short-term damage with the potential to recover and regress, prolonged and 

repeated exposure over several years can irreversibly weaken trees, possibly leading to their 

death. Contributing factors are elements that additionally weaken trees, and when they operate 

on trees already experiencing physiological impairment, they can be lethal (Fig. 2). 
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Fig. 2: Adaptation of Manion's (1981) disease spiral with main interacting factors associated with tree decline, classified 

according to their role in the decline. 

 

Biotic agents that further weaken trees, such as opportunistic pathogens, fall into this 

category. These pathogens can contribute to the decline and eventual death of already stressed 

individuals (Manion 1981; Moricca et al., 2008; Panzavolta et al., 2017; Murolo et al., 2021). 

In fact, pathogens have a broader range of adaptation mechanisms compared to their hosts and 

shorter generation times, their opportunities for adaptation/evolution are likely to increase. 

Therefore, it is necessary to develop new strategies to predict and monitor the evolution of 

plant pathogens in order to prevent the spread of new plant pathogens on vulnerable hosts likely 

weakened by the pressure of climate change. 

In this context, particular attention is directed toward endophytic fungi. There is a lack 

of consensus within the scientific community regarding the role of endophytes. Closely related 

to virulent pathogens, but with limited, if any, pathogenic effects themselves, many endophytes 
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protect host plants from natural enemies (Carrol, 1988; Yan et al., 2019).  

In many forest formations affected by decline phenomena ascribed to pathogenic endophytes, 

oomycetes of the Phytophthora genus have often been found associated. In the last 20 years, 

attention to species of Phytophthora into natural ecosystems has significantly increased (Jung, 

2009; de Sampaio and Paiva Camilo-Alves, 2013; Hansen, 2015; Mora-Sala et al., 2018; 

Seddaiu et al., 2020; Benigno et al., 2023; 2024). The progress in understanding the role of 

these oomycetes depended also on new molecular detection methods that have facilitated the 

identification and description of new Phytophthora species as well as deeper studies of their 

genetics (Sapkota et al., 2015; Riddell et al., 2019). 

Morphological identification, on the other hand, is often problematic also because the 

unavailability of a specific substrate or antibiotics capable of suppressing the growth of 

undesidered contaminants, makes it difficult to recover the fungus from environmental samples 

and, in any case, it requires considerable mycological expertise.  

For these reasons, but also due to the increasing global trade (import/export) of plant material, 

there is a growing demand for accurate and rapid diagnostic protocols to detect plant pathogens 

from various matrices such as water, soil, air, insects, as well as asymptomatic infected plants, 

wood, soil, etc (Panzavolta et al., 2021).  

Recently, increasingly accurate molecular methods such as PCR and qPCR allow for 

the timely diagnosis of asymptomatic phytopathogenic microbes (Niessen, 2015; Rizzo et al., 

2022). DNA fingerprinting techniques are now considered the most promising and effective 

diagnostic tool for phytosanitary control of infected material. The ability to detect very small 

amounts of DNA in a targeted and unequivocal manner makes these techniques an effective 

and irreplaceable support for both diagnostic and molecular epidemiological applications 

(Rizzo et al., 2020). 

A recent innovation is the loop-mediated isothermal amplification (LAMP) technique, 

currently used in phytopathological diagnostics. Several protocols have been developed for 

important pathogens, such as Dothistroma septosporum (G. Dorog.) M. Morelet, one of the 

causal agents of Dothistroma needle blight (DNB), an emerging pathogen harmful to natural 

pine forests. This technology has allowed for the identification of this agent and its 

differentiation from related pathogens, Dothistroma pini Hulbary and Lecanosticta acicola 

(Thüm.) Syd. The LAMP technique has demonstrated superiority over PCR by specifically 

amplifying target DNA in the presence of non-target sequences, eliminating the need for 

multiple temperature cycles, long reaction times, and sophisticated laboratory settings that are 

often responsible for amplification errors and longer response times (Aglietti et al., 2021). 
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Accurate and timely diagnosis is also essential for understanding the potential impact of 

parasites on forest ecosystems as well as for implementing effective disease and pest 

management control strategies (Rizzo et al., 2021; 2022). By using both traditional and 

molecular approaches, it is possible to identify plant diseases and stop potential outbreaks 

(Hariharan et al., 2021). 

While many efforts have been made in the development of new diagnostic methods, the 

development of effective control protocols remain the key strategy to contain certain diseases. 

