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Figure 1. Taxonomic and diversity comparison across compartments and 

locations. A, relative abundance of prokaryotic phyla based on 16S amplicon 

data in samples from different locations in root and corresponding 

rhizosphere and bulk soil. B, relative abundance of fungal phyla based on ITS 

amplicon data in samples from different locations in root and corresponding 
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rhizosphere and bulk soil. C, alpha diversity comparison between different 

locations in root and corresponding rhizosphere and bulk soil based on the 

Shannon index using the 16S amplicon data. D, alpha diversity comparison 

between different locations in root and corresponding rhizosphere and bulk 

soil based on the Shannon index using the ITS amplicon data. Different letters 

in the top of bars in panel C and D indicate significant difference among 

locations, P-value<0.05; ns=not significant at P-value<0.05; One-way 

ANOVA followed by Tukeyôs multiple comparison test. The center value 

represents the median of alpha index. Points represent random variation on 

the location of each point. E, PCoA based on the unweighted Unifrac distance 

across compartments using 16S data. F, PCoA based on the unweighted 

Unifrac distance across compartments using ITS data. AU Australia, BR 

Brazil, CN China, FR French Réunion island, IT Italy, OM Oman, SA South 

Africa, SP Spain, US United States.ééééé.éééééééé......255 

Figure 2. Co-occurrence networks of root (A and B) and rhizosphere (C and 

D) for bacterial (A and C) and fungal (B and D) ASVs, respectively. The 

networks were constructed based on Spearman correlation analysis of 

taxonomic profiles, with |ɟ| Ó0.65 and the P-value <0.05. The nodes and the 
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Figure 3. Alpha diversity and taxonomic comparison of root microbiota 

across rootstocks. A, alpha diversity comparison across rootstocks based on 

the Shannon index using the 16S (left) and ITS (right) amplicon data. 

Different letters in the top of bars indicate significant difference among 

rootstocks, P-value<0.05; One-way ANOVA followed by Fisher's least 

significant difference (LSD) test. The center value represents the median of 

values. B, relative abundance of prokaryotic (left) and fungal (right) classes 

based on 16S and ITS amplicon data in samples from different rootstocks. 

CC, Carrizo citrange; OT, Ortanique tangor; RL, Rangpur lime; SC, Swingle 
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Figure 4. Relative abundance of the most abundant (top 60) bacterial (A) and 
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normalization of observed reads by Log10 (x+1). AU Australia, BR Brazil, 

CN China, FR French Réunion island, IT Italy, OM Oman, SP Spain, US 
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Figure 5. The overrepresented KEGG level 3 pathways for core root 

microbiome.  The enrichment analysis of functional pathways compared to 

the functions of whole gene set were performed using fishersô exact test based 

on P-value was less than 0.05.ééééééééééééééééé.266 
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16S (A) and ITS (B) data; * indicate significant difference with-in location; 

ns= not significant, *p-value<0.05. One-way ANOVA followed by Fisher's 
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CC, Carrizo citrange; OT, Ortanique tangor; RL, Rangpur lime; SC, Swingle 
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Research highlights 

Á Control of Colletotrichum spp. and Alternaria alternata citrus 

pathogens with biological products alternative to copper was the 

main general objective  

Á Basic substances, plant extracts, and their mixtures, demonstrated 

antifungal activity both in vitro and in vivo trials 

Á Alternative products were tested in three Sicilian citrus orchards on 

sweet orange clones (óTarocco Scireô and óTarocco Tapiô) and 

lemon clone (óFemminello Siracusano 2 KRô) for two-three 

consecutive growing seasons 

Á Alternative treatments, singly or in combination, were effective 

against the diseases and showed comparable or better efficacy than 

copper-based products  

Á Results indicated the potential of their large-scale use as a ready-

to-use substitute to traditional copper-based formulations 

Á The composition and structure of citrus fruit microbiome was 

investigated 

Á Copper treatments reduced richness and diversity of bacterial 

community of carpospheric citrus microbiome 

Á Alternative products induced minimal or no depletion on 

carpospheric microbial communities 

Á Core members comprised bacterial genera widely reported as plant 

beneficials  

Á The integration of high-throughput sequencing with cultivable-

dependent techniques was demonstrated as a powerful approach to 

elucidate the potential of microbiome members  

Á Microbiome analyses as a complementary tool to enhance 

traditional biological control strategies 

Á An advancement of the current knowledge on the citrus fruit 

microbiome was achieved  
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Á Selected antagonistic bacterial strains emerged as promising 

biological control agents as part of core members  

Á Exploring the potential synergy between antagonists and 

alternative products represents a promising avenue for future 

research in sustainable agriculture 
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Abstract 

Citrus cultivation represents one of the most important industries 

worldwide, with the Mediterranean countries serving as major citrus 

producers. Colletotrichum spp. and Alternaria alternata currently 

pose threats to Mediterranean citriculture, causing severe preharvest 

fruit symptoms of anthracnose and Alternaria brown spot respectively, 

and leading to substantial economic losses. The management of these 

pathogens is increasingly problematic, particularly in organic citrus 

orchards where disease management largely relies on the use of 

copper-based antimicrobials. With limitations in the use of Cu 

compounds imposed by the European Commission, due to the 

demonstrated noxious effects on environment, alternative control 

strategies are needed. This need is particularly emphasized in Sicilian 

citrus farming, which holds a prominent position in organic production 

worldwide. Consequently, the research for sustainable strategies is 

highly advocated, and should explore multiple possibilities, such as 

alternative formulations or the investigation and promotion of the 

beneficial members of the fruit microbiome. 

In this context, the multidisciplinary research activities of the 

Ph. D. thesis focused on: (i) identifying alternative biological products 

able to reduce or phase out copper-base antimicrobials in citrus 

farming; (ii) evaluating the effectiveness of alternative products across 

different citrus orchards in pluriannual trials; (iii ) understanding the 

microbial composition of citrus fruit carposphere, delineating core 

members, and elucidating the beneficial component; (iv) assessing the 

impact of alternative and copper treatments on the fruit microbiome; 

(v) establishing a collection of bacterial strains with antagonistic traits 

belonging to the core microbiome using an integrated and innovative 

approach. Overall, the obtained results provide evidence of the 

effectiveness and sustainability of alternative products. Alternative 

products emerge as promising substitutes to copper-based 
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antimicrobials in managing citrus fungal diseases for a large-scale use 

and as promoters of a beneficial fruit microbiome. Furthermore, key 

information on the microbiome composition of citrus fruit carposphere 

were uncovered, widening its limited knowledge. An innovative and 

integrative study approach is proposed by integrating cultivable-

dependent and cultivable-independent tools as an effective method to 

elucidate microbiome potential in disease management strategies. 

Finally, a collection of high-specialized biological control agents is 

available for future research.  

 

Keywords: Citrus sinensis; C. limon; Colletotrichum spp.; Alternaria 

spp.; biological control; organic agriculture; copper-alternative 

products; anti-fungal activity; field management; citrus microbiome; 

citrus carposphere microbiome; biological control agents, citrus-core 

members; amplicon sequencing; culturomics; beneficial bacteria. 
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Riassunto 

Lôagrumicoltura rappresenta uno dei più importanti settori agricoli a 

livello mondiale, e i Paesi del bacino del Mediterraneo svolgono un 

ruolo chiave nella produzione globale di agrumi. Colletotrichum spp. 

e Alternaria alternata rappresentano una minaccia per la 

agrumicoltura mediterranea, in quanto in grado di causare, già in 

campo in preraccolta, gravi sintomi di antracnosi e maculatura bruna 

sui frutti, determinando consistenti perdite economiche. La gestione 

di questi patogeni è sempre più problematica, soprattutto negli 

agrumeti biologici, dove il controllo delle malattie si basa ampiamente 

sull'uso di antimicrobici a base di rame. Con le restrizioni nell'uso di 

composti di rame imposte dalla Commissione Europea, a causa dei 

dimostrati effetti nocivi sull'ambiente, è sempre più urgente la ricerca 

e validazione di strategie di controllo alternative. Questa necessità è 

particolarmente urgente nella agrumicoltura siciliana, che occupa una 

posizione di rilievo nella produzione biologica a livello mondiale. Di 

conseguenza, la ricerca di strategie sostenibili è fortemente auspicata 

e dovrebbe esplorare molteplici possibilità, quali lo studio e la 

validazione di bioprodotti alternativi e lo studio e la promozione dei 

membri benefici del microbioma della frutta. 

In questo contesto, le attività di ricerca multidisciplinari di 

questa tesi di dottorato si sono concentrate sulla: (i) identificazione di 

prodotti biologici alternativi in grado di ridurre o sostituire gli 

antimicrobici a base di rame nella coltivazione degli agrumi; (ii) 

valutazione della efficacia di tali prodotti in diversi agrumeti 

attraverso prove pluriennali; (iii) comprensione della composizione 

microbica del frutto di agrumi, delineando i membri core ed 

evidenziando la componente benefica; (iv) valutazione dell'impatto 

dei trattamenti alternativi e a base di rame sul microbioma della 

carposfera degli agrumi; (v) costruzione di una collezione di ceppi 

batterici con tratti antagonisti appartenenti al microbioma core 
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mediante un approccio integrato e innovativo. Nel complesso, i 

risultati ottenuti forniscono prove dell'efficacia e della sostenibilità dei 

prodotti alternativi. Tali prodotti emergono come promettenti sostituti 

agli antimicrobici a base di rame per il controllo delle malattie fungine 

degli agrumi su larga scala e come promotori di un microbioma 

benefico del frutto. Inoltre, sono stati rivelate importanti informazioni 

sulla composizione del microbioma della carposfera del frutto di 

agrumi, ampliando la limitata conoscenza in questo ambito. Si 

propone un innovativo ed integrato approccio di studio, che integra 

strumenti dipendenti e indipendenti dalla coltura quale metodo 

efficace per elucidare il potenziale del microbioma nelle strategie di 

gestione fitosanitaria. Infine, è disponibile una collezione di agenti di 

biocontrollo altamente specializzati per future ricerche. 

 

Parole chiave: Citrus sinensis; C. limon; Colletotrichum spp.; 

Alternaria spp.; controllo biologico; agricoltura biologica; prodotti 

alternativi al rame; attività antifungina; difesa fitosanitaria; 

microbioma degli agrumi; carposfera degli agrumi; agenti di controllo 

biologico; membri core degli agrumi; amplificazione genica; 

culturomica; batteri benefici. 
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Aim of the thesis 

The present Ph. D. thesis aims to provide novel advancements in the 

development of effective, sustainable, and innovative tools and 

methodologies to manage anthracnose and Alternaria brown spot of 

fruit caused by Colletotrichum spp. and Alternaria alternata affecting 

citrus crops in Sicily (Italy). The control of these pathogens is 

increasingly problematic, particularly in organic citrus orchards, 

where disease management largely relies on the use of copper-based 

antimicrobials. Thus, research activities were firstly focused on the 

identification and validation of alternative copper products, such as 

basic substances, plant extract and biological control agents, widely 

reported as the most promising alternatives to replace copper in 

disease management. Additionally, recognizing the fruit microbiome 

as a key element in improving biological control strategies and 

considering the limited information available on its composition, the 

research was then focused on the composition and on the impact of 

alternative and copper products on the microbiome richness and 

diversity of fruit carposphere. Within this framework, the main 

research activities were focused on: (i) identification of alternative 

biological products able to reduce or phase out copper-base 

antimicrobials in citrus farming; (ii) evaluation of the efficacy of 

alternatives products in different citrus orchards in pluriannual trials; 

(iii) knowledge of microbial composition of citrus casposphere, 

delineating core members, and elucidating the beneficial component;  

(iv) examination of the impact of alternative and copper treatments on 

the fruit microbiome; (v) collection of bacterial strains with 

antagonistic traits belonging to the core microbiome utilizing both 

cultivable-dependent and cultivable-independent approaches.  
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Thesis outlines 

CHAPTER I: General Introduction 

This chapter introduces the importance of citrus farming, particularly 

focusing on citrus cultivation in Sicily (Italy), characterized by the 

production of high-quality cultivars. It highlights recent fungal 

diseases threatening citrus production, focusing on fruit anthracnose, 

caused by Colletotrichum spp. and Alternaria brown spot, caused by 

Alternaria alternata, recently reported as emerging fungal pathogens 

on citrus in the Mediterranean area and in Sicily as well.  The control 

of these pathogens is problematic, particularly in organic orchards 

where disease management largely relies on the use of copper-based 

antimicrobials. With limitations in the use of Cu compounds imposed 

by the European Commission, due to the demonstrated noxious effects 

on environment, the need to find sustainable control strategies that can 

replace copper is underlined. Basic substances, plant extracts and 

biological control agents represent the most promising alternatives to 

replace Cu-compounds. Additionally, the chapter emphasized the 

emerging role of the fruit microbiome in enhancing biological control 

strategies, highlighting its beneficial role in plant health and disease 

management. Considering the limited knowledge on the composition 

and role of the citrus fruit microbiome, its understanding is strongly 

recommended. Innovative approaches are described as a possible 

strategy to unveil key members to be used as highly specialized 

biological control agents. Lastly, uncovering the impact of the 

agricultural practices is also suggested as a strategies to improve the 

presence of beneficial microbiome members. 
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CHAPTER II: Assessing Copper-Alternative Products for the 

Control of Pre- and Postharvest Citrus Anthracnose 

Based on Lombardo et al., Plants (2023), 12:904 

In this chapter, the focus was the identification of copper- alternative 

products to be used for the control of Colletotrichum spp., causal agent 

of citrus fruit anthracnose. The study evaluated the efficacy of several 

commercially available alternative products through in vitro, growth 

chamber, open-field and postharvest assessments. Mineral fertilizers, 

basic substances, essential oils, plant defense stimulators and 

biological control agents were evaluated. The chapter concludes by 

highlighting the potential of the best alternative products as viable 

substitutes of copper compounds, considering the limitations on its 

use. 

 

CHAPTER III:  Copper-Alternative Products to Control 

Anthracnose and Alternaria Brown Spot on Fruit of Tarocco 

Sweet Oranges and Lemon in Italy 

Based on Lombardo et al., Crop Protection (2024), 176:106520 

In this chapter, the efficacy of the best alternative formulations (basic 

substances, plant extracts, their mixtures and biocontrol agents) was 

evaluated in three Sicilian citrus orchards on sweet orange clones 

(óTarocco Scir`eô and óTarocco Tapiô) and lemon clone (óFemminello 

Siracusano 2 KRô) for two-three consecutive growing seasons against 

natural infections caused by Colletotrichum and Alternaria species. 

Results revealed that alternative products significantly reduced 

incidence and severity of both diseases, with efficacy often 

comparable to or better than copper. A benefit-cost analysis 

highlighted both the increased cost of treatments and the positive 

impact on marketable production, thus economically justifying the 

shift toward the use of these alternative products.  
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CHAPTER IV:  Exploring the Carpospheric Microbiome 

Composition in Diverse Citrus Accessions: Implications of Field 

Treatments (Biological and Copper products) on Community 

Structure and Selection of Biological Control Agents Associated 

with Core Members 

Based on Lombardo et al., in preparation for submission 

Considering the recent implications of fruit microbiome as a key to 

enhance biological control strategies, this chapter advanced 

comprehension on the citrus fruit microbiome and on the impact of 

alternative field treatments. Furthermore, it provided compelling 

evidence that biological products could serve as maintainers of 

beneficial microbiome members, contrasting with the negative impact 

observed with copper treatments on microbial communities. Our 

results further supported the functional role attributed to the core 

microbiome. Moreover, the integration of amplicon sequencing with 

culturomics was demonstrated to be a powerful approach to elucidate 

microbiome potential in disease management strategies. 

 

CHAPTER V: General Discussion and Conclusions 

A concluding chapter regards the results obtained in the research 

activities involved in the Ph. D. thesis, with special attention to 

potential future studies. The development of microbial consortia 

derived from carefully selected core-beneficial microorganisms and 

their potential synergistic application with copper-alternative products 

is proposed as a promising approach for future research. 

 

APPENDIX:  Assembly Cues and Core Members of the Citrus 

Root Microbiota at the Global Scale 

Based on Lombardo et al., submitted to Phytobiomes Journal 

PBIOMES-02-24-0016-R 
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This appendix presents the research project conducted during my 

visiting research activity at Citrus Research and Education Center 

(CREC), Department of Microbiology and Cell Science, Institute of 

Food and Agricultural Sciences (IFAS), University of Florida, under 

the supervision of Professor Nian Wang.  

In this study, an investigation of the root microbiome is 

conducted on a global scale, through a dataset that involves major 

citrus-producing countries. The composition and diversity of the root 

compartments, characterized by a highly specialized and niche-

adapted community, is explored, and compared to the corresponding 

soil and rhizosphere to understand plant selection and microbial shifts. 

Core members and their beneficial traits are revealed, enabling the 

identification of highly specialized microorganisms in a global scale. 

The role of citrus genotype on microbiome assemblage is also 

investigated. 

 

ANNEX: Scientific Curriculum  

The annex includes the Scientific Curriculum and provides a detailed 

account of the scientific activities, along with the academic and 

research achievements.
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CHAPTER I  

1 General Introduction 

1.1 Citrus Production in Italy 

Citrus holds a significant place in global agriculture, representing one 

of the most widely cultivated and economically important fruit crops, 

produced in more than 140 countries across the world (FAOSTAT, 

2022).  Citrus enjoys global popularity because fruits are a well-

known rich source of vitamins, minerals, and dietary fiber that are 

essential for overall nutritional well-being (Lv et al., 2015; Liu et al., 

2022). Moreover, citrus fruits are not only consumed fresh but are also 

used for the production of juice, oil, citric acid, and other by-products. 

The interest in citrus continues to increase due to its numerous health 

benefits, including its nutraceutical value and medicinal properties 

(Ben Hsouna et al., 2023).  

The genus Citrus includes several cultivated species (Gentile et 

al., 2020). Among them, oranges account for more than half of the 

world's citrus production and are the most widely traded citrus fruit, 

followed by tangerines, lemons and grapefruits (FAO, 2021). The 

worldôs top citrus producing countries are China, with almost 44 

million tons, Brazil (19.5 million tons), Mexico (6.7 million) and 

United States (2.5 million) (FAO, 2021). The Mediterranean countries 

are second only to China for fruit production and are the larger 

exporter of citrus accounting for about 60 % of the world's fresh citrus 

trade (FAOSTAT, 2023). In the Mediterranean basin, the citrus 

production is estimated to be about 20 million tons which is 

concentrate on fresh market, and the leader producing countries are 

Spain, Italy, Egypt, Turkey and Morocco (FAOSTAT, 2023). 

Italy is the second citrus producer in Europe, with a production 

of 3 million tons during 2022 (Eurostat, 2023). Additionally, Italy is 

the leading producer country for organic citrus farming globally, with 
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over 31.000 ha of organic citrus area dedicated (Sinab, 2022). Thanks 

to the favorable combination of soil and climate factors, a significant 

portion of Italy's citrus production is localized in Sicily, accounting 

for approximately 58 % of sweet orange and 87 % of lemon Italian 

production (Istat, 2023), and with a wide panorama of varieties. The 

best quality of the Sicilian citrus supply is represented by the 

production of pigmented (ñbloodò) oranges.  

Sicilian blood oranges are a good source of fiber, vitamin C, and 

antioxidants (Grosso et al., 2013). They have been shown to offer 

several health benefits, reducing the risk of heart disease and cancer, 

improving eye health, and boosting immunity (Lv et al., 2015). 

Among all the Italian blood oranges, óTaroccoô, with its several 

clones, is the most widely cultivated cultivar in eastern Sicily, in the 

area between the provinces of Catania, Enna and Syracuse, in the 

southern and southwestern regions of Mount Etna. In recognition of 

exceptional and unique quality characters, óTaroccoô has been 

recognized as Protected Geographical Indication (PGI) ñArancia 

Rossa di Siciliaò by the European Union under CE Reg. 1107/96.  

Lemon cultivation in Sicily is equally impressive, encompassing 

numerous cultivars that hold considerable economic significance, such 

as óFemminelloô, óMonachelloô and óInterdonatoô. This is thanks to the 

region's unique combination of soil and climatic conditions, which 

facilitate the production of citrus fruits of exceptional quality. In 

particular, lemon óFemminello Siracusanoô is an important citrus 

cultivar cultivated in Sicily, which is known for its high juice content, 

intense aroma, and low acidity, and that has obtained the PGI 

recognition as "Limone di Siracusa" under CE Reg. 96/2011.  

For these reasons, Italy has emerged as a notable contender, 

boasting a citrus sector that combines tradition with innovation, and 

consistently ranks among the top citrus-producing nations. The 

Sicilian citrus industry has evolved significantly over the years, 

adapting to changing consumer preferences, expanding international 
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markets, and confronting the challenges posed by pests, diseases, and 

climate change. All these unique aspects of Sicilian citrus cultivation 

constitute an integral part of the region's socio-cultural heritage. It is 

crucial to preserve and promote this exclusivity, especially in the face 

of emerging challenges such as climate change, which are influencing 

shifts in production. 

1.2 Emerging Fungal Threats to Sicilian Citrus Production: 

Citrus Anthracnose and Alternaria Brown Spot  

Citrus production has long been a cornerstone of agriculture in the 

Mediterranean region, contributing not only to the economic 

prosperity of the countries within this area but also playing an 

important role in global trade (Langgut, 2017). The unique climate of 

the Mediterranean regions, characterized by mild, wet winters and hot, 

dry summers, creates ideal conditions for cultivating high-quality 

citrus varieties (Gentile et al., 2020). Oranges, lemons, grapefruits, 

and other citrus fruits thrive in this environment, forming a significant 

part of the region's agricultural landscape. 

A broad range of fungal and bacterial species causes diseases 

affecting roots, foliage, fruit, and wood worldwide where Citrus 

species are cultivated, thus limiting citrus productivity in the field and 

the commercial life of fruit during postharvest. It is worth to mention 

that some critical citrus disease, such as citrus canker, citrus variegated 

chlorosis (CVC), Huanglongbing (HLB) or citrus black spot (CBS), 

which have generated great economic impacts for the global citrus 

industry (Barbieri et al., 2023), are not affecting the Mediterranean 

cultivation or have a restricted distribution (EPPO, 2023). 

Nowadays, major endemic and emerging diseases of citrus 

reported in Mediterranean citrus groves that are causing major 

concerns for citrus growers are fungal diseases (Khanchouch et al., 

2017). Noteworthy, among them are endemic pathogens, including 

citrus Mal Secco disease caused by the mitosporic fungus Plenodomus 
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tracheiphilus (Licciardello et al., 2006), Phytophthora diseases, 

caused by soilborne species of Phytophthora (Cacciola and Magnano 

di San Lio, 2008), bleeding cankers, attributed to Botryosphaeriaceae 

Phomopsis/Diaporthe (Bezzerra et al., 2021). Additionally, fruit and 

foliage diseases contribute to the complexity of the challenges faced 

by citrus growers, and include Alternaria brown spot (ABS) caused by 

A. alternata (Garganese et al., 2016), postbloom fruit drop (PFD) and 

fruit anthracnose caused by Colletotrichum species (Vitale et al., 

2021), and greasy spot caused by Zasmidium citri  (Z. citri)-griseum 

(sexual morph Mycosphaerella citri ) (Aguilera-Cogley et al., 2017). 

Fruit and foliage fungal diseases are usually more severe in 

citrus cultivated areas with high rainfall and temperatures. In this 

context, Mediterranean climate is generally not conducive to epidemic 

outbreaks of fungal diseases of the canopy of citrus trees, being 

characterized by long periods of drought and high temperatures in 

summer as well as cool winters. Nevertheless, in the last years, some 

citrus-growing areas of the Mediterranean region have experienced the 

emergence of endemic fungal diseases, such as ABS and fruit 

anthracnose (Aiello et al., 2015; Vitale et al., 2021). This has been 

probably favored by documented climate changes recently occurring 

in the Mediterranean regions. In fact, the Mediterranean region is 

known to be vulnerable to climate change, and a significant increase 

in mean temperature has been measured in the basin in recent years 

(Lionello et al., 2014).  Therefore, it can be stated that changes in 

climate patterns, including an increase in rainfall and the occurrence 

of extreme weather phenomena during a warmer season, have led to 

more conducive conditions for the growth, development, and spread 

of fruit and foliage fungal pathogens. This phenomenon often 

coincided with the critical stages of infection (Elad and Pertot, 2014). 

 In this regard, infections caused by Colletotrichum and 

Alternaria species have been in the last decade reported as emerging 

fungal pathogens on citrus on Mediterranean basin, including Sicilian 



CHAPTER I 

5 

areas, resulting in significant reductions in quality and marketable 

yield of high quality citrus cultivars, such as óTaroccoô and 

óFemminelloô cultivars (Vitale et al., 2021), could be considered as a 

possible consequence of climate change.  

1.2.1 Colletotrichum Species Causing Anthracnose on Citrus Fruit 

Colletotrichum is one of the most important genera of plant pathogenic 

fungi (Cannon et al., 2012; Sutton, 1992), able to infect more than 30 

plant genera worldwide, included in the list of the eight most important 

plant pathogenic fungi in the world (Dean et al., 2012). Colletotrichum 

species cause anthracnose disease and postharvest decay on a wide 

range of tropical, subtropical and temperate fruits, grasses, vegetable 

crops and ornamental plants (Guarnaccia et al., 2017). Its significance 

is attributed to the taxonomical, morphological, and biological 

diversity, coupled with its capacity to initiate latent or inactive 

preharvest infections (De Silva et al., 2017). Many Colletotrichum 

species can be latent plant pathogens, able to switch their behaviour 

from endophytes, epiphytes, or saprobes to a pathogenic lifestyle 

when host plants are subjected to stress conditions, or when in 

presence of environmental favourable conditions, or placed in 

postharvest storage (Crous et al., 2016). Favourable conditions for 

infection are from 10 to 12 hours of leaf wetness and temperatures 

ranging between 24 and 28 °C (da Silva and Michereff, 2013).  

The most important species are members of the C. 

gloeosporioides, C. acutatum, C. boninense and C. truncatum 

complexes. These species of Colletotrichum spp. have been associated 

worldwide with several citrus diseases (Timmer et al., 2000a), 

including post-bloom fruit drop (PFD) on sweet orange, key lime 

anthracnose (KLA) on lime and wither-tip, leaf spot, pre- and 

postharvest anthracnose on different hosts (Brown et al. 1996; Lima 

et al. 2011; Peres et al. 2008).  

Anthracnose of citrus fruits is a severe disease (Guarnaccia et 
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al., 2017), and the main causal agents C. gloeosporioides (Penz.) Penz. 

& Sacc., have been treated for decades as postharvest pathogens. Only 

recently C. gloeosporioides and C. karsti You L., Yang, Zuo Y. Lim, 

K.D. Hyde & L. Cai (as ókarstiiô) (Yang et al., 2011) have been also 

associated to a broad variety of preharvest symptoms, including heavy 

anthracnose on leaves and fruit, fruit drop, twig dieback and 

defoliation on several citrus accessions, including óTaroccoô group 

(Aiello et al., 2015), heavily compromising the production. Overall, 

C. gloeosporioides and C. karsti severely impacted commercial 

orchards in the main citrus-producing regions of the Mediterranean 

basin, such as Italy, Tunisia, Turkey and Portugal, mainly causing 

preharvest anthracnose and significant losses of marketable fruits (Ben 

Hadj Daoud et al., 2019; Ramos et al., 2016; Rhaiem and Taylor, 

2016).   

Preharvest anthracnose symptoms on fruit appeared as small, 

light, irregular, and sunken lesions that could turn black, increase in 

size, with the production of acervuli on the infected tissue. In some 

cases, the lesions regarded the stem-end of fruit causing preharvest 

fruit drop. Occasionally, tear stain on fruit is observed. This symptom 

appeared as superficial, light brown streaks or bands along the fruit 

that in some cases covered a high percentage of the fruit surface 

(Aiello et al., 2015). The most critical stage of the disease is when the 

fruit starts to ripen. In fact, the advanced ripening, the decline of the 

antifungal compounds such as polyphenols, phytoalexins and other 

fungitoxic substances, changes in pH and organic compounds (Prusky 

et al., 2013), associated with environmental favourable conditions, 

accelerate to fruiting stage of the fungus and the symptoms 

development (De Silva et al., 2017; OôConnel et al., 2012). Moreover, 

since Colletotrichum species could determine latent infections, 

anthracnose symptoms may appear in apparently healthy fruit during 

storage, thereby compromising shelf-life and market value. 

On the basis of high incidence of symptoms in field and in 
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postharvest conditions, anthracnose caused by Colletotrichum spp. 

can be consider an emerging disease and a serious limiting factor in 

sweet orange production historically established in Sicily such as the 

óTaroccoô blood oranges. In addition, Alternaria brown spot on fruit 

has been suggested as an additional disease complex to consider to the 

above mentioned Colletotrichum diseases, since the two pathogens 

has been consistently isolated in associations (Vitale et al., 2021). 

1.2.2 Alternaria alternata Causing Alternaria Brown Spot on 

Citrus Fruit 

The fungal genus Alternaria is widely and abundantly disseminated in 

the environment (atmosphere, soil, seeds, and agricultural produce) 

(Logrieco et al., 2003). It comprises numerous saprophytic, 

endophytic, and pathogenic species, causing pre- and postharvest 

diseases of cereals, fruit, and vegetables (Troncoso-Rojas et al., 2014). 

Alternaria species can be pathogenic to leaves and/or fruit of many 

citrus cultivars and cause four distinct diseases of citrus: Alternaria 

brown spot; Alternaria black rot, Alternaria leaf spot, and Mancha 

foliar. 

Alternaria brown spot (ABS) is a serious postharvest disease of 

citrus in highly susceptible cultivars (Garganese et al., 2016; Peever et 

al., 2004; Timmer et al., 2003). The disease is severe on susceptible 

tangerines (Citrus reticulata) and their hybrids, whereas satsumas (C. 

unshiu) and clementines (C. clementina) seem resistant at some extent 

(Reis et al., 2007). The causal agent is a pathotype of A. alternata 

(ñtangerine pathotypeò) which is prevalent in humid citrus production 

areas but also in areas with a Mediterranean climate, characterized by 

cool, humid winters and hot, arid summers (Bassimba et al., 2014). 

ABS is mainly caused by A. alternata (Fr.) Keissl., even if A. 

arborescens E.G. Simmons has been occasionally recovered from 

symptomatic fruit (Aiello et al., 2020; Garganese et al., 2016).   

ABS was initially identified in Queensland, Australia, in 1903 
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on óEmperorô mandarin. Presently, the disease is widespread in humid 

citrus-growing regions such as Argentina, Brazil, China, Colombia, 

Cuba, Florida and Peru. Additionally, the pathogen caused severe 

epidemics in semi-arid areas, including Israel, Spain, Italy, Greece, 

Turkey, Iran, and South Africa (Bella et al., 2001; Elena, 2006; Isla, 

1992; Marín et al., 2007; Peever et al., 2003; Peres et al., 2003). In the 

Mediterranean area, the disease has been mainly affecting the late-

maturing mandarin hybrids óFortuneô and óNovaô (Vincent et al., 

2009). The pathogen reproduces though the formation of conidia on 

lesions, which are dispersed by air currents and rain splash, infecting 

susceptible tissues under conductive conditions of temperature and 

moisture, mainly characterized by warm temperatures and prolonged 

wetness (Troncoso-Rojas et al., 2014). Pathogen attacks young leaves, 

twigs, and fruit, causing brown to black spots surrounded by a yellow 

halo. It produces a host-specific toxin named ACT-toxin (ACTT), 

which induces necrotic lesions on fruit and young leaves, followed by 

defoliation and fruit drop in susceptible citrus genotypes (Garganese 

et al., 2016). Fruits can get infected in all development stages but are 

more susceptible during the first four months following petal fall. 

Severely infected leaves and fruit may fall, and whole shoots may wilt 

and die. Therefore, under appropriate environmental conditions 

characterized by 20-27 °C and 8 -12 h of wetness optimal for infection, 

significant losses might occur in terms of both yield and marketability 

of fruit of susceptible cultivars (Akimitsu et al., 2003; Timmer et al., 

1998).  

In Europe, ABS it has been reported in Spain (Vicent et al., 

2000), Italy (Garganese et al., 2016), and Greece (Elena, 2006). More 

recently, ABS has been described as responsible for depressed brown 

to black lesions on ripe and unripe oranges and lemon fruits, also 

surrounded by a yellow halo, in several citrus accessions cultivated in 

Italy (Aiello et al., 2020; Vitale et al., 2021), causing significant losses 

of yield and marketable fruit. In detail, a recent ten-year survey in 
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Catania, Syracuse and Palermo provinces reported ABS symptoms on 

leaves and fruit in a broad range of orange and lemon clones. On 

immature fruit, symptoms included slightly depressed brown to black 

lesions surrounded by yellow halo areas. On mature fruit, severe 

infections presented lesions ranging from small specks to large 

pockmarks on the fruit surface. In some instances, fruit formed a 

barrier of corky tissue erupting from the surface, which, in the later 

stage of the infection, could fall out forming craters. In addition, in 

lemon clone óFemminello Siracusano RK2ô was described as a highly 

susceptible clone of lemon and gummosis on the fruits were observed 

(Vitale et al., 2021). Additionally, the genus has been reported as 

integral part of citrus microbiome, presenting both pathogenic and 

nonpathogenic strains (Bassimba et al., 2014; Zhang et al., 2021a).  

1.3 Control Strategies for Colletotrichum and Alternaria 

disease in Italy and the Controversial Use of Copper 

Secondary or opportunistic pathogens can transition to primary 

pathogens when favourable growth conditions align with susceptible 

phenological stages of the host plant, resulting in significant disease 

outbreaks in the field. Colletotrichum and Alternaria species, typically 

found as common saprophytes on citrus leaves or fruit, exemplify this 

behaviour on lemon and orange citrus hosts (De Silva et al., 2017; 

Troncoso-Rojas et al., 2014). They can adapt their lifestyle and 

become aggressive pathogens in conducive environments. The 

severity of the symptoms can also be exacerbated by various stressors 

for the plant, including frost, wind, hail, wrong agricultural practices, 

and any form of mechanical injury (Bassimba et al., 2014; Troncoso-

Rojas et al., 2014). Hence, given the wide diffusion of these pathogens 

and severe epidemics in citrus orchards, it is crucial to develop 

effective control strategies to safeguard Sicilian citrus production.   

Any rational disease management strategy is based on accurate 

diagnosis and prevention.  Prevention plays a foundational role in 
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creating an inhospitable environment for fungal pathogens (Dowling 

et al., 2020; Finckh et al., 2017; Troncoso-Rojas et al., 2014). The two 

diseases are more severe on trees with dense canopy and copious 

spring vegetation, as causal agents better sporulates only on young 

leaves and with high relative humidity (da Silva et al., 2013; Timmer 

et al., 2000b). As a consequence, Colletotrichum and Alternaria 

disease are favoured by intensive plantings and high amounts of 

nitrogen fertilizers. Cultural practices, which improve orchard 

ventilation, can reduce the fungus inoculum and thus the severity in 

the field.  Moreover, a proper sanitation, that include the removal and 

destruction of infected plant material, could prevent the accumulation 

of inoculum, limiting the spread of spores and minimizing the overall 

disease pressure within the orchard (Dowling et al., 2020; Troncoso-

Rojas et al., 2014). More recently, developing and cultivating citrus 

varieties with inherent resistance to the pathogens as a sustainable, 

long-term strategy was suggested (Vitale et al., 2021).  