In forestry, there are few applications of control measures, and to date, the only experiments 

involve the application of BCAs (BioControl Agents). This strategy in based on the application 

of beneficial microorganisms – often natural components of forest ecosystems - which can 

persist and parasitize pathogens. Biocontrol, discovered since the 1920s, has in fact become an 

increasingly prominent tool in plant protection. By definition, biocontrol involves: a) the 

destruction of the propagative units or biomass or inoculum of the pathogen; b) the prevention 

of inoculum formation; c) the weakening or displacement of the pathogen in infected plant 

residues; d) the reduction of vigour or virulence of the pathogen by agents such as mycoviruses 

or hypovirulence determinants. Thanks to advances in molecular biotechnology, biological 

control techniques are now more easily applicable. Control tactics and molecular analyses are 

fundamental for successfully implementing biocontrol strategies. The efficacy of antagonistic 

fungi to control fungal pathogens is well-documented. Some BCAs, like some species of 

Trichoderma, a genus of imperfect fungi (Ascomycota division, Hypocreales order) (Gams and 

Bisset, 1998) are well known for their parasitic properties against various fungal pathogens 

(their effectiveness having been proven for over 70 years). Trichoderma is a natural component 

of the soil microflora, living also inside plant tissues as an endophyte.  

Trichoderma spp., by colonizing the plant without becoming a pathogen, induces a 

series of metabolic changes in the plant aimed at blocking and/or preventing the entry of the 

fungal pathogen, confining it to the outer layers of cortical cells (Elad and Kapat, 1999; Elad, 

2000). The success of Trichoderma species as fungal antagonists stems from their remarkable 

ability to adapt to unfavorable conditions, high prolificacy, efficiency in nutrient utilization, 

influence on the rhizosphere, aggressiveness against plant pathogenic fungi, and the capacity 

to promote plant growth through defence mechanisms (Fig. 3).  



14 

 

  

 

Fig. 3: Model depicting the mode of action of Trichoderma spp. against pathogen and their role in plant growth 

improvement. Credits: Rajesh et al., 2016 

 

These characteristics grant Trichoderma a ubiquitous distribution in diverse habitats with 

significant population densities. The utilization of Trichoderma has proven successful in 

controlling plant pathogens, leading to the development of several commercial products based 

on different Trichoderma species. 
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Summary of Chapters: 

 

Chapter I: In the first chapter, a new and alarming phenomenon is investigated: the widespread 

decline of Fraxinus species in central-northern Italy. Due to the vastness of this phenomenon 

and the severity of its impact, it can be considered a true phytosanitary emergence. The research 

conducted led to the identification for the first time of new etiologic agents affecting these tree 

species, some of which important, cosmopolitan pathogens. Research conducted with highly 

sensitive and accurate diagnostic tools (both microbiological and molecular) and wide-ranging 

epidemiological investigations, carried out for several years, led to ascribe the decline of 

Fraxinus formations to two distinct groups of emerging pathogens: fungi of 

Botryosphaeriaceae family and oomycetes of the Phytophthora genus. The Botryosphaeriaceae 

family includes 22 genera, the most common being Botryosphaeria, Diplodia, Dothiorella, and 

Neofusicoccum. The species identified in this study, cause a wide range of symptoms in 

Fraxinus spp., such as stem and branch cankers, shoot and foliage dieback, and in some cases, 

death of young regeneration. Stress conditions triggered by global warming have led to 

epidemic outbreaks by latent Botryosphaeriaceae and emerging pathogens of the genus 

Phytophthora. Phytophthora spp. represent in fact another significant group of emerging, lethal 

pathogens in many global forest areas. Depending of the taxon, Phytophthora spp. exhibit a 

soil-borne or an airborne transmission lifestyle. These oomycetes induce a broad range of often 

aspecific symptoms in affected hosts; in response to damage to bark and roots, the canopy 

manifests nonspecific symptoms like yellowing and progressive or sudden decline. The 

oomycetes described in this study P. acerina, P. bilorbang, P. cinnamomi, P. hydropathica, P. 

lacustris, P. multivora, P. plurivora, P. polonica, P. pseudocryptogea, P. pseudosyringae, and 

P. syringae are reported for the first time on Fraxinus spp. in Italy. Based on pathogenicity 

evidence, it can be assumed they also play a significant role in the decline of Fraxinus spp.. 

Chapter II: In view of the above, and given the ecological importance of Fraxinus ornus 

(common names: “flowering ash” or “manna ash”), especially in central Italy, it was considered 

useful to deepen the understanding of the decline phenomenon on this particular species. 