Although prevention plays a key role in limiting primary 

inoculum, the high diseases pressures force citrus growers to adopt 

scheduled fungicide spray programs. Sprays must be scheduled to 

protect susceptible organs during the critical period for infection and 

the number of fungicide sprays per year depend on the climate and the 

susceptibility of the cultivar (Bhatia et al., 2003; Peres and Timmer., 

2006). Moreover, due to the short incubation period of the pathogens 

the efficacy of control programs is extremely dependent on the proper 

synchrony between spray timing and infection periods in each region. 

Therefore, site-specific epidemiological knowledge of the disease is 

critical to develop efficient fungicide schedules (Bassimba et al., 

2014; De Goes et al., 2008; Silva-Junior et al., 2014). In this context, 

the development and validation of predictive models that can estimate 

the real risk of infection and identify the optimal time for treatments 

according to the phenological stages of crop and climatic conditions 

encountered in the field might be particularly useful as suggested for 
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both pathogens (Bassimba et al., 2014; Bhatia et al., 2003; Peres et al., 

2002). 

Comprehensively, chemical management is still the main 

strategy to control Colletotrichum and Alternaria diseases of citrus, 

and fludioxonil (with a temporary authorization, according to Dec. 

28/10/2022, art. 53 CE Reg. 1107/2009), pyraclostrobin and Cu 

compounds are the only registered fungicides approved in integrated 

citrus production in Italy (Fitogest, 2023a; 2023b). Unfortunately, 

active ingredients fludioxonil and pyraclostrobin leads to harmful and 

hazardous consequences for human and environmental health and to 

the occurrence of widespread resistance phaenomena (Avenot and 

Michailides, 2015; ¢ayēr et al., 2016; Gama et al., 2020; Chitolina et 

al., 2021; Lee et al., 2019; Yang et al., 2019), thus discouraging their 

future applications. 

In organic citrus farming, only copper derivatives (hydroxide, 

oxychloride, oxide, bordeaux mixture and tribasic copper sulphate) are 

allowed for field treatments against fungal diseases. Copper is an 

essential micronutrient extensively used in plant protection against 

microbial diseases (Lamichhane et al., 2018). This is mainly due to the 

many positive attributes of Cu-antimicrobials, including the broad 

spectrum of activity, relatively high toxicity to plant pathogens, low 

cost, chemical stability, prolonged residual effects, and versatility in 

different environmental conditions. Conversely, the intense use of 

copper results in important side effects on plants, soil biota, human 

health, animals, and environment. Moreover, its ecotoxicological 

profile presents an important risk for beneficial microorganisms 

(Carvalho et al., 2020; Gobbi et al., 2020; La Torre et al., 2018). Thus, 

the use of this heavy metal in agriculture has been importantly limited, 

especially in the European Union (Katsoulas et al., 2020). 

The limit posed in the total quantity of Cu began since 2000 in 

Europe with the basic standard of the International Federation of 

Organic Agriculture Movements which imposed a limit of 8 kg/ha 
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(Van Zwieten et al., 2004). Accordingly, the EU regulation (Reg. 

473/2002) fixed its use to 8 kg/ha/year until 2005, which was 

subsequently reduced to 6 kg/ha/year (with the possibility to make an 

average over 5 years in perennial crops). From 2019 up to the present, 

the use of metallic copper is limited to 28 kg/ha in 7 years (Reg. EC 

1981/2018). 

 Taking into accounts the recent evolution in legislation related 

to the use of Cu in organic farming, additional restrictions are expected 

in the near future on the maximum quantity of copper that can be 

utilized. Within this framework, the management of citrus anthracnose 

and ABS results particularly challenging in presence of favourable 

conditions for the pathogens (Timmer, 1998; De Silva et al., 2017; 

Riolo et al., 2021), and the number of needed Cu-treatments may 

easily result in an overcome of recommended spray threshold 

(Katsoulas et al., 2020). Therefore, the search for effective alternative 

substances that can replace copper compounds and traditional 

fungicidal active ingredients is imperative.  

1.4 Alternatives to Copper Compounds in Organic Citrus 

Production in Europe 

Replacing copper-based products with less harmful alternatives in 

plant disease control poses a multifaceted challenge. This is mainly 

due to the numerous positive aspects associated with copper 

compounds, including the broad spectrum activity. Additionally, the 

lack of robust and scientifically proven alternatives further 

complicates the replacement (Lamichhane et al., 2018). Nonetheless, 

the growing demand to restrict the annual amount of Cu sprayed in 

agriculture has encouraged research efforts to reduce the copper 

compounds dependence in control strategies. To date, several 

alternative formulations to Cu-products demonstrated effectiveness 

against various plant diseases, showing promise for future applications 

(La Torre et al., 2018). However, to achieve widespread acceptance 
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for their use by growers, alternative formulations must not only prove 

their efficacy in controlled environments (laboratory trials) but also 

demonstrate their effectiveness in real-field scenarios, considering 

different disease pressures, hosts, agroclimatic conditions, and 

cultivated areas. Simultaneously, addressing economic feasibility is 

essential. The cost of alternative products and their application should 

be competitive and affordable for growers. The economic aspect is a 

critical consideration, as growers must weigh the benefits of disease 

control against the financial investments required. Striking a balance 

between efficacy, cost-effectiveness, and affordability is essential for 

the successful adoption of alternative products, ensuring alignment 

with both sustainability and economic realities in agriculture. This 

comprehensive approach is essential to address the complexity of 

agricultural ecosystems and instill confidence among growers in 

adopting alternatives (Toffolatti et al., 2023). 

Alternative substances that may represent a substitute to copper 

are included in Annex II of Commission Regulation (EC) 889/2008, 

which lists the products permitted for plant protection in organic crop 

production. Copper alternatives include plant extracts, inorganic 

substances, biological control agents (BCAs), seaweed, or basic 

substances (BSs).  

Alternative formulates can exert their efficacy in disease 

reduction through various modes of action within three primary 

categories: 

Á direct mode of action formulates that act directly against 

pathogens, inhibiting their growth, reproduction, or essential 

metabolic processes, directly acting on the structure or vital 

processes of the pathogens 

Á indirect mode of action formulates that indirectly influence the 

plant's defense system, enhancing its resistance against pathogens. 

This may involve stimulating the plant's immune responses or 

promoting natural defense mechanisms, such as Induced Systemic 
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Resistance (ISR). An indirect mode of action may also include the 

formation of external barrier on the plant tissues mechanically 

preventing the entry of pathogens 

Á mixed mode of action formulates may combine both direct and 

indirect modes of action. These work synergistically, providing 

broader and more comprehensive defense against pathogens 

To date, many studies focused on identifying natural derivative 

molecules to replace copper or reduce its dosage, through their use 

alternately or in combination with copper (La Torre et al., 2018). Good 

results have been achieved, although investigations need to be 

continued to foster the use in agricultural practice of the most 

promising substances (Lamichhane et al., 2018). In particular, BSs, 

plant extracts and BCAs are the most promising alternatives to copper 

compounds in a short term (Lamichhane et al., 2018). 

The natural biopolymer chitosan, considered non-toxic to 

humans or animals, biodegradable and recognized as generally 

recognized as safe (GRAS)  by the U.S. Food and Drug 

Administration (FDA) (Herrera-González et al., 2021; Palou et al., 

2016), has shown a great potential as an antifungal preservative, 

proving to control numerous pre- and postharvest fungal diseases on 

several vegetables and fruits crop, including citrus (Palou et al., 2016; 

Panebianco et al., 2014; Rajestary et al., 2020; Romanazzi et al., 

2003). Chitosan has a triple mechanism of action: a direct fungicidal 

activity, an indirect activity as elicitor of response mechanisms in 

plants, and film-forming properties (Ali et al., 2013; Romanazzi et al., 

2018). Microscopical observations indicated that chitosan has a direct 

effect on the morphology of chitosan-treated microorganism reflecting 

its fungistatic or fungicidal potential by inducing structural alterations 

and molecular disorganization of fungal cells (Ait Barka et al., 2004). 

It is believed that the polycationic nature of this compound is the key 

to its antifungal properties (Hirano and Nagao, 1989). An additional 

explanation includes the possible effect that chitosan might have on 
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the synthesis of certain fungal enzymes (Bautista-Baños et al., 2006; 

Ghaouth et al., 1992).  In addition to its direct microbial activity, 

chitosan induces a series of defense responses, including the elicitation 

of phenylalanine ammonialyase (Romanazzi et al., 2002), chitinase 

and ɓ -1,3- glucanase, peroxidase, polyphenoloxidase, phenolic 

compounds, flavonoid and lignin (Zeng et al., 2010). Moreover, 

chitosan forms a semi permeable barrier on the surface of the treated 

area that inhibits the entry of a number of pathogenic fungi 

(Devlieghere et al., 2004). Due to its ability to form a semipermeable 

coating, chitosan extends the shelf life of treated fruit and vegetables 

by minimizing the rate of respiration and reducing water loss (Rabea 

et al., 2003). 

Essential oils (EOs) may represent one of the most promising 

basic substance for the inhibition of phytopathogenic fungi (Nazzaro 

et al., 2017). These active compounds are characterized by their 

biodegradability and are also recognized as GRAS (Turek and 

Stintzing., 2013). EOs are plantôs secondary metabolites, important for 

plant defense mechanism, and many of them were demonstrated to 

possess both an elicitor effect on plants and a strong anti-fungal 

activity (Herrera-González, 2021), and those activities has been 

widely studied in a broad spectrum of fungal pathogens (Bakkali et al., 

2008; De Clerck et al., 2020). Thanks to their antifungal and elicitor 

proprieties, the development of products as alternatives to synthetic 

fungicides from EOs is currently in the spotlight, and several products 

based on EOs are already commercialized and frequently used in the 

food industries (De Clerck et al., 2020, Raveau et al., 2020). Among 

commercialized products, a citrus essential oil (CEOs) formulate is 

currently authorized for it use in citrus crop. The antifungal activity of 

CEOs has been attributed to a single major compound or to the 

synergistic or antagonistic effect of different compounds (Deba et al., 

2008), resulting in low possibility for fungal pathogens to develop 

resistance (Bakkali et al., 2008, da Costa Gonçalves et al., 2021). 
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Some authors suggested that the flavonoids play a contributing role in 

antifungal activity of CEOs (Del Río et al., 1998). However, authors 

tend also to attribute the antifungal function to the presence of the 

volatile compounds of CEOs, mainly terpenoids, especially 

monoterpenes and sesquiterpenes (Rodov et al., 1995; Caccioni et al., 

1998; Tao et al., 2009), and their suggested mechanisms of action have 

been reviewed (Jing et al., 2014). The antifungal activity of CEOs in 

inhibiting the mycelial growth in vitro of several fungal pathogens has 

been extensively demonstrated in literature (Jing et al., 2014), 

confirming its broad-spectrum activity including against citrus 

pathogens, such as Penicillium digitatum (Caccioni et al, 1998; Tao et 

al., 2014), P. italicum (Caccioni et al., 1998), Alternaria alternata 

(Chutia et al., 2009; Phillips et al., 2012; Singh et al., 2010), Fusarium 

oxysporum (Chutia et al., 2009), C. gloeosporioides (Almada-Ruiz et 

al., 2003). 

As possible alternatives to copper compounds, Equisetum 

arvense L. (equisetum, equiseti herba, field horsetail, common 

horsetail), was the first basic substance approved of under Regulation 

EC No 1107/2009 by the European Commission Directorate-General 

for Health and Food Safety for use as plant protection products. The 

plant E. arvense L. (Equisetaceae, subgenus Equisetum), is a well-

known and widespread pteridophyte distributed in the northern 

hemisphere. Equisetum is known as having a preventive effect on 

fungal diseases of plants, attributable to the high percentage of silica 

(Si) (García-Gaytán et al., 2019; Trebbi et al., 2020), commonly 

known to strengthen plant cell tissues as so acting as a physical barrier 

that prevents the penetration of the fungal appressorium into the plant 

(Wulf et al., 2022). In addition, the antifungal nature of E. arvense 

could be suggested, given its high concentration of flavonoids and 

phenols (Llamazares De Miguel, 2022; Pallag et al., 2016). There are 

few references in literature regarding the use and efficacy of E. 

arvense. Among them, E. arvense was shown to control diseases 
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caused by Plasmopara viticola (Dagostin et al., 2011), Venturia 

inaequalis (Kowalska et al., 2011), Phytophthora infestans 

(Nechwatal and Zellner, 2015) and A. solani (Wszelaki and Miller, 

2005). A recent work (Trebbi et al., 2020) was aimed at investigating 

the pathogen-control potential of E. arvense compared to Cu in 

agricultural field-grown cultivations of Triticum turgidum ssp. durum 

and Solanum lycopersicum L. over a three-year period. The results 

demonstrated the efficacy of horsetail macerate as Cu-free alternative 

for late blight management of tomato in organic agriculture, 

concurrently resulting in increased yield. Importantly, the use of 

equisetum-based products is authorized in citrus crop.  

BCAs may also be used as a valid alternative to reduce copper 

use (Dagostin et al., 2011). Many of these have disease control 

capabilities, but only some are commercially available due to their 

variable effectiveness and to difficulties in registration processes. 

Some examples of BCAs already commercially available are products 

based on Aureobasidium pullulans DSM 14940 and 14941 (registered 

in EU, Canada, and the USA), Pantoea agglomerans C9-1 (registered 

in Canada and the USA), P. agglomerans E325 (registered in Canada), 

P. agglomerans p10c (registered in New Zealand), and Pseudomonas 

fluorescens A506 (registered in the USA), available for fire blight 

control in pome fruits. Pseudomonas rhodesiae HAI-0804 is available 

in Japan for P. syringae control in plum. Moreover, Bacillus-based 

biocontrol products are widely applied in citrus crop worldwide (Chen 

et al., 2020). Bacillus is a gram-positive microorganism with a high 

potential for biological control because of its natural ability to form 

heat-resistant endospores, which allows its survival at high 

temperatures, and to remain dormant for long periods of time (Klein 

et al., 2016); thus, Bacillus can be easily formulated and stored with a 

higher shelf-life.  Among them, Bacillus amyloliquefaciens (former 

subtilis) strain QST 713 is listed as an active substance under 

regulation (EC) 1107/2009, and commercial formulation is currently 
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registered for use in the EU and, recently, it has been authorized also 

for the application on citrus fruit. B. amyloliquefaciens QST 713 have 

shown to serve as an excellent biocontrol agent due to host resistance 

induction, competition for space and nutrient, promotion of plant 

growth, and antifungal activity via secretion of antifungal metabolites 

and enzyme against a wide range of plant pathogens. Several studies 

with B. amyloliquefaciens showed efficacy under field conditions in 

controlling postbloom fruit drop (PFD) (Kupper et al., 2012; Klein et 

al., 2013), and a based formulation was recently developed (Klein et 

al., 2016).  

An emerging option involves the use of blends of alternative 

products with the aim of enhancing their efficacy (Langa-Lomba et 

al., 2021). In fact, considering that an enhanced antifungal activity 

generally results from the formation of conjugate complexes between 

chitosan and other substances of natural origin (Buzón-Durán et al., 

2019, 2020, 2021), and that legal framework would place no obstacle 

to a combined use of already approved basic substances, this 

possibility deserves to be explored. In literature, the synergistic effect 

of chitosan employed in combination with essential oil, instead of the 

stand-alone basic substance, in reducing the anthracnose of fruit has 

been evidenced (Grande-Tovar et al., 2018; Lima Oliveira et al., 2018; 

Peralta-Ruiz et al., 2020). It has been suggested that chitosan and 

essential oils can synergistically act to enhance the antifungal 

properties of each other; probably, chitosan affects the permeability of 

fungal membranes and reduces the synthesis of cell wall components, 

causing decreased ability of the target fungi to tolerate the disturbing 

effects of the essential oilôs constituents on surface characteristics and 

fungal cell structure (Elsabee and Abdou, 2013). Still, the disturbing 

effects of chitosan on fungal cell structure may increase the partition 

of the essential oilsô constituents into fungal cells, where they can act 

on target structures (Athayde et al., 2016; Dos Santos et al., 2012). 

Moreover, the enhanced effect of chitosan-E. arvense mixtures was 
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evidenced by Langa-Lomba et al. (2021), which reported a synergistic 

effect of the two substances in combination expressed through a 

significant reduction of vascular necrosis in grapevine plants caused 

by artificial inoculations of Botryosphaeriaceae spp., and some 

possible modes of action have been hypothesized. 

To the best of our knowledge, although numerous studies in 

laboratory settings have substantiated the antifungal efficacy of the 

mentioned formulates, including against C. gloeosporioides and A. 

alternata, there is a lack of research evaluating the use of these 

alternatives for controlling anthracnose or ABS in citrus crop in open-

field conditions, under actual instances of infection. Thus, further 

research is needed to validate alternative products able to reduce or to 

phase out copper in organic citrus farming. 

1.5 Role of Plant Microbiome and Potential Application to 

Improve Biological Control Strategies 

In recent years, substantial progress has been made in the exploration 

of plant associated microbiota, delineating the intricate diversity of 

microorganisms that constitute the plant microbiome (Compant et al., 

2019). The plant microbiome, also known as the phytobiome, refers to 

the characteristic microbial community that occupies a well-defined 

habitat with distinct physio-chemical properties in and around plant 

tissues. It encompasses the microorganisms involved and their theatre 

of activity, including the endosphere (inside plant tissues) and the 

episphere (outside plant tissues) (Berg et al., 2020).  

The plant microbiota, which comprises a complex and diverse 

microbial communities, plays crucial roles in the ecology and 

physiology of plants, influencing plant fitness (Compant et al., 2019). 

These microbial community members, partly under the control of the 

host's genetics, effectively represent the plant's extended genome, 

demonstrating heritability through acquisition and loss (Afridi et al., 

2022). This newfound understanding confirmed plants as holobionts, 
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an organism and its associated microbial communities functioning, as 

a unit (Vandenkoornhuyse et al., 2015).  

The plant microbiome can contain thousands of different types 

of microorganisms, especially fungi and bacteria, and its composition 

depends on the plant host, age, health, surrounding environment 

(climate or soil) and agricultural practices (Schlechter et al., 2019). 

Consequently, the concept of ensuring the preservation of beneficial 

microbiome throughout appropriate agricultural strategies has gained 

prominence for sustainable agriculture (Compant et al., 2019; Droby 

et al., 2022). 

The plant microbiome plays a crucial role in plant health and 

productivity. The microbiome can stimulate plant growth, nutrient 

uptake, and stressors tolerance, as well as resistance to pathogens, 

ultimately impacting plant health and productivity (Bulgarelli et al., 

2013; Trivedi et al., 2020). Among microbials members, the core 

microbiome (i.e., a subset of the plant microbiota that is reproducibly 

associated with a particular crop host across a wide range of scales) is 

thought to consist of keystone microbial taxa that are crucial for plant 

fitness and are established through evolutionary mechanisms of 

selection and enrichment of microbial taxa containing essential 

functional genes for the plant's health (Neu et al., 2021; Risely, 2020).  

Thus, understanding the role and composition of the inhabiting 

microbiome members and how to exploit their beneficial functions has 

been suggested as a key to improve biological control strategies 

(Kusstatscher et al., 2020).  

How microbiome studies could practically improve biocontrol 

strategies have been extensively reviewed (Cernava, 2021; Massart et 

al., 2015). In the light of these studies, characterizing highly 

specialized microbes that contribute to plant health has become the 

new frontier for cutting-edge agriculture (Zhang et al., 2021a). The 

goal is to identify beneficial microorganisms closely associated with 

the host that can be effectively used in the development of novel and 
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successful bio formulates (Mueller and Sanchs, 2015; Qiu et al., 2019; 

Zhang et al., 2021b). In this context, it is important to determine how 

to select, create and maintain a resistant or resilient microbiome that 

retains this functional traits, and core members could narrow this 

search for target microbes (Lemanceau et al., 2017). 

1.5.1 Integrating High-Throughput Sequencing and Culturomics as 

an Efficient Approach to Study and Exploit Microbiome 

Functions 

The two main approaches to study plant associated microbial 

communities are culture-dependent (high-throughput sequencing) and 

culture-independent (culturome) methods (Liu et al., 2021; Massart et 

al., 2015).  

The high-throughput sequencing (HTS) culture independent 

methods (amplicon sequencing, metagenome sequencing and 

metatranscriptomic) allow to capture and analyse the full microbial 

community and are rapidly advancing. The most widely used is the 

amplicon-sequencing (metabarcoding) method. With this method, 

DNA extracted from a tissue or environmental sample can be used to 

identify all bacteria or fungi present by amplifying small target genes 

(i.e. rRNA 16S; ITS2). Metabarcoding allows for downstream sorting 

and analysis of the millions of short reads produced in a single 

sequencing process. Metagenome sequencing enhances the direct 

assessment of microbial presence through nucleic acid analysis. This 

approach facilitates the evaluation of microbiome diversity using 

Metagenome-assembled genomes (MAGs) and the bootstrapping of 

genome abundance data through recursive read-mapping. MAGs 

allow for finer taxonomic identification and gene information which 

can be used to infer gene function. Metatranscriptomics, on the other 

hand, is the set of techniques used to study gene expression of 

microbes. Metatranscriptomics can be used to study the diversity of 

the active genes within such community, to quantify their expression 
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levels, and to monitor how these levels change in different conditions 

(e.g., physiological or pathological conditions in the plant organism).  

While HTS technologies significantly contribute to our 

understanding of microbiome composition, role and modifications, 

cultivation-dependent techniques (culturomics) remain essential for 

isolating culturable organisms from a given microbiome (Bulgarelli et 

al., 2013; Huang et al., 2023). By integrating culturomics with HTS, 

it is possible to study community dynamics as well as conduct 

laboratory tests to unveil the beneficial traits of potential biocontrol 

agents or grown-promoting isolates (Blacutt et al., 2020; Penyalver et 

al., 2022). This integrated approach is particularly promising for the 

development of microbe-derived formulations for commercial 

purposes in the field of biocontrol, and recently demonstrated in the 

field of postharvest citrus disease management (Jing et al., 2023). In 

this context, a recent study (Blacutt et al., 2020) designed a pipeline 

using a mixed approach to map the microbial community of leaf and 

root of citrus. Simultaneously, citrus-associated cultivable microbiota 

was identified to build a repository of beneficial microorganisms, 

exploring their potential as bioformulates against Candidatus 

Liberibacter asiaticus (CLas). This approach resulted as innovative 

and promising to screen beneficial microorganisms and to obtain their 

culturable isolate, integrating microbial community studies into the 

traditional biological control strategies.  

Culture-based studies (culturomics) are limited in evaluating 

the full microbial community because many bacterial and fungal 

species are unculturable. Unculturables include organisms that cannot 

or are extremely difficult to grow in vitro, which represent about 99 % 

of the estimated total microbial diversity, as well as rare taxa that 

remain undetected by culture techniques (Kellenberger, 2001). 

Consequently, culture media bottlenecks can misrepresent the 

community structure. However, as underlined, isolating community 

members is necessary to obtain culturable microorganism and perform 
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gnotobiotic (defined microbial community) experiments. In this 

regard, specific microbial culture collections widely available can be 

further validated through laboratory and field observations to develop 

highly host-specialized synthetic communities (SynComs) aimed at 

obtaining novel plant bioformulates (Shayanthan et al., 2022).  

In summary, the integration of advanced HTS strategies with 

culturomic approaches represents a promising prospect for a better 

understanding and exploitation of microbial communities in plants, 

revolutionising biological control strategies and the precise 

formulation of new bio products for plant protection. 

1.5.2 Fruit Microbiome as a Key to Develop Innovative Biological 

Control Strategies in Citrus Crop 

The application of microorganisms carefully selected from the citrus 

root and leaf microbiome to improve plant health has shown promise 

to control citrus pathogens (Blacutt et al., 2020; Poveda et al., 2021; 

Riera et al., 2017). Building upon this, the development of 

bioinoculant from highly specialized core members of different citrus 

compartments have been suggested (Zhang et al., 2021a), and only 

recently few laboratory screening has been performed in citrus fruit, 

seed and rhizosphere (Jing et al., 2023; Penyalver et al., 2022; Sinha 

et al., 2023).  

On the whole, it is crucial to note that the microbiome is still an 

evolving field of research within certain plant compartments and 

needs further exploration.  For example, the root compartments, 

recognizing for their crucial role in plant health, have been extensively 

studied, targeting for their core members and associated functions (Xu 

et al., 2018), thus suggesting for possible microbiome engineering 

(Zhang et al., 2021b). On the contrary, less stable plant compartments 

(i.e., aboveground compartments), subjected to significant 

environmental fluctuations, remain less explored. Recently, 

microbiome investigations were extended to unveil members 
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associated with flowers, flush and leaves of citrus, important for the 

contributions to tree vegetative and reproductive cycles (Wu et al., 

2020; Xi et al., 2023; Xu et al., 2023), whereas citrus fruit microbiome 

has received comparatively limited attention. This is primarily due to 

the difficulties associated with conducting high-quality microbiome 

research in environments with low microbial abundances (Droby and 

Wisniewski, 2018). The presence of a low and unstable community is 

primarily attributed to the challenging external conditions that fruit 

epiphytes face, such as low nutrient availability, desiccation, 

temperature fluctuations, exposure to UV and phytosanitary 

applications (Zhang et al., 2021b). At the same time, these harsh 

environmental conditions make the fruit microbiome highly peculiar, 

resilient, and specialized, encompassing a great array of microbial 

lineages that include both beneficials and pathogenic microorganisms 

(Droby and Wisniewski, 2018).  

Fruit surface (carposphere) is colonized by a variety of 

microorganisms that include several species of bacteria, fungi, and 

yeasts (Abdelfattah et al., 2016a).  Fruits represent a primary habitat 

and a source of energy in the life cycle of many microorganisms, some 

of which are beneficial to their host, but fruit can also represent an 

entry point for many pathogens (Abdelfattah et al., 2016b). In fact, 

some microorganisms present on fruits are phytopathogens and 

responsible for significant economic losses before and after harvesting 

(Kusstatscher et al., 2020). However, the vast majority of microbial 

taxa harboured on and in fruit, however, are not pathogenic may play 

a functional role in maintaining physiology and biochemistry of fruits 

and may also modulate pathogen proliferation and disease 

development (Abdelfattah et al., 2016a). 

On the whole, the composition and role of citrus fruit 

microbiota on fruit health, quality, and disease control remain largely 

unknown. In one of the few published studies, the dominant phyla on 

citrus carposphere of Clementine and Navels were Proteobacteria, 
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Actinobacteria, Bacteroidetes, and Deinococcus-Thermus (Gomba et 

al., 2017). The same study found that fungal communities of citrus 

carpoplane were dominated by the phyla Ascomycota and 

Basidiomycota, including genera used as BCAs. Moreover, a 

variations in microbial composition following the application of 

chemical fungicides during the postharvest phase was highlighted 

(Gomba et al., 2017).  Accordingly, studies on carposphere of apples 

(Wasserman et al., 2019), grapes (Kecskeméti et al., 2016) and 

strawberry (Abdelfattah et al., 2016b) suggested that phytosanitary 

treatments can be important factor in maintaining or disturbing 

microbiome richness and diversity. More recently, Kumar et al. (2021) 

demonstrated that fungal community of mandarin surface was 

dominated by Ascomycota, with the major genera Cladosporium, 

Ramularia, Penicillium and Colletotrichum. Bacterial community was 

dominated by Proteobacteria, Actinobacteria, Bacteroides and 

Firmicutes. At the class level, Alphaproteobacteria with genera 

Sphyngomonas and Methylobacterium were predominant in freshly 

harvested fruit. Also in this work, phytosanitary treatments 

represented important factor in disturbing microbiome richness and 

diversity, including beneficials. 

However, our comprehension of the composition and role of 

microorganisms in the citrus carposphere is still incomplete. More 

importantly, a notable gap exists in studies elucidating the core 

microbiota of the citrus carposphere. In other species such as apple 

(Abdelfattah et al., 2021), grape (Kecskeméti et al., 2016), mango 

(Taïbi et al., 2022) or strawberry (Cruz et al., 2018) the information 

regarding the composition, role and modification of fruit microbiome 

seems to be more complete.  

Understanding the taxonomy composition and the functions of 

the casposphere microbiome and core members offers important 

opportunities to develop new pre- and postharvest biocontrol 

strategies (Kusstatscher et al., 2020; Zhang et al., 2021b). With these 
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premises, a recent study set the basis for understanding the 

composition of the core microbiome of the carposphere of lemon, 

orange, and mandarin varieties, with the main aim to develop a 

specialized consortia to be used in postharvest disease management 

(Jing et al., 2023). In this study, fourteen bacterial and ten fungal 

genera were found to be part of the core citrus carposphere 

microbiome. Among them, were identified well-known plant 

beneficials associated to citrus fruit, such as the genera 

Methylobacterium, Sphingomonas, Pseudomonas, Pantoea, Bacillus 

and Curtobacterium. On the contrary, the core fungal community was 

mainly composed of widely recognized citrus pathogens, such as 

Alternaria and Penicillium genera, the latter previously recognized as 

an integral member of carpospheric microbiome of mandarins (Kumar 

et al., 2021). Moreover, the application of the bacterial SynCom 

constructed by Jing et al. (2023) showed to be promising in controlling 

postharvest symptoms caused green mold and acid rot in citrus fruit.  

Thus, understanding the intricate structure of the citrus fruit 

microbiome, its core members, and their interactions with the fruit and 

pathogens could offer a new strategy for plant protection in pre- or 

postharvest (Zhang et al., 2021b). 

In conclusion, especially considering recent phytosanitary 

emergencies caused by C. gloeosporioides and A. alternata on citrus, 

understanding the roles and interactions of both beneficial and 

detrimental microbiota in the carposphere became an important 

starting point for the research of sustainable alternatives to copper. 

Moreover, the observed modifications in the microbiome structure 

resulting from phytosanitary treatments underscore the need for 

strategies that promote the maintenance of a stable beneficial 

microbial component. 
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2 Assessing Copper-Alternative Products          for 

the Control of Pre- and Postharvest Citrus 

Anthracnose 

 

Abstract 

Citrus production is worldwide threatened by Colletotrichum spp., 

causal agents of pre- and postharvest anthracnose. The recent 

limitation on the use of copper-based antimicrobials, due to its 

demonstrated noxious effect on the environment, makes the control of 

this pathogen difficult. Thus, alternative products able to reduce/phase 

out copper in organic citrus farming are needed. In this study, the 

efficacy of 11 commercial alternative products were evaluated in vitro, 

in growth chamber, in open field and in postharvest environments. In 

vitro, mineral fertilizers, basic substances, essential oils, plant defense 

stimulators and biological control agents were able to inhibit the 

mycelial growth with variable efficacy. On artificially infected citrus 

fruit, almost all tested products significantly reduced disease incidence 

and severity, but with lower efficacy than copper. The efficacy of 

mineral fertilizers-based Kiram and Vitibiosap 458 Plus, citrus 

essential oil-based Prev-Am Plus and chitosan-based Biorend was 

confirmed in open field trials, in naturally infected citrus fruits. In 

these trials Biorend was the best alternative product, significantly 

reducing disease incidence (71 % DI reduction) with better results than 

copper (47.5 %). Field treatments reduced the incidence and severity 

of the disease in postharvest conditions, especially in fruits field-

treated three times. Overall, selected products tested in open field can 

represent a good alternative to copper compounds in the view of future 

limitation of its use. 

 

Keywords: Colletotrichum spp.; Tarocco orange (Citrus sinensis L. 
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Osbeck); biological control; citrus disease management; anti-fungal 

activity. 

 

2.1 Introduction 

Citrus is one of the most widely cultivated fruit crops, growing in more 

than 140 countries across the world. Of all the citrus species, sweet 

orange [Citrus sinensis (L.) Osbeck] is the most important, mainly 

marketed and consumed as fresh fruit, juice or concentrate. The main 

sweet orange fruit-producing countries are China (with a total 

production of more than 10 million tons), Brazil (17.1 million tons), 

India (9.5 million tons), United States (4.8 million tons) and Europe 

(6 million tons). Italy is the second European sweet orange producing 

country after Spain, reaching a production of over 1.6 million tons 

(FAOSTAT).  

Due to favourable soil and climate conditions, the Italian sweet 

orange production is mainly located in Sicily (southern Italy), where 

the European Community (EC) has identified two major orange 

production districts labelled as PGI (Protected Geographical 

Indication) and PDO (Protected Designation of Origin). The labelled 

products are the ñblood orange of Sicilyò PGI (pigmented oranges 

cultivated in Catania, Enna and Syracuse provinces) and the ñorange 

of Riberaò PDO (blond oranges cultivated in Agrigento province). 

Approximately 70 % of the Sicilian sweet orange production is 

represented by the pigmented blood oranges cultivar óTaroccoô with 

its several clones, selected to improve quality and length of production 

season. The popularity of cultivar óTaroccoô in domestic and 

international markets is the result of several positive characteristics 

such as the brilliant red flesh colour, agreeable fragrance, large size, 

balanced levels of sugar and acids and high levels of antioxidant 

compounds including vitamin C (Caruso et al., 2016).  

Citrus yield is threatened by pre- and postharvest fungal 
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diseases, which can cause heavy reductions in production and 

commercialization worldwide. Among these diseases, citrus 

anthracnose caused by Colletotrichum species, one of the 10 most 

important plant pathogenic fungi in the world (Dean et al., 2012), has 

become an economically important citrus disease and represents a 

serious threat for orange production in all growing stages, inducing 

various types of symptoms (Guarnaccia et al., 2017). Citrus infections 

caused by Colletotrichum spp., for decades considered the causal 

agent of postharvest anthracnose (Brown et al., 1975; Freeman et al., 

1996), have been more recently reported in preharvest conditions on 

orange crops worldwide (Guarnaccia et al., 2017; Kaur et al., 2007) 

and with increasing frequency in different Mediterranean countries, 

such as Italy (Perrone et al., 2016; Piccirillo et al., 2018; Riolo et al., 

2021; Vitale et al., 2021), Tunisia (Rhaiem et al., 2016; 13. Ben 

Hadj Daoud et al., 2019), Turkey (Uysal et al., 2022) and Portugal 

(Ramos et al., 2016). In Sicily, epidemic anthracnose infections under 

preharvest conditions have been reported on blood óTaroccoô oranges 

(Aiello et al., 2015a, Vitale et al., 2021), including óTarocco Scir¯ô, 

one of the most susceptible clones cultivated in Sicily. Prolonged 

wet/rainfall periods favour the production and dissemination of 

conidial masses that are deposited on fruits where they can remain 

saprobically or can germinate, initiating the infection process 

followed by the appearance of symptoms that intensify with ripening 

(Bailey et al., 1992). Under favourable conditions, the small, sunken 

brown to black lesions on citrus fruit, can evolve and merge covering 

large part of the fruit surface. Moreover, several Colletotrichum 

species could determine latent infections and anthracnose symptoms 

can appear in apparently healthy fruit during storage, thus 

compromising shelf-life and market value (Crous et al., 2016).  

On the basis of high incidence of symptoms in field and in 

postharvest conditions, anthracnose caused by Colletotrichum spp. 

can be consider an emerging disease and a serious limiting factor in 
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sweet orange production historically established in Sicily, particularly 

so for the susceptible clones of óTaroccoô (Vitale et al., 2021). The 

control of Colletotrichum disease is increasingly problematic, 

especially in organic citrus orchards where the disease management 

largely involves the use of copper compounds.   