Flowering ash turned out to be highly susceptible to pathogens never investigated before. B. 

dothidea caused extensive and recurring cankers along the stem. Its pathogenicity was 

confirmed by pathogenicity tests. Symptoms were also evident on branches and shoots of 

young plants, including shoot folding and foliage dieback by D. fraxini. These symptoms are 

precursors of tree decline, which is also favoured by environmental stresses. The research 
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demonstrated the pathogenicity ad virulence of these agents and clarified the crucial role that 

some prominent members have in the decline/dieback of ash formations in investigated areas. 

Chapter III: The most ambitious goal of all diagnostic and epidemiological investigations is 

the development of effective tools and strategies for the control of pathogens and/or for the 

mitigation of their impacts. Biological control was one of the main lines along which this 

research developed. Specifically, attention was paid to an emerging disease of chestnut fruits: 

brown or chalky rot of nuts. The agent responsible for this new disease is the fungus 

Gnomoniopsis castaneae Tamietti (syn. Gnomoniopsis smithogilvyi L. A. Shuttleworth, E. C. 

Y. Liew, and D. I. Guest) (Shuttleworth et al., 2016). The impact of this disease has reached 

alarming proportions in the last decades, probably exacerbated also by climate change. In the 

third chapter, we report efforts undertaken to achieve biological control of Gnomoniopsis 

castaneae in chestnut stands, by exploiting the antagonistic capabilities of fungi of the genus 

Trichoderma. To address this challenge, a biological control method based on tree endotherapy 

was developed. Over a two-year experimentation period, test chestnut trees were treated with 

a solution containing competent, selected strains of Trichoderma spp.. Throughout the whole 

study period, the effect of the biocontrol treatments on tree health and the incidence of G. 

castaneae, and other relevant parameters, were monitored. Results proved endotherapic 

treatment with Trichoderma spp. to significantly reduce the incidence of the disease, thus 

contributing to the control of nut rot. This approach offers a sustainable, eco-friendly 

alternative to conventional practices. because it allows to reduce dependence on chemical 

pesticides. On the other hand, in the fruit chestnut grove, considered to all intents and purposes 

a forest, treatments with synthetic pesticides are not allowed, so biocontrol was the only 

solution that could be adopted.  
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Aim of the thesis 

 

The aims of this research were: a) to ascertain the causes of a severe dieback of Fraxinus 

species, with particular emphasis on the die-off of Fraxinus ornus, which in central Italy is 

very widespread, to the point of becoming an alarming phytosanitary issue; b) to investigate 

some epidemiological aspects of this dieback, by also taking into consideration environmental 

stress factors that could contribute to the onset and the development of the phenomenon; and 

c) to develop possible control strategies against an harmful, economically important plant 

pathogen. 

The dieback of Fraxinus spp. taken into consideration was a completely new topic, as 

no one had ever investigated it before. The investigations led to the identification of new 

aetiological agents affecting these tree species.  Some of these taxa are known cosmopolitan 

pathogens. Two distinct groups of emerging pathogens turned out to be involved in the decline 

of Fraxinus: fungi of the Botryosphaeriaceae family and oomycetes of the genus Phytophthora. 

Some Phytophthora species, like some Botryosphaeriaceae, being tolerant taxa, have benefited 

from climate change, particularly in the Mediterranean environment. These pathogens play an 

important role in the development of severe decline symptoms, causing considerable product 

losses and significant economic losses, not only in forestry but also in agriculture and in nursery 

production. 

Another issue was the development of an effective biocontrol method for the 

management of an emerging as well as alarming new disease of chestnut fruits: brown or chalky 

nut rot,  caused by the ascomycete G. castaneae. Given the severity of the disease, which 

heavily curtails nut production, it has become imperative to develop effective tools for its 

control and/or mitigation. The protocol involved the use of three species of Trichoderma 

administered via endotherapic treatments. This was a completely new approach as never 

endotherapy had been used before for the biocontrol of a disease through the use of 

Trichoderma in forests.  