The controversy about the use of copper-based fungicides in 

plant protection deals with toxicity to insects, soil fauna and soil 

microbiota (Kandeler et al., 1996). Copper may induce the emergence 

of copper-resistant bacterial strains (Aiello et al., 2015b; Behlau et al., 

2012) and may accumulate in soil after prolonged use, up to 

phytotoxic concentrations (Deng et al., 2009; Hippler et al., 2018). 

Copper application is currently limited to 4 kg per ha per year in most 

European countries (Reg. EC 2018/1981), with a maximum of 28 kg 

per ha over a period of 7 years, even if higher amounts are sometime 

applied, as recently reported (Katsoulas et al., 2020).  

Since further restrictions on its use are expected, research is 

needed to explore alternative compounds and application strategies 

less harmful for humans, animals and environment in order to reduce 

copper amounts or replace it completely. This represents a priority in 

Italy, where organic farming is highly developed compared to other 

European countries, and particularly in Sicily (Lamichhane et al., 

2018). Thus, alternative products able to reduce/phase out copper in 

organic citrus farming are needed. Many authors have concentrated 

their research on alternative products able to replace or reduce the use 

of copper (Herrera-Gonzáles et al., 2021; Katsoulas et al., 2020). 

Nevertheless, few studies have been carried out to evaluate alternative 

products in citrus cultivation. Notably, to the best of our knowledge, 

none of several alternative formulations available to the worldwide 

market has been evaluated in open field against natural anthracnose 

infections in citrus orchards.  

The aim of this study was to investigate the potential activity of 

commercial products based on mineral fertilizers containing different 
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concentrations of Cu, Mn and Zn, basic substances, essential oils, 

plant defense stimulators and biological control agents through in 

vitro and in vivo experiments, and to evaluate their beneficial effects 

in open field treatments and in postharvest environments. 

2.2 Materials and Methods 

2.2.1 Colletotrichum gloeosporioides Isolate 

C. gloeosporioides isolate, obtained from citrus fruit showing 

typical symptoms of disease and previously identified, belongs to 

Di3A collection (Dipartimento di Agricoltura Alimentazione e 

Ambiente, University of Catania, Italy) (Aiello et al., 2015a). The 

isolate, kept in Potato Dextrose Agar (PDA, Oxoid, Basingstoke 

Hempshire, UK) at 4 °C, was used in the in vitro and in growth 

chamber assays. Subcultures were grown for 10 days at 25 °C in the 

dark before each assay.   

2.2.2 Chemical and Biological Alternative Commercial Products 

Alternative commercial products used in in vitro and in in vivo 

assays were 1) five mineral fertilizers containing different 

concentrations of Cu, Mn and Zn [(Vitibiosap® 458 Plus (NDG 

Group; Cu 3.5 %, Zn 1 %; water-soluble liquid); Kiram (Agriges; Cu 

total, 6.0  %, chelated Cu, 0.1 %, soluble Cu, 0.1 %, Mn, 0.1 %, 

chelated Mn, 0.1 %, soluble Zn, 0.1 %, chelated Zn, 0.1; water-

soluble); Kiram AT (Agriges; total Cu, 1.8 %, soluble Cu, 0.4 %, 

chelated Cu, 0,4 %, water-soluble); Kiram Film (Agriges; total B, 0.2 

%, soluble Mn, 0.1 %, chelated Mn, 0.1 %, total Zn, 1.7 %, soluble 

Zn, 0.2 %, chelated Zn, 0.2 %; water-soluble); Dentamet® (Diagro; 

Cu, 2.0 %, Zn, 4.0 %; water-soluble)]; 2) one plant defence stimulator 

[BION® 50 WG (Syngenta; 50 % Acibenzolar-S-methyl; water 

dispersible granules)]; 3) two basic substances [Equibasic® 

(Idainature; 0.2 % extract of Equisetum arvense L.; water-soluble 

liquid) and Biorend® (Bioplanet; 1.9 % chitosan hydrochloride; 
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water-soluble liquid)]; 4) one citrus essential oils [Prev-am Plus® 

(Nufarm; 5.8 % sweet orange essential oil; watersoluble liquid)]; 5) 

two biological control agents [Amylo-X® LC (Biogard; 5 % Bacillus 

amyloliquefaciens subsp. plantarum D747; liquid formulations) and 

Botector® New (Manica; Aureobasidium pullulans DSM14940-

14941; water dispersible granules)]. Copper oxychloride (Ossiclor 35 

WG, Manica; 35 % active ingredient (a.i.); water dispersible 

granules), copper hydroxide (Idrox 20 WG, Manica; 20 % a.i.; water 

dispersible granules) and pyraclostrobin (Cabrio® WG, Basf; 20 % 

a.i., water dispersible granules) were used as control.   

2.2.3 In Vitro Antifungal Activity of Chemical and Biological 

Alternative Commercial Products 

The 11 alternative products chosen for this study were tested 

against C. gloeosporioides on PDA amended with three decreasing 

concentrations of products. Stock solutions were prepared in sterile 

distilled water (SDW). Specifically, autoclaved PDA media, cooled at 

45ï50 °C, were amended with appropriate volumes of stock solutions 

to obtain the following final concentrations: 1 %, 0.5 %, 0.1 % (w/v). 

Four plates, for each concentration, were used. Mycelial plugs (0.5 

cm-diameter), axenically taken from the edge of C. gloeosporioides 

colonies by a sterile cork-borer, were placed centrally on amended and 

solidified PDA plates. Control samples consisted of non-amended 

PDA plates inoculated with the mycelial plug. PDA plates amended 

with copper oxychloride (Ossiclor) and copper hydroxide (Idrox) were 

used as chemical control. The colony growth (average of two 

orthogonal diameters, cm) was recorded after 6 and 10 days of 

incubation at 25 ± 1 °C in the dark. Each experiment was conducted 

twice and included three replicates per treatment. 

2.2.4 In Vivo Antifungal Activity of Selected Alternative 

Commercial Products in Artificially Inoculated Fruit 
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Eight alternative commercial products (Vitibiosap 458 Plus, 

Kiram, Dentamet, BION, Equibasic, Biorend, Prev-Am Plus and 

Amylo-X) were selected based on the results achieved in in vitro 

assays and tested in artificially inoculated citrus fruits. Orange fruits 

óTarocco Scirèô were harvested at physiological maturity in a 

conventional farm located in Syracuse area (south-east Sicily). Fruits, 

uniform in size, colour, ripeness and free of defects or injuries, were 

used immediately or held at 4 °C for no longer than one week before 

use. The selected fruits were washed with tap water, surface-sterilized 

by dipping for 2 min in a 2 % sodium hypochlorite solution, rinsed 

with SDW and then left to dry at room temperature. To produce 

inoculum, colony surface of C. gloeosporioides isolate grown on PDA 

for 10 days at 25 ± 1 °C was washed with 10 mL of a 0.05 % (v/v) 

Tween 80 solution in SDW, the suspension was filtered through a 

double layer of sterile gauze and the number of conidia was adjusted 

to a final concentration of 105 conidia/mL by an hemocytometer. 

Citrus fruits were wounded with a sterile nail (3 mm wide ×3 mm 

depth) at two opposite points in the area between the peduncle and the 

equatorial axis. Next, 100 ɛL of product solutions (1 % in SDW) were 

pipetted into each wound and, after drying, the wounds were 

inoculated with drops (20 ɛL) of conidial suspension of C. 

gloeosporioides (105 conidia/mL). Wounds treated with SDW or with 

Ossiclor or with Cabrio served as control. Fruits were incubated in 

sterile plastic boxes (20 fruits per box) containing wet paper towels. 

Plastic boxes were put into plastic bags and incubated at 25 °C and 95 

% RH for 15 days. Each treatment had two replicates, consisting of 20 

fruits for each replicate (40 fruits/80 wound per treatment). Data 

concerning DI ( % of infected wounds) and DS (diameter of infected 

area around the wounds, cm) were calculated as the average of each 

replicate 15 days post treatment. The experiments were repeated 

twice. 
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2.2.5 Antifungal Activity of Selected Commercial Products under 

Field Conditions 

Field experiments were carried out from December 2018 to 

February 2019 to evaluate the efficacy of four alternative products 

(Vitibiosap 458 Plus, Kiram, Biorend, Prev-Am Plus) against natural 

infections caused by Colletotrichum spp. (Figure 1aïd). Alternative 

products were selected among the products that in previous trials had 

significantly reduced both DI and DS, and/or authorised for use in 

citrus orchards and compatible with organic farming regulations. 

Experiments were carried out on C. sinensis óTarocco Scirèô in an 

orchard located at Pedagaggi (37Á11ǋ 30.27ǌ N, 14Á55ǋ 37.52ǌ E, 

altitude 307 m a.s.l., Syracuse province). This experimental site had a 

history of severe attacks of citrus anthracnose on high susceptible 

orange cultivar óTarocco Scirèô (Piccirillo et al., 2018). The trial was 

arranged in a randomized complete block design with 4 replicates of 

4 plants for each treatment (16 plants per treatment). Treatments 

consisted of application of Biorend (300 mL/hL), Prev-Am Plus (400 

mL/hL), Kiram (250 mL/hL) and Vitibiosap 458 Plus (125 g/hL)]. 

Ossiclor (350 g/hL) and Cabrio (56.25 g/hL) were used as standard 

fungicide. Control citrus plants were untreated. Treatments were 

sequentially performed three times within the period from December 

2018 to February 2019 (28 December 2018; 15 January 2019; 6 

February 2019) according to label instructions by motorized backpack 

mist blower, approximately 1500 L haï1. The first application of 

products was carried out on asymptomatic fruits. All treatments were 

applied early in the morning and each tree was sprayed to run-off. 

Disease incidence was visually assessed five times during the trial, 

calculating the percentage (%) of infected fruits within the four 

replicates for each treatment (50 fruits/plant, 4 plants/replicate, 

randomly sampled from the 4 cardinal orientations of each plant). 

Disease severity was recorded three times as the percentage of 
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symptomatic fruit area classified according to a six classes rating scale 

of damage as follows: class 0 = no symptoms, class 1 = a few scattered 

lesions covering 1ï5 % of the fruit surface; class 2 = a few scattered 

lesions covering 6ï10 % of the fruit surface; class 3 = lesions covering 

11ï25 % of the fruit surface; class 4 = extensive lesions covering 26ï

50 % of the fruit surface; class 5= severe lesions covering >50 % of 

the fruit surface. From the disease rating, disease severity was 

expressed in percentage (%) and calculated according to the following 

formula: 

  

$3 Ϸ
Вὧὰὥίί ὪὶὩήόὩὲὧώ  ίὧέὶὩ έὪ ὶὥὸὭὲὫ ὧὰὥίί

ÔÏÔÁÌ ÎÕÍÂÅÒ ÏÆ ÆÒÕÉÔ  ÍÁØÉÍÁÌ ÄÉÓÅÁÓÅ ÉÎÄÅØ
ρππ (1) 

  

 

 
              (a)                                                      (b)  
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             (c)                                                       (d)  

Figure 1. Anthracnose disease symptoms on naturally infected óTarocco Scir®ô 

fruits: severe anthracnose fruit spot (a); small to large lesions (b,c); necrotic lesions 

at the stem-end of fruit (d). 

2.2.6 Climate Data 

The weather parameters, i.e., average temperature (°C), relative 

humidity (%) and rainfall (mm) were obtained from the data provided 

by the weather stations of Francofonte (Syracuse province) of Servizio 

Informativo Agrometeorologico Siciliano (SIAS), Sicily region.   

2.2.7 Effect of Field Treatments on Postharvest Environments 

The efficacy of field treatments on controlling infections of 

Colletotrichum spp. during postharvest was evaluated. Apparently 

healthy fruits were harvested after the second (21 January 2019) and 

the third (13 February 2019) field treatment. Fruits (80 fruits per 

treatment, 20 fruits/replicate) were placed in sterile plastic boxes (20 

fruit per box) with a corrugated paper at the bottom and covered with 

a paper and plastic sheet. Fruit boxes were stored 20 days under 

controlled temperature in climatic cell (6 ± 1 °C and 90% RH) (cold 

storage) followed by a shelf-life evaluation during 10 days at 20 ± 1° 

C. Disease incidence (percentage of infected fruits within the four 
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replicates of each treatment) and disease severity (percentage of 

symptomatic fruit area according to a six classes scale of damage) 

were evaluated after 8 and 20 days at 6 °C and after 10 days at 20 °C, 

following the procedure described above (2.2.5). 

2.2.8 Statistical Analysis 

All statistical analyses were performed using Minitab software 

(Minitab, v. 19). Mean data were subjected to one-way analysis of 

variance (ANOVA) and tested for significant differences among 

treatments by Fisherôs least significant difference (LSD). A p-

value<0.05 was considered statistically significant. Data for disease 

incidence were transformed using arcsine (sinï1 square root x) prior to 

statistical analysis to make their distribution normal. 

2.3 Results 

2.3.1 In Vitro Antifungal Activity of Chemical and Biological 

Alternative Products 

In in vitro assays all alternative products significantly (p<0.05, 

one-way ANOVA) reduced the mycelial growth of C. gloeosporioides 

as compared with untreated control, although with variable efficacy 

depending on concentration (Table 1). The highest growth reductions 

were observed at the highest concentrations tested (1% and 0.5%) after 

6 days of incubation. Vitibiosap 458 Plus, Dentamet and Prev-Am 

Plus were the most effective alternative products, able to completely 

inhibit the mycelial growth of C. gloesporioides at 1% and 0.5% (94ï

100% growth inhibition). Their efficacy was greater than that of 

Ossiclor (Cu oxychloride) and Idrox (Cu hydroxide). Kiram, Amylo-

X, BION and Botector showed an intermediate efficacy, causing 

mycelial growth reductions between 54ï83% at 1% and between 54ï

67% at 0.5%. The remaining products (Kiram Film, Kiram AT, 

Biorend and Equibasic), showed good performances only when tested 

at concentration of 1%, providing an average reduction of mycelial 
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growth ranging from 40 to 51%. On the whole, all alternative products 

poorly reduced the growth of C. gloesporioides when tested at 

concentration of 0.1%, with the exception of Prev-Am Plus and 

Amylo-X which showed significantly high growth reductions even at 

the lowest concentrations (0.1%). 

 

Table 1. Colletotrichum gloeosporioides colony diameter (cm) on PDA medium 

amended with different potential fungicides at different concentrations (1%, 0.5%, 

0.1%). Plates were incubated at 25 ± 1 °C in the dark for 6 days. 

 
* For each concentration data presented as mean (±SEM) followed by the same 

letter indicate no difference among the tested products according to Fisherôs least 

significance difference test (LSD) at p-value < 0.05. Data are the means of two 

trials. 

2.3.2 Antifungal Activity of Selected Commercial Products in 

Artificially Inoculated Fruits 

Several alternative products significantly (p<0.05, one-way 

 

   
  Colony diameter (cm) ± SEM*  

Class of Products Products 1% 0.5% 0.1%   
Control 8.5 ± 0.0 a 8.5 ± 0.0 a 8.5 ± 0.0 a  

Mineral fertilizers  Vitibiosap 458 Plus® 0.0 ± 0.0 h 0.0 ± 0.0 i 6.0 ± 0.2 cd 
 

Dentamet® 0.0 ± 0.0 h 0.5 ± 0.0 i 6.0 ± 0.3 cd  
Kiram® 1.4 ± 0.1 g 2.8 ± 0.2 fg 8.2 ± 0.1 ab  
Kiram Film® 4.1 ± 0.1 d 5.4 ± 0.1 d 6.2 ± 0.1 cd  
Kiram AT® 4.5 ± 0.0 cd 7.1 ± 0.1 b 7.7 ± 0.1 b  

Plant defence stimulator BION® 

(Acibenzolar-S-methyl) 

3.5 ± 0.2 e 4.1 ± 0.2 e 5.4 ± 0.2 d 

 
Basic substances Biorend® 

(Chitosan hydrochloride) 

4.9 ± 0.1 bc 6.3 ± 0.1 c 7.6 ± 0.2 b 

 
Equibasic® 

(Equisetum) 

5.1 ± 0.1 b 5.7 ± 0.1 d 6.7 ± 0.1 c 

 
Essential oil Prev-Am Plus® 

(Sweet orange essential oil) 

0.1 ± 0.0 h 0.4 ± 0.1 i 1.1 ± 0.4 f 

 
Biological control agents Amylo-X® LC 

(B. amyloliquefacines D747) 

2.6 ± 0.3 f 3.0 ± 0.2 f 3.0 ± 0.2 e 

 
Botector® 

(A. pullulans DSM14940) 

3.9 ± 0.4 de 3.9 ± 0.8 e 8.3 ± 0.1 ab 

 
Cu fungicides Ossiclor® 

(Copper oxychloride) 

0.5 ± 0.0 h 2.4 ± 0.2 g 2.5 ± 0.2 e 

 
Idrox® 

(Copper hydroxide) 

1.4 ± 0.04 g 1.6 ± 0.1 h 5.5 ± 0.0 d 
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ANOVA) reduced disease incidence (DI, see Section 4 for a definition 

of this parameter) on orange óTarocco Scir¯ô artificially inoculated 

with C. gloeosporioides, although to a modest extent (20ï35% DI 

reduction, not always significantly different among them) when 

compared to untreated control (Figure 2). Prev-Am Plus exhibited the 

best performances, since it was able to reduce DI to values 

significantly lower than in the control, although not significantly better 

than those recorded for Kiram, Vitibiosap 458 Plus and Amylo-X 

(Figure 2).  

All alternative products tested significantly reduced disease 

severity by 19ï74%, with Vitibiosap 458 Plus inducing the higher DS 

reduction, nearly as good as that observed with Ossiclor. Good 

performances were also recorded for Biorend, Kiram, Amylo-X and 

Prev-Am Plus. On the whole, these formulations were always less 

effective than Ossiclor and Cabrio (Figure 2).  

 

 
Figure 2. Disease incidence (infected wounds, %) and disease severity (lesion 

diameter, cm) on citrus fruits óTarocco Scir¯ô wounded, treated with alternative 

products, Ossiclor and Cabrio (1%) and artificially inoculated with Colletotrichum 

gloeosporioides. Water-treated fruits were used as a control. Data were recorded 

after six days of incubation at 25 ± 1 °C and 95ï98% RH. Bars represent the 
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standard error of the mean (SEM). For each parameter, columns with different 

letters are statistically different according to Fisherôs least significance difference 

test (LSD) at p-value < 0.05. Data are the means of two trials. 

 

2.3.3 Antifungal Activity of Selected Commercial Products in the 

Field 

Selected commercial products (Vitibiosap 458 Plus, Kiram, 

Biorend, Prev-Am Plus) applied in open field three times from 

December 2018 to February 2019, significantly (p<0.05, one-way 

ANOVA) reduced the natural infections caused by Colletotrichum 

spp. in orange fruits (Figure 3). Biorend displayed the best 

performance, reducing the DI by 71% compared to 47.5% obtained 

with Ossiclor (data referred to the last monitoring time). Similarly, 

Vitibiosap 458 Plus significantly reduced DI (46% DI reduction), thus 

being comparable to Ossiclor, whereas Kiram and Prev-Am Plus 

showed lower efficacy (DI reduction 22% and 29%, respectively).   

All treatments, with the exception of Kiram, significantly 

reduced DS (44ï62% DS reduction) if compared to the untreated 

control, with values similar to those observed with Ossiclor (53% DS 

reduction) and Cabrio (64% DS reduction) (Figure 4).   
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Figure 3. Time progression of natural anthracnose symptoms on citrus fruits 

óTarocco Scir®ô treated in the field with alternative products, Ossiclor or Cabrio. 

Field treatments were carried out three times (28 December 2018; 15 January 2019; 

6 February 2019). Disease incidence was expressed as percentage of symptomatic 

fruits/treatment. Bars represent the standard error of the mean (SEM). Columns with 

different letters are statistically different according to Fisherôs least significance 

difference test (LSD) at p-value < 0.05. 
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Figure 4. Time progression of disease severity on citrus fruit óarocco Scir®ô treated 

in the field with different alternative products, Ossiclor or Cabrio. Disease severity 

(DS%) was expressed as rating scale. Bars represent the standard error of the mean 

(SEM). Columns with different letters are statistically different according to Fisherôs 

least significance difference test (LSD) at p-value < 0.05. 

2.3.4 Climate Data 

Climatic conditions favourable to anthracnose were recorded in 

the 2018/2019 season. Figure 5 reports the mean monthly values of air 

temperature, relative humidity, and rain from 1 November 2018 up to 

31 March 2019. The infection process was favoured by heavy winds 

and rains that occurred in January-February 2019, thus resulting in 

higher disease pressures for the development of anthracnose 

symptoms during the second and third monitoring. 

 

Figure 5. Climate data from March 2018 to March 2019, by the weather station of 

Francofonte, Syracuse (IT). T = Temperature; RH = Relative humidity. 

2.3.5 Efficacy of Field Treatments in Postharvest Environments 

All field treatments significantly (p<0.05, one-way ANOVA) 

reduced DI and DS after the storage periods (6 °C for 20 days and then 
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at 20 °C for 10 days) compared to untreated controls.   

In fruits field-treated two times, DI (Figure 6a) was 

significantly reduced (DI reduction 32.3% to 52.3%) (data at the end 

of storage periods), with values similar to those recorded for Ossiclor 

and Cabrio. Similarly, DS (Figure 6b) was reduced by all products, 

except Kiram (DS reduction 22.6% to 48.7%).   

Likewise, DI (Figure 6c) was significantly reduced in fruits 

field-treated three times (DI reduction 51.1% to 76.7%) and all 

products, except Kiram, showed an efficacy significantly similar to 

Ossiclor and Cabrio. Similarly, DS was reduced by all products (DS 

reduction 83.3% to 87.2%) (Figure 6d), with effects comparable to 

those observed with Ossiclor and Cabrio. On the whole, the third field 

treatment significantly improved the overall results compared with 

only two treatments (Figure 6). Notably, preharvest treatments 

significantly protected the fruits from anthracnose with all tested 

compounds, only exception for Kiram.   

 

 
                   (a)                                               (b)  
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                   (c)                                               (d)  

 

Figure 6. Disease incidence (%) and disease severity (%) on citrus fruits óTarocco 

Scirè field-treated two times (a,b) and three times (c,d), after storage at 6 °C for 20 

days and at 20 °C for 10 days. Bars represent the standard error of the mean (SEM). 

Columns with different letters are statistically different according to Fisherôs least 

significance difference test (LSD) at p-value<0.05. 

 

2.4 Discussion 

Citrus anthracnose is a severe disease that in recent years has 

become responsible for heavy losses in the production of óTaroccoô 

blood oranges in Sicily (Vitale et al., 2021). Only few fungicides and 

Cu compounds are registered to control Colletotrichum spp. on citrus 

crop in Italy. The increasing resistance of pathogens to fungicides and 

the growing public concerns on fungicide residues in food and 

environment have made the search for alternative products urgent. 

Moreover, the new laws that progressively limit the use of copper in 

European countries (Katsoulas et al., 2020) have made increasingly 

difficult the control of pre- and postharvest diseases in the areas 

managed with organic methods, making the search for alternative 

products to copper even more urgent.   

Recently, the use of non-chemical treatments has gained 

attention as approach of choice in integrated strategies to control pre- 
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and postharvest fruit anthracnose caused by Colletotrichum spp. in 

different plant species, including avocado, dragon fruit, papaya, 

banana, mango (Bordoh et al., 2020; Danh et al., 2021; Deng et al., 

2015a; Zahid et al., 2012; Zhao et al., 2018), whereas only few 

alternative products have been evaluated so far for the control of 

anthracnose in citrus (Deng et al., 2015b; Scortichini et al., 2018; Zhou 

et al., 2016).  

Among mineral fertilizers tested in this study, Dentamet (based 

on zinc and copper complexed with citric-acid hydracids) has been 

recently evaluated in laboratory and in the field for the control of 

Xylella fastidiosa subsp. pauca in olive (Oliveri et al., 2022; 

Scortichini et al., 2021), Plenodomus tracheiphilus in citrus (Aiello et 

al., 2022) and Xanthomonas euvesicatoria pv. perforans in tomato 

(Walters and Bingham, 2007). Mineral nutrients are directly involved 

in plant protection since the nutritional status affects plantôs 

susceptibility or resistance to pathogens and pests through the 

activation of enzymes that produce defense metabolites (Dordas et al., 

2008). Regarding micronutrients, involvement in plant defense has 

been predominantly documented for Cu, Mn and Zn (Cabot et al., 

2019). In addition to the well-known efficacy of copper in plant 

defense, manganese participates in the production of lignin, suberin, 

phenolic compounds and other plant defense mechanisms, while zinc 

is involved in membrane protection against oxidative damages and in 

the induction of pathogenesis-related proteins (Cabot et al., 2019; Savi 

et al., 2013). In the in vitro assays carried out in the present work, the 

mineral fertilizers Vitibiosap 458 Plus, Dentamet and Kiram, 

containing different levels of Cu (2ï6%) Zn (1ï4%) and Mn (0.1%), 

showed a direct antimicrobial effect, completely inhibiting or 

significantly reducing the mycelial growth of C. gloesporioides with 

efficacy higher or similar to that observed with copper compounds. In 

our study, the antifungal activity of Vitibiosap 458 Plus and Kiram 

was also confirmed on C. gloesporioides-inoculated fruits, on which a 
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significant reduction of disease incidence and severity was observed. 

The same good disease control was achieved when Vitibiosap 458 

Plus was applied in open field to control anthracnose in naturally 

infected citrus fruits. On óTarocco Scir¯ô, a high susceptible clone, 

Vitibiosap 458 Plus reduced the disease incidence much as observed 

with copper oxychloride (46% and 47.5% DI reduction, respectively). 

Accordingly, a direct antimicrobial activity of Zn- and/or Mn-

containing compounds has been a reported towards Fusarium 

verticilloides (Luo et al., 2020), Phytophthora nicotianae (Li et al., 

2016) and Lasiodiplodia theobromae (Pérez et al., 2020). Moreover, 

the ability of compounds based on Zn or Mn to induce metabolic 

changes in the host plants, thus allowing to reach significant 

reductions of disease symptoms, has also been reported in greenhouse 

and open field conditions in coffee seedlings (Kalim et al., 2003), in 

cowpea roots (Raveau et al., 2020) and in olive groves (da Costa 

Gonçalves et al., 2020).   

As for mineral fertilizers, essential oils (EOs) from various 

plant species have been employed in integrated strategies to control 

pre- and postharvest diseases caused by several plant pathogens, 

including Colletotrichum spp. (da Costa Gonçalves et al., 2020; Jing 

et al., 2014). Among EOs, citrus essential oils (CEOs) have attracted 

attention as antifungal agents owing to their antimicrobial properties 

against a broad-spectrum of plant pathogens (Bora et al., 2020; Abd-

Al la and Hang., 2013). In this study, the effectiveness of a commercial 

formulation based on sweet orange essential oil, namely Prev-Am 

Plus, was tested. This product is authorized in Italy, both in 

greenhouse and in open field, to control several insect pests and fungal 

pathogens in a diversity of crops including olive trees, vines and citrus 

fruits. In in vitro assays, Prev-Am Plus displayed a remarkable 

antifungal activity at all tested concentrations, and the rates of growth 

reduction (87ï99% at 1, 0.5 and 0.1 % commercial product) were 

significantly similar or higher than with copper compounds (71ï94%). 
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Our results were in agreement with those of Abd-Alla and Haggag 

(2013), who reported 70ï100% of C. gloeosporioides growth 

inhibition with pure grade orange essential oils at concentrations 

ranging from 100ï150 µg/mL. The antifungal activity of CEOs has 

also been tested against C. gloeosporioides on artificially inoculated 

papaya and mango fruit (Bosquez-Molina et al., 2010; Romanazzi et 

al., 2018) and showed significant reductions of both incidence and 

severity. Similarly, in our studies, CEOs-based Prev-Am Plus 

significantly reduced DI and DS of anthracnose by C. gloeosporioides 

in artificially inoculated orange fruit, ranking best among all 

alternative formulations tested. To the best of our knowledge, this is 

the first study that demonstrated the efficacy in open field of CEOs-

based Prev-Am Plus in the control of anthracnose by Colletotrichum 

spp. in orange fruits.   

Furthermore, in this work two basic substances, Biorend 

(chitosan) and Equibasic (E. arvense) have been studied. Chitosan, a 

natural biodegradable chitin-derivative, is the most studied product 

thanks to its well-known direct fungicidal activity and indirect activity 

as elicitor of resistance to numerous pre- and postharvest fungal 

diseases (Calderone et al., 2022; Fauteux et al., 2005; Kharchoufi et 

al., 2018; Panebianco et al., 2014; Rajestary et al., 2021; Riseh et al., 

2022), including Colletotrichum spp. (Deng et al., 2015a; 2015b; 

Scortichini et al., 2018). In contrast, the potential of the extract of 

Equisetum arvense L. (field horsetail) in the control of plant diseases 

has been investigated less extensively. It is known to have preventive 

effects on fungal diseases, attributable to the high percentage of silica 

(Marchand et al., 2016; Pallag et al., 2016) and antifungal effects 

linked to its high concentration of flavonoids and phenols (Dagostin 

et al., 2011). To date, there are some reports documenting its efficacy 

in the control of plant pathogens such as Plamopara viticola 

(Llamazares et al., 2022; Wszelaki et al., 2005), Alternaria solani 

(Trebbi et al., 2020), Phytophthora infestans, Puccinia triticina 
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(Langa-Lomba et al.,2021) and grapevine trunk pathogens (Ali et al., 

2010). In in vitro assays carried out in this work, both Biorend and 

Equibasic significantly inhibited the growth of C. gloeosporioides at 

all the tested concentrations, with best results observed at 1% of 

commercial product. The in vitro inhibitory effect of chitosan against 

Colletotrichum spp. observed in the present study has already been 

demonstrated in several previous studies (Ali et al., 2010; Correa- 

Junior et al., 2018; Pacheco et al., 2017; Scortichini et al., 2021), in 

some of which structural changes in the conidial morphology (Ali et 

al., 2010) and spore germination (Scortichini et al., 2021) have been 

reported. The in vitro inhibitory activity of equisetum against C. 

gloeosporioides is here reported for the first time.  

Biorend and Equibasic tested on C. gloeosporioides-inoculated 

citrus fruits in growth chamber significantly reduced disease 

incidence, and Biorend showed higher disease severity reduction. 

Considering the potential of chitosan as an antifungal agent, we 

extended our investigation in open field on naturally infected óTarocco 

Scir¯ô, where it proved to be the best alternative product, reducing 

disease incidence by 71%, with values significantly higher than copper 

oxychloride (47%). On the whole, Biorend seemed to be more 

efficient when applied to plants in the field or to harvested fruits in 

growth chamber than in tests on agar plates. These results are in 

agreement with those reported in a recently published meta-analysis 

which summarized studies related to the effects of chitosan on disease 

control and on its antimicrobial and eliciting abilities (Riseh et al., 

2022). The analysis involved several fungal pathogens and revealed 

that, in the in vitro assays, Colletotrichum spp. is the least sensitive 

pathogen to chitosan. Instead, in in- planta tests, chitosan showed the 

highest effectiveness against anthracnose, clearly showing that the 

outcome of chitosan-pathogens interactions may vary with plant 

species.   

Among the chemical compounds able to induce plant resistance, 
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the most deeply investigated are those interfering with the salicylic 

acid (SA) pathway, such as acibenzolarS-methyl (ASM), developed 

and marketed in Europe with the label BION and in the United States 

with the label ACTIGARD (Tripathi et al., 2019). ASM has proved to 

be effective in the control of diseases caused by viral, bacterial and 

fungal pathogens in different plant species (Faize et al., 2018; Hu et 

al., 2018; Marolleau et al., 2017; Oostendorp et al., 2001). In this 

work, BION has been tested for the first time for its antifungal activity 

in vitro and in inoculated fruits against C. gloeosporioides in growth 

chamber trials. In vitro, BION exhibited a direct antimicrobial activity 

and significantly reduced the growth of C. gloeosporioides at the 

highest concentration tested (58% and 52% at 1% and 0.5%, 

respectively). Accordingly, previous studies demonstrated that similar 

concentrations of BION directly inhibited in vitro mycelial growth of 

Penicillium digitatum (Panebianco et al., 2014). In contrast, BION 

caused no significant reduction of disease incidence and only a slight 

reduction of disease severity in artificially inoculated óTarocco Scir¯ô 

fruits. The lack of efficacy of BION against C. gloeosporioides in 

artificially inoculated citrus fruits agrees with the results previously 

reported by Panebianco et al. (2014) in óTarocco Scir¯ô fruits 

artificially inoculated with P. digitatum. Furthermore, plant activator 

such as BION need at least a few days to induce resistance whereas in 

our experiment, due to a very short time, the effect of inducing 

resistance did not appear.  

Among biocontrol agents (BCAs), two commercially available 

products (Amylo-X and Botector) showed antimicrobial activity in in 

vitro tests against C. gloeosporioides (59% and 54% growth reduction, 

respectively), and the antimicrobial activity was confirmed for 

Amylo-X when applied to artificially inoculated óTarocco Scir¯ô 

fruits. There are few studies on the use of BCAs for the control of 

Colletotrichum spp. in citrus fruits. Bacillus subtilis showed efficacy 

under field conditions in controlling post bloom fruit drop (PFD) 
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caused by C. abscissum (previously reported as C. acutatum) or C. 

gloeosporioides (Klein et al., 2013; Kupper et al., 2012) and S. 

cerevisiae isolates showed to be effective in controlling C. abscissum 

both preventively and curatively in preharvest experiments (Lopes et 

al., 2015). On the whole, biocontrol agents are rarely employed in 

open field, because they are often poorly resistant to environmental 

conditions encountered in the field, which negatively influence 

survival and antagonistic behaviour. Furthermore, for perennial crops 

such as citrus fruits, where the inoculum can survive from one year to 

the next, an effective biological control requires a preventive and 

curative strategies, possibly with products capable of acting directly 

on the pathogen and indirectly by activating hostôs natural defenses.  

Finally, the efficacy of field treatments in controlling 

Colletotrichum spp. under postharvest conditions was evaluated on 

oranges stored at 6 °C for 20 days and then at 20 °C for 10 days. The 

results achieved in postharvest environments highlighted the ability of 

all products to protect citrus fruits from Colletotrichum infections 

during their storage for at least one month. The highest protection 

against postharvest anthracnose was achieved with three-times field 

applications of Vitibiosap 458 Plus, Prev-Am Plus and Biorend, and 

their efficacy was similar to that of Ossiclor and Cabrio, used as 

control. With regard to chitosan and its derivatives, our results are in 

agreement with previous works (Danh et al., 2021: Zahid et al., 2012), 

in which preharvest applications of oligochitosan effectively enhanced 

the postharvest resistance of navel orange artificially inoculated with 

C. gloeosporioides. In the same studies, the authors showed that 

preharvest application of oligochitosan enhanced the activity of 

defensive enzymes, increased the level of hydroxyproline-rich protein 

and delayed protopectin degradation, suggesting that structural and 

biochemical mechanisms of resistance were induced in preharvest and 

persisted during the subsequent storage period.   

On the whole, Vitibiosap 458 Plus, Biorend and Prev-Am Plus 
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might represent interesting substitutes for copper compounds against 

Colletotrichum spp. in citrus orchards. Their good efficacy, here 

evaluated in laboratory conditions and validated in open field for the 

first time, strongly encourage subsequent trials to explore their 

potential for largescale use in citrus organic orchards. Disease control 

was higher in open field than in the harvested fruits artificially 

inoculated with the pathogen, as in the latter the compounds strongly 

inhibited only the severity but not the incidence of the disease. Thus, 

the present study underlines the importance of considering the 

multiple trophic levels (bioproduct- pathogen- host-carpospheric 

microbiome- environment) involved in plant/pathogen interactions.   