These topics are described and discussed in detail in the following three chapters, two 

of which have already been published in international scientific journals and one of which is 

still under review. 
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Chapter I 

Pathogenic fungi and oomycetes causing 

dieback on Fraxinus species in the 

Mediterranean climate change hotspot 

region 
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General discussion 

 

The decline of forests is a complex and multifactorial problem which is occurring with 

varying intensity in various areas of the planet. The phenomenon is often associated with 

Global Change, the effects of which are even more exacerbated in some areas in particular, like 

the so-called “Hotspots for Climate Change”. Given the extent of the phenomenon, and the 

economic and environmental losses associated with forest decline, the problem requires a 

timely and resolute response. Forests are in fact a fundamental tool for mitigating climate 

change, e.g. through carbon capture and oxygen production, but forest are also heavily affected 

by climate warming (Seddon et al., 2020). High temperatures, heatwaves, water deficits, 

extended droughts, and other extreme weather events are causing unprecedented stresses and 

mortality on forest trees, increasing the risk of fires, pathogen and pest attacks and land 

degradation (Lindner et al., 2014; Hartmann et al., 2022). 

The stability and biodiversity of forests must also face threats from anthropogenic 

influences (Senf and Seidl, 2021). A pivotal factor contributing to imbalances in the natural 

environment is the unintentional introduction of exotic pathogens and pests (Liebhold et al., 

2017; Panzavolta et al., 2021). Specifically, global trade is facilitating the movement of plant 

material across countries and continents, heightening the exposure of native plant communities 

to new pathogens and pests (Panzavolta et al., 2021). Human-mediated movement of plant 

germplasm and vegetable products enables these harmful agents to overcome the geographical 

barriers that historically played a role in shaping the distribution of living organisms within 

continents (Richardson et al., 2000).  

Forest disturbances, like to the introduction and emergence of new pathogens, appears 

evident in various geographical areas worldwide. Notable, historical case histories are the 

pandemic spread of Ophiostoma novo-ulmi, the agent responsible for Dutch elm disease; the 

worldwide diffusion of Seiridium cardinale, the cause of a lethal canker disease on cypress and 

related Cupressaceae (Sache et al., 2011); the outbreaks induced by several Phytophthora 

species in oak forests; the epidemic spread of chestnut blight chestnut stands, ascribed to P. 

cambivora, P. cinnamomi, and congeneric species [(P. cinnamomi is currently causing severe 

oak mortality in Sardinia and Lazio regions (Scanu et al., 2014)]. But examples of devastating 

pathogens are also some recent diseases like  the root and collar rots induced by P. cryptogea 

and P. humicola in plantations of Pinus radiata and Pinus pinea in central Italy; the root rot, 
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bleeding cankers and dieback of Acer pseudoplatanus caused by P. acerina (Ginetti et al., 

2014); strawberry tree dieback by P. parvispora (Scanu et al., 2014); dieback and mortality of 

Juglans spp., in North America and, more recently, in Europe (in Italy, in particular) by the 

invasive ascomycete pathogen Geosmithia morbida, the agent of Thousand Cankers Disease 

(TCD) of Walnut and its vector the scolytid Pityophthorus juglandis (Moricca et al., 2019; 

2020; Bracalini et al., 2023); the devastation of riparian alder formations in the Italian Alps 

provoked by  the exotic rust Melampsoridium hiratsukanum (Moricca et al., 2021).  

A new, previously unexplored dieback is being observed on Ash stands in the 

Mediterranean region. Given the importance of Fraxinus species in Mediterranean forest 

formations and the current, heavy impact of the disease, an investigation was carried out in this 

study in order to investigate the aetiology of the phenomenon. The study enabled the 

identification of some harmful fungal and oomycete pathogens as the etiological agents 

responsible for this widespread dieback. 

Tree species of the genus Fraxinus play a crucial ecological role in Mediterranean 

forests. Though Fraxinus species are an important component of many mixed forests along the 

Italian Peninsula, Fraxinus decline has received until now limited attention. A progressive 

dieback of the three main species of Fraxinus, European ash (Fraxinus excelsior L.), flowering 

ash or manna ash (Fraxinus ornus L.), and narrow-leaved ash (Fraxinus angustifolia Vahl.), 

has been observed at various locations in central and north Italy (Panconesi et al., 2014; 

Benigno et al., 2023). Dieback of Fraxinus spp. was reported also in Switzerland (Rigling et 

al., 2018) and in other European countries, but in all those cases the symptomology was quite 

different and the damage was ascribed to the well-known pathogen Hymenoscyphus fraxineus. 

Symptoms exhibited by affected trees in the Mediterranean area  included: sunken, ellipsoidal 

cankers along the stem and branches with bark cracks; leaf and shoot necroses (leading to a 

gradual decline of the canopy); exudate emission on the lower stem; root and collar rot; 

nonspecific canopy symptoms giving rise to a gradual or a sudden decline of trees (Orlikowski 

et al., 2011; Linaldeddu et al., 2020; Peters et al., 2023; Benigno et al., 2023). In some areas in 

particular (e.g. in the Colline Metallifere area, in Tuscany), damage was very high, with 

pronounced mortality, especially on young seedlings. The dieback strongly impacted natural 

regeneration. 