2.5 Conclusions 

To the best of our knowledge, this study provides evidence for 

the first time of the good efficacy of some commercially available 

alternative products against the pre- and postharvest citrus disease 

caused by Colletotrichum spp., in the perspective of replacing or 

reducing traditional copper treatments and safeguard the quality of 

Sicilian sweet orange production. Despite high disease pressure 

conditions, field applications of alternative products significantly 

reduced the incidence and severity of citrus anthracnose on a high 

susceptible citrus cultivar such as the óTarocco Scirèô both in the field 

and during storage. The good results obtained in this study provide 

useful information for the field management in organic citrus 

orchards. These encouraging data must be considered preliminary and 

will be verified in future field trials to assess the effectiveness of 

alternative commercial products in different soils and climatic 

conditions in other citrus species. 

 

 

 



CHAPTER II 

74 

References 

Abd-Alla, M.A.; Haggag, W.M. 2013. Use of some plant essential oils as 

post-harvest botanical fungicides in the management of 

anthracnose disease of mango fruits (Mangi feraindica L.) caused 

by Colletotrichum gloeosporioides (Penz). Int. J. Agric. For., 3, 1ï

6.  

Aiello, D., Ferrante, P., Vitale, A., Polizzi, G., Scortichini, M., Cirvilleri, 

G., 2015. Characterization of Pseudomonas syringae pv. syringae 

isolated from mango in Sicily and occurrence of copper-resistant 

strains. Journal of Plant Pathology 1. 

https://doi.org/10.4454/JPP.V97I2.015 

Aiello, D., Vitale, A., Panebianco, S., Lombardo, M., Anzalone, A., Catara, 

V., Cirvilleri, G., 2022. In vitro and in vivo antibacterial activity of 

copper alternative products against Xanthomonas euvesicatoria pv. 

perforans causing leaf spot and pith necrosis of tomato. Acta 

Hortic. 223ï230. 

https://doi.org/10.17660/ActaHortic.2022.1354.29 

Aiello, Dalia, Carrieri, R., Guarnaccia, V., Vitale, A., Lahoz, E., Polizzi, G., 

2015. Characterization and Pathogenicity of Colletotrichum 

gloeosporioides and C. karstii causing preharvest disease on Citrus 

sinensis in Italy. Journal of Phytopathology 163, 168ï177. 

https://doi.org/10.1111/jph.12299 

Ali,  A.; Muhammad, M.T.M.; Sijam, K.; Siddiqui, Y. 2010. Potential of 

Chitosan Coating in Delaying the Postharvest Anthracnose 

(Colletotrichum gloeosporioides Penz.) of Eksotika II  Papaya. Int. 

J. Food Sci. Technol., 45, 2134ï2140.  

Bailey, J.A.; Jeger, M.J. British Society for Plant Pathology. In 

Colletotrichum: Biology, Pathology and Control; C.A.B. 

International: Wallingford, UK, 1992. 

Behlau, F., Canteros, B.I., Jones, J.B., Graham, J.H., 2012. Copper 

resistance genes from different xanthomonads and citrus epiphytic 

bacteria confer resistance to Xanthomonas citri  subsp. citri . Eur J 

Plant Pathol 133, 949ï963. https://doi.org/10.1007/s10658-

012-9966-8 

Ben Hadj Daoud, H., Baraldi, E., Iotti, M., Leonardi, P., Boughalleb-

Môhamdi, N., 2019. Characterization and pathogenicity of 

Colletotrichum spp. causing citrus anthracnose in Tunisia. 

Phytopathologia Mediterranea 58, 175ï185. 

https://doi.org/10.14601/Phytopathol_Mediterr-23762 

https://doi.org/10.4454/JPP.V97I2.015
https://doi.org/10.17660/ActaHortic.2022.1354.29
https://doi.org/10.1111/jph.12299
https://doi.org/10.1007/s10658-012-9966-8
https://doi.org/10.1007/s10658-012-9966-8
https://doi.org/10.14601/Phytopathol_Mediterr-23762


CHAPTER II 

75 

Bora, H., Kamle, M., Mahato, D.K., Tiwari, P., Kumar, P., 2020. Citrus 

Essential Oils (CEOs) and Their Applications in Food: An 

Overview. Plants 9, 357. 

https://doi.org/10.3390/plants9030357 

Bordoh, P.K., Ali, A., Dickinson, M., Siddiqui, Y., Romanazzi, G., 2020. A 

review on the management of postharvest anthracnose in dragon 

fruits caused by Colletotrichum spp. Crop Protection 130, 105067. 

https://doi.org/10.1016/j.cropro.2019.105067 

Bosquez-Molina, E., Jesús, E.R., Bautista-Baños, S., Verde-Calvo, J.R., 

Morales-López, J., 2010. Inhibitory effect of essential oils against 

Colletotrichum gloeosporioides and Rhizopus stolonifer in stored 

papaya fruit and their possible application in coatings. Postharvest 

Biology and Technology 57, 132ï137. 

https://doi.org/10.1016/j.postharvbio.2010.03.008 

Brown, G.E., 1975. Factors Affecting Postharvest Development of 

Collectotrichum gloeosporioides in Citrus Fruits. Phytopathology 

65, 404. https://doi.org/10.1094/Phyto-65-404 
Cabot, C., Martos, S., Llugany, M., Gallego, B., Tolrà, R., Poschenrieder, 

C., 2019. A role for zinc in plant defense against pathogens and 

herbivores. Front. Plant Sci. 10, 1171. 

https://doi.org/10.3389/fpls.2019.01171 

Calderone, F., Vitale, A., Panebianco, S., Lombardo, M.F., Cirvilleri, G., 

2022. COS-OGA Applications in Organic Vineyard Manage Major 

Airborne Diseases and Maintain Postharvest Quality of Wine 

Grapes. Plants 11, 1763. 

https://doi.org/10.3390/plants11131763 

Caruso, M., Ferlito, F., Licciardello, C., Allegra, M., Strano, M.C., Di 

Silvestro, S., Russo, M.P., Pietro Paolo, D., Caruso, P., Las Casas, 

G., Stagno, F., Torrisi, B., Roccuzzo, G., Reforgiato Recupero, G., 

Russo, G., 2016. Pomological diversity of the Italian blood orange 

germplasm. Scientia Horticulturae 213, 331ï339. 

https://doi.org/10.1016/j.scienta.2016.10.044 

Correa Pacheco, Z.N., Bautista Ba¶os, S., Valle Marquina, M.Ć., 

Hern§ndez L·pez, M., 2017. The Effect of Nanostructured 

Chitosan and Chitosan thyme Essential Oil Coatings on 

Colletotrichum gloeosporioides Growth in vitro and on cv Hass 

Avocado and Fruit Quality. Journal of Phytopathology 165, 297ï

305. https://doi.org/10.1111/jph.12562 

Crous, P.W., Groenewald, J.Z., Slippers, B., Wingfield, M.J., 2016. Global 

food and fibre security threatened by current inefficiencies in 

https://doi.org/10.3390/plants9030357
https://doi.org/10.1016/j.cropro.2019.105067
https://doi.org/10.1016/j.postharvbio.2010.03.008
https://doi.org/10.1094/Phyto-65-404
https://doi.org/10.3389/fpls.2019.01171
https://doi.org/10.3390/plants11131763
https://doi.org/10.1016/j.scienta.2016.10.044
https://doi.org/10.1111/jph.12562


CHAPTER II 

76 

fungal identification. Phil. Trans. R. Soc. B 371, 20160024. 

https://doi.org/10.1098/rstb.2016.0024 

Dagostin, S., Schärer, H.-J., Pertot, I., Tamm, L., 2011. Are there 

alternatives to copper for controlling grapevine downy mildew in 

organic viticulture? Crop Protection 30, 776ï788. 

https://doi.org/10.1016/j.cropro.2011.02.031 

Danh, L.T., Giao, B.T., Duong, C.T., Nga, N.T.T., Tien, D.T.K., Tuan, 

N.T., Huong, B.T.C., Nhan, T.C., Trang, D.T.X., 2021. Use of 

Essential Oils for the Control of Anthracnose Disease Caused by 

Colletotrichum acutatum on Post-Harvest Mangoes of Cat Hoa Loc 

Variety. Membranes 11, 719. 

https://doi.org/10.3390/membranes11090719 

Dean, R., Van Kan, J.A.L., Pretorius, Z.A., Hammond Kosack, K.E., Di 

Pietro, A., Spanu, P.D., Rudd, J.J., Dickman, M., Kahmann, R., 

Ellis, J., Foster, G.D., 2012. The Top 10 fungal pathogens in 

molecular plant pathology. Molecular Plant Pathology 13, 414ï

430. https://doi.org/10.1111/j.1364-3703.2011.00783.x 
Deng, H., Li, X.-F., Cheng, W.-D., Zhu, Y.-G., 2009. Resistance and 

resilience of Cu-polluted soil after Cu perturbation, tested by a 

wide range of soil microbial parameters. FEMS Microbiology 

Ecology 70, 293ï304. https://doi.org/10.1111/j.1574-

6941.2009.00741.x 
Deng, L., Zeng, K., Zhou, Y., Huang, Y., 2015a. Effects of postharvest 

oligochitosan treatment on anthracnose disease in citrus (Citrus 

sinensis L. Osbeck) fruit. Eur Food Res Technol 240, 795ï804. 

https://doi.org/10.1007/s00217-014-2385-7 

Deng, L., Zhou, Y., Zeng, K., 2015b. Pre-harvest spray of oligochitosan 

induced the resistance of harvested navel oranges to anthracnose 

during ambient temperature storage. Crop Protection 70, 70ï76. 

https://doi.org/10.1016/j.cropro.2015.01.016 

Dordas, C., 2008. Role of nutrients in controlling plant diseases in 

sustainable agriculture. A review. Agron. Sustain. Dev. 28, 33ï46. 

https://doi.org/10.1051/agro:2007051 

European Union. Regulation (EU) 2018/1981 of the European Parliament 

and of the Council of 13 December 2018 Renewing the Approval 

of the Active Substances Copper Compounds, as Candidates for 

Substitution, in Accordance with Regulation (EC) No 1107/2009 

of the European Parliament and of the Council Concerning the 

Placing of Plant Protection Products on the Market and Amending 

https://doi.org/10.1098/rstb.2016.0024
https://doi.org/10.1016/j.cropro.2011.02.031
https://doi.org/10.3390/membranes11090719
https://doi.org/10.1111/j.1364-3703.2011.00783.x
https://doi.org/10.1111/j.1574-6941.2009.00741.x
https://doi.org/10.1111/j.1574-6941.2009.00741.x
https://doi.org/10.1007/s00217-014-2385-7
https://doi.org/10.1016/j.cropro.2015.01.016
https://doi.org/10.1051/agro:2007051


CHAPTER II 

77 

the Annex to Commission Implementing Regulation (EU) No 

540/2011. Off. J. Eur. Comm. 2018, L317/16. Available online: 

https://eur-lex.europa.eu/legal-

content/EN/TXT/PDF/?uri=CELEX:32018R1981&rid=3 (accessed 

on 7 January 2022). 

Faize, L., Faize, M., 2018. Functional Analogues of Salicylic Acid and 

Their Use in Crop Protection. Agronomy 8, 5. 

https://doi.org/10.3390/agronomy8010005 

FAOSTAT. Food and Agriculture Organization of the United Nations. 

2022. Available online: http://www.fao.org/faostat/en/#home 

(accessed on 7 January 2022). 

Fauteux, F., Rémus-Borel, W., Menzies, J.G., Bélanger, R.R., 2005. Silicon 

and plant disease resistance against pathogenic fungi. FEMS 

Microbiology Letters 249, 1ï6. 

https://doi.org/10.1016/j.femsle.2005.06.034 

Freeman, S., Shabi, E., 1996. Cross-infection of subtropical and temperate 

fruits byColletotrichumspecies from various hosts. Physiological 

and Molecular Plant Pathology 49, 395ï404. 

https://doi.org/10.1006/pmpp.1996.0062 

Gonçalves, D.D.C., Ribeiro, W.R., Gonçalves, D.C., Menini, L., Costa, H., 

2021. Recent advances and future perspective of essential oils in 

control Colletotrichum spp.: A sustainable alternative in 

postharvest treatment of fruits. Food Research International 150, 

110758. https://doi.org/10.1016/j.foodres.2021.110758 

Guarnaccia, V., Groenewald, J.Z., Polizzi, G., Crous, P.W., 2017. High 

species diversity in Colletotrichum associated with citrus diseases 

in Europe. persoonia 39, 32ï50. 

https://doi.org/10.3767/persoonia.2017.39.02 

Herrera-González, J.A., Bautista-Baños, S., Serrano, M., Romanazzi, G., 

Gutiérrez-Martínez, P., 2021. Non-Chemical Treatments for the 

Pre- and Post-Harvest Elicitation of Defense Mechanisms in the 

FungiïAvocado Pathosystem. Molecules 26, 6819. 

https://doi.org/10.3390/molecules26226819 

Hippler, F.W.R., Petená, G., Boaretto, R.M., Quaggio, J.A., Azevedo, R.A., 

Mattos-Jr, D., 2018. Mechanisms of copper stress alleviation in 

Citrus trees after metal uptake by leaves or roots. Environ Sci 

Pollut Res 25, 13134ï13146. https://doi.org/10.1007/s11356-

018-1529-x 

Hu, J., Jiang, J., Wang, N., 2018. Control of Citrus Huanglongbing via 

Trunk Injection of Plant Defense Activators and Antibiotics. 

https://doi.org/10.3390/agronomy8010005
https://doi.org/10.1016/j.femsle.2005.06.034
https://doi.org/10.1006/pmpp.1996.0062
https://doi.org/10.1016/j.foodres.2021.110758
https://doi.org/10.3767/persoonia.2017.39.02
https://doi.org/10.3390/molecules26226819
https://doi.org/10.1007/s11356-018-1529-x
https://doi.org/10.1007/s11356-018-1529-x


CHAPTER II 

78 

Phytopathology® 108, 186ï195. 

https://doi.org/10.1094/PHYTO-05-17-0175-R 

Jing, L., Lei, Z., Li, L., Xie, R., Xi, W., Guan, Y., Sumner, L.W., Zhou, Z., 

2014. Antifungal Activity of Citrus Essential Oils. J. Agric. Food 

Chem. 62, 3011ï3033. https://doi.org/10.1021/jf5006148 

Junior, A.K.M., José S.P., Magalhães, K.M., Mattiuz, B.-H., 2018. 

Chitosan-propolis combination inhibits anthracnose in ñHassò 

avocados. Emir J Food Agric 681. 

https://doi.org/10.9755/ejfa.2018.v30.i8.1764 

Kalim, S., Luthra, Y.P., Gandhi, S.K., 2003. Cowpea Root Rot Severity and 

Metabolic Changes in Relation to Manganese Application. Journal 

of Phytopathology 151, 92ï97. https://doi.org/10.1046/j.1439-

0434.2003.00686.x 
Kandeler, F., Kampichler, C., Horak, O., 1996. Influence of heavy metals 

on the functional diversity of soil microbial communities. Biol 

Fertil Soils 23, 299ï306. https://doi.org/10.1007/BF00335958 

Katsoulas, N., Løes, A.-K., Andrivon, D., Cirvilleri, G., De Cara, M., Kir, 

A., Knebl, L., MaliŒska, K., Oudshoorn, F.W., Willer, H., 

Schmutz, U., 2020. Current use of copper, mineral oils and sulphur 

for plant protection in organic horticultural crops across 10 

European countries. Org. Agr. 10, 159ï171. 

https://doi.org/10.1007/s13165-020-00330-2 

Kaur, R., Rewal, H.S., Sethi, A., 2007. Pre-harvest stem-end rot in citrus 

cultivars due to Colletotrichum gloeosporioides. Eur. J. Hortic. 

Sci., 72, 20ï25. 

Kharchoufi, S., Parafati, L., Licciardello, F., Muratore, G., Hamdi, M., 

Cirvilleri, G., Restuccia, C., 2018. Edible coatings incorporating 

pomegranate peel extract and biocontrol yeast to reduce 

Penicillium digitatum postharvest decay of oranges. Food 

Microbiology 74, 107ï112. 

https://doi.org/10.1016/j.fm.2018.03.011 

Klein, M.N., Silva, A.C., Lopes, M.R., Kupper, K.C., 2013. Application of 

microorganisms, alone or in combination, to control postbloom 

fruit drop in citrus. Trop. plant pathol. 38, 505ï512. 

https://doi.org/10.1590/S1982-56762013000600006 

Lamichhane, J.R., Osdaghi, E., Behlau, F., Köhl, J., Jones, J.B., Aubertot, 

J.-N., 2018. Thirteen decades of antimicrobial copper compounds 

applied in agriculture. A review. Agron. Sustain. Dev. 38, 28. 

https://doi.org/10.1007/s13593-018-0503-9 

https://doi.org/10.1094/PHYTO-05-17-0175-R
https://doi.org/10.1021/jf5006148
https://doi.org/10.9755/ejfa.2018.v30.i8.1764
https://doi.org/10.1046/j.1439-0434.2003.00686.x
https://doi.org/10.1046/j.1439-0434.2003.00686.x
https://doi.org/10.1007/BF00335958
https://doi.org/10.1007/s13165-020-00330-2
https://doi.org/10.1016/j.fm.2018.03.011
https://doi.org/10.1590/S1982-56762013000600006
https://doi.org/10.1007/s13593-018-0503-9


CHAPTER II 

79 

Langa-Lomba, N., Buzón-Durán, L., Martín-Ramos, P., Casanova-Gascón, 

J., Martín-Gil, J., Sánchez-Hernández, E., González-García, V., 

2021. Assessment of Conjugate Complexes of Chitosan and Urtica 

dioica or Equisetum arvense Extracts for the Control of Grapevine 

Trunk Pathogens. Agronomy 11, 976. 

https://doi.org/10.3390/agronomy11050976 

Li, Z., Fan, Y., Gao, L., Cao, X., Ye, J., Li, G., 2016. The Dual Roles of 

Zinc Sulfate in Mitigating Peach Gummosis. Plant Disease 100, 

345ï351. https://doi.org/10.1094/PDIS-01-15-0131-RE 

Llamazares De Miguel, D., Mena-Petite, A., Díez-Navajas, A.M., 2022. 