Our investigation proved that in the Mediterranean region climatic anomalies, in primis 

heat and drought stresses occurring repeatedly during the growing season, weakened trees, 

strongly impairing their physiology and making them more prone to infection by thermophilic, 

opportunistic pathogens. Among the pathogens that benefited from such a climate pattern were 



72 

 

some members of the Botryosphaeriaceae family (Rehfeldt et al., 2009; Venette, 2009; Benigno 

et., 2023; 2024). The Botryosphaeriaceae (Botryosphaeriales, Ascomycetes) constitute a group 

of polyphagous phytopathogenic fungi, with a cosmopolitan distribution (Moricca et al., 2008, 

2010; Linaldeddu et al., 2016; Moricca and Linaldeddu, 2017). Tree species affected by these 

group of pathogens normally show a variety of symptoms, among which cankers on the stem 

and branches, with distinctive necrotic wedge-shaped sectors in cross-section (Ragazzi et al., 

1999; Linaldeddu et al., 2016; Manca et al., 2020). In many investigations on tree declines in 

which members of the Botryosphaeriaceae  were involved, environmental stress turned out to 

be a key factor modifying the dynamics of host-pathogen interaction, favoring the microbial 

partner(s) of the antagonistic interaction (Sturrock et al., 2011; Hilario et al., 2019; Panno et 

al., 2021).  

Over the years, several investigations tried to elucidate key aspects of the biology and 

epidemiology, including the endophytic nature of these fungi and their life history strategy. 

The taxonomy of the Botryosphaeriaceae was another important issue, as the taxonomic 

intricacy in this family  has led to considerable confusion on their identity and  thus also on the 

specific involvement of members of this group in the widespread declines that occurred 

worldwide (Dayarathne et al., 2016). Recent advances in molecular biology and diagnostic 

techniques have made available highly sensitive and effective tools that enabled a more 

accurate identification and characterization of the species of Botryosphaeriaceae. In the early 

2000s, this group was divided into numerous distinct genera, all of which were previously 

unified under the teleomorph genus Botryosphaeria (Crous et al. 2006). The adaptability and 

global distribution of these pathogens underscore the urgent need for international management 

and control strategies (Úrbez-Torres, 2011).   

Botryosphaeriaceae can infect plants through natural openings or wounds and most of 

them are endowed with an endophytic lifestyle (Slippers and Wingfield, 2007). During our 

survey, Botryosphaeria dothidea and Diplodia fraxini were isolated at a high frequency either 

from cankered tissues either from health plant material. Several studies have demonstrated that 

B. dothidea shows little or no host preference. This is confirmed by individual haplotypes 

occurring on multiple hosts, despite their surprisingly extensive distribution (Marsberg et al., 

2017). The conidia and ascospores of B. dothidea, like thus of other Botryosphaeriaceae, are 

believed to be dispersed by wind and rain over relatively short distances (Ahimera et al., 2004; 

Amponsah et al., 2009; van Niekerk et al., 2010; Úrbez-Torres et al., 2010; Marsberg et al., 

2017). Diplodia fraxini, although morphologically similar to Diplodia mutila (Fr.) Mont., is 

genetically distinct from it. Unlike what has been observed for B. dothidea, this fungus exhibit 
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a clear host specificity for the Fraxinus genus, including the ability to produce selective 

phytotoxic secondary metabolites (Cimmino et al., 2017; Benigno et al., 2023).   

Decline phenomena are still more exacerbated by attacks of oomycetes of the 

Phytophthora genus. Phytophthora species pose a significant threat as emerging pathogens in 

various forested regions globally. They induce a wide range of symptoms in affected hosts, 

leading to the gradual or sudden decline of the canopy due to damage to roots an bark (Tyler 

et al., 2002). Forests have evolved in conjunction with a variety of organisms, including 

Phytophthora species, and generally, in the long run, these associations are not harmful to 

forest ecosystem. However, alterations in conditions, such as the introduction of pathogens into 

new environments, exposure to hosts without a coevolutionary history, or changes in the 

environment, can bring about shifts in the dynamics of forest pathogens, resulting in negative 

impacts on the ecosystem (Hansen, 2015).  

Over the last two decades, numerous studies have demonstrated that several 

Phytophthora species are involved in the widespread decline of forest ecosystems in Europe 

(Jung et al., 2016). In our study too, the decline was in some instances associated to the action 

of Phytophthora species (Benigno et al., 2023). This introduces a further complication to 

investigations aimed at clarifying the etiology of Fraxinus decline, revealing that interactions 

in forests are often multi-partite and thus emphasizing the necessity of addressing multiple 

issues in the attempts to get to the bottom of the problem. The study carried out here is the most 

comprehensive survey of Phytophthora species affecting Fraxinus members, with a total of 11 

different species identified. These include: P. acerina, P. bilorbang, P. cinnamomi, P. 

hydropathica, P. lacustris, P. multivora, P. plurivora, P. polonica, P. pseudocryptogea, P. 

pseudosyringae, and P. syringae. These taxa were reported for the first time as pathogens of 

species of the genus Fraxinus in Italy. 

Current climatic trend seems to be particularly favorable for the lifestyle and 

development of this group of pathogens: increasingly mild and humid winters can induce an 

easy production of zoospores for host infection; this condition, combined with dry summers 

that cause severe stress in vegetation, makes the trees highly susceptible and easily attackable 

(Serrano et al., 2022).  

Given the aforementioned considerations, and acknowledging the ecological 

importance of the species Fraxinus ornus in particular, it was considered appropriate to delve 

deeper into the causes of its decline/dieback. This deciduous tree is native to mixed hilly and 

mountainous forests in southern Europe and southwestern Asia. F. ornus is commonly used in 

conservation forests and for the re-colonization of degraded lands. Additionally, the production 
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of manna, a sweet-tasting sap used as a sweetener, enhances the economic value of this tree in 

southern Italy (Caudullo et al., 2016; Benigno et al., 2024).  

The widespread observed mortality of flowering ash in affected regions proves the 

vulnerability of this species to pathogen attacks has been insufficiently studied thus far. This 

research represents in fact the first attempt to investigate the decline of Fraxinus ornus in Italy.  

One of the most evident symptoms observed on young F. ornus seedlings was the development 

of cankers on the stem. These cankers emerged repeatedly along the stem and caused a 

widespread mortality The death of the trees occurred when cankers, ellipsoidal in form and 

depressed over the bark, encircled the entire stem axis. Symptoms were also present on 

branches and shoots of young plants, with the shoots often bent on themselves. This latter 

symptom was mainly associated with the occurrence of D. fraxini.  

All the symptoms observed on Fraxinus species are tangible indicators of tree decline 

and point to a combination of environmental and phytopathological stress factors (Benigno et 

al., 2023; 2024). As already mentioned, most studies on Fraxinus species focused until now on 

the damage caused by H. fraxineus (Fones et al., 2016; Mitchell et al., 2017; Madsen et al, 

2021). In most investigations, F. excelsior seemed to be highly susceptible to H. fraxineus  

whereas F. ornus appeared less susceptible. This susceptibility classification aligns with a 

recent study by Carrari et al. (2015). Symptoms on woody parts caused by natural infections 

of H. fraxineus have not been observed in F. ornus, but necrotic lesions on the bark and wood 

discoloration on the stems have been documented (Kirisits et al., 2009; 2015; Papic et al., 

2018). The hypothesis that H. fraxineus is confined to the leaves of Fraxinus ornus, without 

causing symptoms on woody parts, suggests a specific dynamic of interaction between the 

fungus and the tree (Schwanda and Kirisits, 2016). This characteristic could be a key element 

in understanding the relative resistance of Fraxinus ornus to ash dieback by H. fraxineus.  

The results of our study indicate that fungi of the Botryosphaeriaceae family play a 

fundamental role in the decline of  F. ornus in the Mediterranean area. Their presence in young 

F. ornus individuals emphasizes the need to deepen our understanding of their ecology and 

impact. Pathogenicity tests confirmed their pathogenicity on F. ornus. This demonstrates once 

again their role in the decline of this species and provides a solid foundation for understanding 

the specific dynamics of this pathological interaction (Batista et al., 2021). The impact of the 

disease has been particularly pronounced in nutrient-poor soils, on south or southwest-exposed 

slopes, and in formations subject to high temperatures and heatwaves, leading to significant 

mortality of young individuals, especially after prolonged periods of drought (Benigno et al., 

2023). The higher mortality of young individuals in nutrient-poor soils underscores the 
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dependence of this tree species to nutrient availability, influencing its ability to resist pathogen 

attacks. Additionally, a higher incidence of the dieback in less dense woodland formations, in 

south or southwest-exposed slopes, suggests a close correlation with climatic conditions, such 

as exposure to direct sunlight and higher temperatures, conditions evidently favoring pathogen 

attacks and development. Forests subjected to high temperatures, heatwaves and drought are 

particularly vulnerable to infection by opportunistic pathogens, consistent with the broader 

context of climate change. In fact, the increased mortality of young F. ornus seedlings after 

prolonged drought indicates a critical connection between water stress and host susceptibility. 

Drought conditions weaken trees, making them more susceptible to infections by latent and 

opportunistic pathogens, promoting the emergence of endophytic fungi that can switch to a 

pathogenic lifestyle, what occurs precisely with the Botryosphaeriaceae (Desprez-Loustau et 

al., 2006; Benigno et al., 2023). The current climate of the Mediterranean region, characterized 

by rising temperatures, increasing water deficit, heatwaves, and prolonged drought, makes trees 

particularly vulnerable  to attacks by these microbial entities.  

A further complication when dealing with microorganisms endowed with an 

endophytic lifestyle is that their latent phase can cause them to be overlooked by quarantine 

measures (Slippers and Wingfield, 2007). The ability of these microbes to quickly cause 

diseases when their hosts are under stress makes them a significant threat to agricultural 

ecosystems, plantations, and native forests (Fones et al., 2016). This is especially relevant in 

conditions of dramatic climate change that increase stress on plant communities. In these 

conditions, it is crucial to maximize our understanding of the ecology and virulence of these 

pathogens, particularly as regards their endophytic nature, species richness, host-switching 

ability, and interaction with the host and the environment (Slippers and Wingfield, 2007).  

An emerging, pathogenic endophyte which is currently causing problems to chestnut 

cultivation is the ascomycete Gnomoniopsis castaneae (Dennert et al., 2015; Maresi et al., 

2013; Sakalidis et al., 2019). This pathogens causes the so called “brown or chalky rot” of nuts, 

a disease that strongly compromises fruit quality and organoleptic characteristics (Lione et al., 

2019; Shuttleworth et al., 2013). The typical symptom is a brown discoloration of the 

endosperm, which appears dehydrated, spongy, or chalky with light brown, medium, and dark 

lesions along with discoloration (Shuttleworth et al., 2012; Maresi et al., 2013; Lione et al., 

2015). The symptom is detectable only by removing the pericarp. Due to this feature, which is 

to be ascribed to the endophytic nature of the fungus, nut rot is observed mainly in post-harvest 

processing (Visentin et al., 2012; Maresi et al., 2013; Shuttleworth et al., 2013; Vettraino et al., 

2019). Nuts may in fact appear healthy on the surface while the internal tissue is decayed 
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(Shuttleworth et al., 2013). This disease is considered responsible for millions of dollars of 

product losses (Shuttleworth et al., 2013). 

G. castaneae has been recognized since the early 21st century as the primary agent of 

nut rot in chestnut groves across Europe and Oceania (Dennert et al., 2015; Shuttleworth et al., 

2012; 2017; Visentin et al., 2012). The fungus was described almost contemporarily, in 2012, 

as G. castaneae in Italy (Visentin et al., 2012), and as G. smithogilvyi in Australia (Shuttleworth 

et al., 2012). These reports appeared in printed publications within weeks of each other but to 

date it is assumed that G. castaneae was the first to be published (Gonthier et al., 2017; 

Tamietti, 2016). 

Implementing effective control measures against G. castaneae, primarily based on 

water treatment, sterilization, and post-harvest chemical applications, poses important 

challenges (Morales-Rodriguez et al., 2022; Silva-Campos et al., 2022; Bastianelli et al., 2022).  

In response to these challenges, we implemented a biological control method that focused on 

the application of competent strains of three Trichoderma species, namely T. viride, T. 

harzianum, and T. atroviride, by endotherapic treatments. Members of the genus Trichoderma 

have been reported as essential endophytes capable of interacting with various crop species 

(Zhang et al., 2016), providing a significant advantage to agriculture and preventing, at the 

same time, contamination of the environment by synthetic chemical residues.   

Species of the genus Trichoderma are known to suppress plant pathogens by various 

mechanisms: direct parasitism, antibiosis, competition for nutrients and space (Harman et al., 

2004; Ghazanfar et al., 2018; Zhang et al., 2022; Kim et al., 2023). Besides parasitising and 

restricting plant pathogens, Trichoderma species are also known  to assist plants in overcoming 

environmental stresses and in realizing their yield potential by colonizing roots, therewith 

improving seedling vigor and the plant immune system (Prudencio et al., 2020; Agostini et al., 

2023). In fact, Trichoderma spp. can act by increasing photosynthetic efficiency in stressed 

plants thus improving general plant growth performances (Rajesh et 2016; Kim et al., 2023). 

The mechanism through which Trichoderma induces biostimulation entails intricate 

communication at multiple levels with the root systems of the host plant, as elucidated by 

Brotman et al. (2013). Numerous strains of Trichoderma function as beneficial 

microorganisms, triggering the activation of defence and developmental responses in the host 

plant. Secondary metabolites, such as auxins, small peptides and other active compounds 

released into the rhizosphere by Trichoderma strains, have a fundamental role in promoting 

root branching and improving nutrient uptake capacity.  

Pasche et al. (2016) hypothesized that the effectiveness of widely occurring endophytes such 
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as Trichoderma atroviride and Bacillus amyloliquefaciens as antagonists of G. castaneae in 

young seedlings substantiated in a deceleration of disease progression, although complete 

elimination was not achieved. They concluded that the total colonization of the plant by 

antagonists would lead to cessation of pathogen growth.  

Up to date, endotherapy had never been employed to dispense Biological Control 

Agents (BCAs) in chestnut orchards. In our study, we embraced a biological control approach 

to reduce infections of the nut rot agent G. castaneae by administering Trichoderma species 

by endotherapic applications. This represented a completely new and unexplored strategy. Our 

treatments were highly successful as they efficiently restricted the growth and the incidence of 

G. castaneae in chestnut fruits. In the whole, the results obtained from both in vivo and in vitro 

tests, provided additional confirmation of the effectiveness of Trichoderma application as a 

biological control agent. In in vitro tests, T. viride and T. harzianum gave more promising 

results than T. atroviride, which exhibited the most unfavorable outcomes. However, the plant 

growth-promoting capabilities and biocontrol activity of T. atroviride have already been 

demonstrated (Rao et al., 2022). For these reasons, all the three Trichoderma species were 

employed in our endotherapic treatments, aiming to leverage the known capabilities of each 

one of these species. 

To the best of our knowledge, no other author has reported a detailed assessment of the 

effects of the application of three antagonistic strains of  T. viride, T. harzianum, and T. 

atroviride on G. castaneae. The use of Trichoderma as a biological control agent would 

provide a practical solution to specific phytosanitary challenges in chestnut forests. In fact, the 

exploitation of biological control of pathogens in forest environments could prevent 

environmental and health risks associated with chemical treatments, also because the use of 

chemical products in the forest is not permitted. Anyhow, the application of biological control 

methods against forest pathogens remains largely unexplored, with limited efforts directed 

toward mature trees. 
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Concluding remarks 

 

The case studies examined in this thesis, along with numerous other compelling plant 

health issues in Mediterranean ecosystems, highlighted the emerging problem of the decline of 

forest formations and plantations, with climate change called into question as the major driver 

of the introduction of new pathogens into previously uncontaminated areas. The study also 

pointed out the inherent risk associated with global plant trade pathways that serve as 

inadvertent sources of unforeseen, unknown, and undesirable pathogens (Garbelotto and 

Pautasso, 2012; Panzavolta et al., 2021). To respond effectively to the threat of emerging 

pathogens, several countries are stepping up efforts to control the introduction of organisms 

harmful to agriculture and forestry. In an attempt to face the problem, plant health protection 

has been elevated to a key component of the agricultural and forestry policies of many 

countries. It is important to emphasize that careful consideration of disease prevention and 

mitigation issues is paramount in many forestry policies, e.g. in the development of assisted 

migration programs. In fact, in the struggle to conserve biodiversity amidst the growing 

challenges of climate change, the lack of an olistic, multidisciplinary approach, that takes into 

due consideration also the alarming problem of the introduction of microbial plant enemies, 

could paradoxically frustrate every effort, inadvertently leading to the loss of key species. 

International cooperation is also essential in developing preventive strategies to ensure that 

phytosanitary protocols are strictly implemented in plant trade processes, to prevent the 

introduction of harmful pathogens into new habitats. In this context, research plays a key role, 

not only for the development of sensitive and accurate diagnostic protocols, but also for the 

study of the biology and epidemiology of new pathogens, as well as for the assessment of the 

risk posed by the possible introduction of new pathogens into disease-free territories. This 

research also provided compelling evidence that the adoption of effective biological control 

approaches is a promising strategy to protect plant produce and mitigate the negative impacts 

on the environment and human health associated with the intensive use of fungicides. 
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