Toxicity and Preventive Activity of Chitosan, Equisetum arvense, 

Lecithin and Salix Cortex against Plasmopara viticola, the Causal 

Agent of Downy Mildew in Grapevine. Agronomy 12, 3139. 

https://doi.org/10.3390/agronomy12123139 

Lopes, M.R., Klein, M.N., Ferraz, L.P., Da Silva, A.C., Kupper, K.C., 2015. 

Saccharomyces cerevisiae: A novel and efficient biological control 

agent for Colletotrichum acutatum during pre-harvest. 

Microbiological Research 175, 93ï99. 

https://doi.org/10.1016/j.micres.2015.04.003 

Luo, Y., Yao, A., Tan, M., Li, Z., Qing, L., Yang, S., 2020. Effects of 

manganese and zinc on the growth process of Phytophthora 

nicotianae and the possible inhibitory mechanisms. PeerJ 8, e8613. 

https://doi.org/10.7717/peerj.8613 

Marchand, P.A., 2016. Basic substances under EC 1107/2009 

phytochemical regulation: experience with non-biocide and food 

products as biorationals. Journal of Plant Protection Research 56, 

312ï318. https://doi.org/10.1515/jppr-2016-0041 
Marolleau, B., Gaucher, M., Heintz, C., Degrave, A., Warneys, R., Orain, 

G., Lemarquand, A., Brisset, M.-N., 2017. When a Plant 

Resistance Inducer Leaves the Lab for the Field: Integrating ASM 

into Routine Apple Protection Practices. Front. Plant Sci. 8, 1938. 

https://doi.org/10.3389/fpls.2017.01938 

Oliveri, C., Modica, G., Bella, P., Dimaria, G., Cirvilleri, G., Continella, A., 

Catara, V., 2022. Preliminary evaluation of a zinc-copper-citric 

acid biocomplex for the control of Plenodomus tracheiphilus 

causal agent of citrus mal secco disease. Acta Hortic. 231ï236. 

https://doi.org/10.17660/ActaHortic.2022.1354.30 

Oostendorp, M., Kunz, W., Dietrich, B., Staub, T., 2001. Induced disease 

resistance in plants by chemicals. European Journal of Plant 

https://doi.org/10.3390/agronomy11050976
https://doi.org/10.1094/PDIS-01-15-0131-RE
https://doi.org/10.3390/agronomy12123139
https://doi.org/10.1016/j.micres.2015.04.003
https://doi.org/10.7717/peerj.8613
https://doi.org/10.1515/jppr-2016-0041
https://doi.org/10.3389/fpls.2017.01938
https://doi.org/10.17660/ActaHortic.2022.1354.30


CHAPTER II 

80 

Pathology 107, 19ï28. 

https://doi.org/10.1023/A:1008760518772 

Pallag, A., Bungau, S., Tit, D.M., Jurca, T., Sirbu, V., Honiges, A., 

Horhogea, C. 2016. Comparative Study of Polyphenols, 

Flavonoids and Chlorophylls in Equisetum arvense L. Populations. 

Rev. Chim., 67, 530ï533.  

Panebianco, S., Vitale, A., Platania, C., Restuccia, C., Polizzi, G., Cirvilleri, 

G., 2014. Postharvest efficacy of resistance inducers for the control 

of green mold on important Sicilian citrus varieties. J Plant Dis 

Prot 121, 177ï183. https://doi.org/10.1007/BF03356507 

Pérez, C.D.P., Pozza, E.A., Pozza, A.A.A., Elmer, W.H., Pereira, A.B., 

Guimarães, D.D.S.G., Monteiro, A.C.A., De Rezende, M.L.V., 

2020. Boron, zinc and manganese suppress rust on coffee plants 

grown in a nutrient solution. Eur J Plant Pathol 156, 727ï738. 

https://doi.org/10.1007/s10658-019-01922-9 

Perrone, G., Magistà, D., Ismail, A.M, 2016. First report of Colletotrichum 

kahawae subsp. ciggaro on mandarin in Italy. J. Plant Pathol., 98, 

682. 

Piccirillo, G., Carrieri, R., Polizzi, G., Azzaro, A., Lahoz, E., Fernández-

Ortuño, D., Vitale, A., 2018. In vitro and in vivo activity of QoI 

fungicides against Colletotrichum gloeosporioides causing fruit 

anthracnose in Citrus sinensis. Scientia Horticulturae 236, 90ï95. 

https://doi.org/10.1016/j.scienta.2018.03.044 

Rajestary, R., Landi, L., Romanazzi, G., 2021. Chitosan and postharvest 

decay of fresh fruit: Meta analysis of disease control and 

antimicrobial and eliciting activities. Comp Rev Food Sci Food 

Safe 20, 563ï582. https://doi.org/10.1111/1541-4337.12672 
Ramos, A.P., Talhinhas, P., Sreenivasaprasad, S., Oliveira, H., 2016. 

Characterization of Colletotrichum gloeosporioides, as the main 

causal agent of citrus anthracnose, and C. karstii as species 

preferentially associated with lemon twig dieback in Portugal. 

Phytoparasitica 44, 549ï561. https://doi.org/10.1007/s12600-

016-0537-y 

Raveau, R., Fontaine, J., Lounès-Hadj Sahraoui, A., 2020. Essential Oils as 

Potential Alternative Biocontrol Products against Plant Pathogens 

and Weeds: A Review. Foods 9, 365. 

https://doi.org/10.3390/foods9030365 

Rhaiem, A., Taylor, P.W.J., 2016. Colletotrichum gloeosporioides 

associated with anthracnose symptoms on citrus, a new report for 

https://doi.org/10.1023/A:1008760518772
https://doi.org/10.1007/BF03356507
https://doi.org/10.1007/s10658-019-01922-9
https://doi.org/10.1016/j.scienta.2018.03.044
https://doi.org/10.1111/1541-4337.12672
https://doi.org/10.1007/s12600-016-0537-y
https://doi.org/10.1007/s12600-016-0537-y
https://doi.org/10.3390/foods9030365


CHAPTER II 

81 

Tunisia. Eur J Plant Pathol 146, 219ï224. 

https://doi.org/10.1007/s10658-016-0907-9 

Riolo, M., Aloi, F., Pane, A., Cara, M., Cacciola, S.O., 2021. Twig and 

Shoot Dieback of Citrus, a New Disease Caused by Colletotrichum 

Species. Cells 10, 449. https://doi.org/10.3390/cells10020449 

Riseh, R.S., Hassanisaadi, M., Vatankhah, M., Babaki, S.A., Barka, E.A., 

2022. Chitosan as a potential natural compound to manage plant 

diseases. International Journal of Biological Macromolecules 220, 

998ï1009. https://doi.org/10.1016/j.ijbiomac.2022.08.109 

Romanazzi, G., Feliziani, E., Sivakumar, D., 2018. Chitosan, a Biopolymer 

With Triple Action on Postharvest Decay of Fruit and Vegetables: 

Eliciting, Antimicrobial and Film-Forming Properties. Front. 

Microbiol. 9, 2745. https://doi.org/10.3389/fmicb.2018.02745 

Savi, G.D., Vitorino, V., Bortoluzzi, A.J., Scussel, V.M., 2013. Effect of 

zinc compounds on Fusarium verticillioides growth, hyphae 

alterations, conidia, and fumonisin production. J Sci Food Agric 

93, 3395ï3402. https://doi.org/10.1002/jsfa.6271 

Scortichini, M., Chen, J., De Caroli, M., Dalessandro, G., Pucci, N., 

Modesti, V., Lôaurora, A., Petriccione, M., Zampella, L., 

Mastrobuoni, F., Migoni, D., Del Coco, L., Girelli, C.R., Piacente, 

F., Piacente, F., Cristella, N., Marangi, P., Laddomada, F., Di 

Cesare, M., Cesari, G., Fanizzi, F.P., Loreti, S., 2018. A zinc, 

copper and citric acid biocomplex shows promise for control of 

Xylella fastidiosa subsp. pauca in olive trees in Apulia region 

(southern Italy). Phytopathologia Mediterranea. 

https://doi.org/10.14601/Phytopathol_Mediterr-21985 
Scortichini, M., Loreti, S., Pucci, N., Scala, V., Tatulli, G., Verweire, D., 

Oehl, M., Widmer, U., Codina, J.M., Hertl, P., Cesari, G., De 

Caroli, M., Angilè, F., Migoni, D., Del Coco, L., Girelli, C.R., 

Dalessandro, G., Fanizzi, F.P., 2021. Progress towards Sustainable 

Control of Xylella fastidiosa subsp. pauca in Olive Groves of 

Salento (Apulia, Italy). Pathogens 10, 668. 

https://doi.org/10.3390/pathogens10060668 

Sinab.it. Available online: https://www.sinab.it/reportannuali/anticipazioni-

bio-cifre-2022/ (accessed on 7 January 2022).  

Trebbi, G., Negri, L., Bosi, S., Dinelli, G., Cozzo, R., Marotti, I., 2020. 

Evaluation of Equisetum arvense (Horsetail Macerate) as a Copper 

Substitute for Pathogen Management in Field-Grown Organic 

Tomato and Durum Wheat Cultivations. Agriculture 11, 5. 

https://doi.org/10.3390/agriculture11010005 

https://doi.org/10.1007/s10658-016-0907-9
https://doi.org/10.3390/cells10020449
https://doi.org/10.1016/j.ijbiomac.2022.08.109
https://doi.org/10.3389/fmicb.2018.02745
https://doi.org/10.1002/jsfa.6271
https://doi.org/10.14601/Phytopathol_Mediterr-21985
https://doi.org/10.3390/pathogens10060668
https://doi.org/10.3390/agriculture11010005


CHAPTER II 

82 

Tripathi, D., Raikhy, G., Kumar, D., 2019. Chemical elicitors of systemic 

acquired resistanceðSalicylic acid and its functional analogs. 

Current Plant Biology 17, 48ï59. 

https://doi.org/10.1016/j.cpb.2019.03.002 

Uysal, A., Kurt, ķ., Guarnaccia, V., 2022. Distribution and characterization 

of Colletotrichum species associated with Citrus anthracnose in 

eastern Mediterranean region of Turkey. Eur J Plant Pathol 163, 

125ï141. https://doi.org/10.1007/s10658-022-02462-5 

Vitale, A., Aiello, D., Azzaro, A., Guarnaccia, V., Polizzi, G., 2021. An 

Eleven-Year Survey on Field Disease Susceptibility of Citrus 

Accessions to Colletotrichum and Alternaria Species. Agriculture 

11, 536. https://doi.org/10.3390/agriculture11060536 

Walters, D.R., Bingham, I.J., 2007. Influence of nutrition on disease 

development caused by fungal pathogens: implications for plant 

disease control. Annals of Applied Biology 151, 307ï324. 

https://doi.org/10.1111/j.1744-7348.2007.00176.x 
Wszelaki, A.L., Miller, S.A., 2005. Determining the Efficacy of Disease 

Management Products in Organically-Produced Tomatoes. Plant 

Health Progress 6, 7. https://doi.org/10.1094/PHP-2005-0713-

01-RS 

Zahid, N., Ali, A., Manickam, S., Siddiqui, Y., Maqbool, M., 2012. 

Potential of chitosan-loaded nanoemulsions to control different 

Colletotrichum spp. and maintain quality of tropical fruits during 

cold storage. J Appl Microbiol 113, 925ï939. 

https://doi.org/10.1111/j.1365-2672.2012.05398.x 
Zhao, Y., Deng, L., Zhou, Y., Yao, S., Zeng, K., 2018. Chitosan and Pichia 

membranaefaciens control anthracnose by maintaining cell 

structural integrity of citrus fruit. Biological Control 124, 92ï99. 

https://doi.org/10.1016/j.biocontrol.2018.05.004 

Zhou, Y., Zhang, L., Zeng, K., 2016. Efficacy of Pichia membranaefaciens 

combined with chitosan against Colletotrichum gloeosporioides in 

citrus fruits and possible modes of action. Biological Control 96, 

39ï47. https://doi.org/10.1016/j.biocontrol.2016.02.001 

 

https://doi.org/10.1016/j.cpb.2019.03.002
https://doi.org/10.1007/s10658-022-02462-5
https://doi.org/10.3390/agriculture11060536
https://doi.org/10.1111/j.1744-7348.2007.00176.x
https://doi.org/10.1094/PHP-2005-0713-01-RS
https://doi.org/10.1094/PHP-2005-0713-01-RS
https://doi.org/10.1111/j.1365-2672.2012.05398.x
https://doi.org/10.1016/j.biocontrol.2018.05.004
https://doi.org/10.1016/j.biocontrol.2016.02.001




CHAPTER III 

84 

CHAPTER III  

 

Copper-Alternative Products  

to Control Anthracnose and Alternaria Brown 

Spot on Fruit of Tarocco Sweet Oranges and 

Lemon in Italy 

 

This chapter is based on the published version of the article: 

 

Lombardo, M.F ., Panebianco S., Azzaro A., Timpanaro G., Polizzi 

G., Cirvilleri*, 2024. Copper-Alternative Products to Control 

Anthracnose and Alternaria Brown Spot on Fruit of Tarocco Sweet 

Oranges and Lemon in Italy. Crop Protection, 176, 106520. 

https://doi.org/10.1016/j.cropro.2023.106520  

 

Authorsô affiliation: Department of Agriculture, Food and 

Environment, University of Catania, Via Santa Sofia 100, 95123 

Catania, Italy 

 

* Corresponding author: Gabriella Cirvilleri (gcirvil@unict.it)  

  

https://doi.org/10.1016/j.cropro.2023.106520
mailto:gcirvil@unict.it


CHAPTER III 

85 

3 Copper-Alternative Products to Control 

Anthracnose and Alternaria Brown Spot on 

Fruit of Tarocco Sweet Oranges and Lemon in 

Italy  

 

Abstract 

Colletotrichum and Alternaria species, causal agents of pre- and 

postharvest anthracnose and Alternaria brown spot (ABS) on fruit 

respectively, have been recently reported as emerging fungal 

pathogens on citrus in the Mediterranean area, causing severe 

economic losses. The control of these pathogens is increasingly 

problematic, particularly in organic citrus orchards where disease 

management largely relies on the use of copper-based antimicrobials. 

With limitations in the use of Cu compounds imposed by the European 

Commission, due to the demonstrated noxious effects on environment, 

research for alternative formulations is encouraged. In this work, 

copper-alternative products (basic substances, plant extract, 

biocontrol agent and their combinations) were tested on sweet orange 

clones (óTarocco Scir¯ô and óTarocco Tapiô) and lemon clone 

(óFemminello Siracusano 2KRô) for two - three consecutive growing 

seasons in three citrus orchards within one of the most representative 

Italian citrus production areas to control natural infections on fruit 

caused by Colletotrichum and Alternaria species. Results showed that, 

even under different disease pressure levels, chitosan, E. arvense and 

sweet orange essential oil-based products, alone and in mixture, 

significantly reduced disease incidence and severity compared with 

untreated controls, often showing comparable or better efficacy than 

copper. The copper-alternative products were also subjected to 

benefit-cost analysis, that showed an increase in the costs of 
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phytosanitary treatments, differing according to the products, often 

covered by a positive increase in the marketable production compared 

to untreated control or copper-treated fruits. The good efficacy of 

copper-alternative products, alone and in mixture, indicates the 

potential of their sustainable and large-scale use, useful for replacing 

or reducing the use of copper in integrated and organic citriculture. 

 

Keywords: Citrus sinensis; C. limon; Colletotrichum spp.; Alternaria 

spp.; copper-alternative products; biological control. 

 

3.1 Introduction 

The cultivation of citrus represents one of the most important 

industries worldwide, with a continuously increasing in production 

trades during recent decades. Several countries of Mediterranean basin 

such as Greece, Italy, Spain, Tunisia, and Turkey are important 

producers of citrus fruit, as well as additional regions characterized by 

a Mediterranean climate, such as Australia, California, Florida and 

South Africa (FAOSTAT, 2022). Among them, Italy is the second 

citrus producer in Europe, with a production of 3 million tonnes during 

2022 (Eurostat, 2023). Additionally, Italy is the leading producer 

country for organic citrus farming globally, with over 31.000 ha of 

organic citrus area dedicated (Sinab.it). Due to favourable soil and 

climate conditions, a large part of Italian citrus production is localized 

in Sicily, accounting for approximately 58% and 87% of the total 

Italian production of sweet oranges and lemon respectively (Istat.it), 

showing a wide panorama of varieties cultivated in the region. The 

best quality of the Sicilian citrus supply is represented by the 

production of pigmented (ñbloodò) oranges. Among all the Italian 

blood oranges, óTaroccoô, with its several clones, is the most widely 

cultivated cultivar in eastern Sicily, in the area between the provinces 

of Catania, Enna and Syracuse, in the south and south-west of Mount 
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Etna, and recognized as Protected Geographical Indication (PGI) 

ñArancia Rossa di Siciliaò by the European Union (Commission 

Regulation No 1107/96 of 12 June 1996). As well as the lemon 

cultivation encompasses several cultivars of great economic interest 

in the Sicilian areas, where pedological and weather conditions allow 

to reach high quality standards. In particular, the lemon óFemminello 

Siracusanoô, appreciated for its unique aroma, high acidity, and 

extraordinary richness of juice, has obtained the PGI recognition with 

the denomination ñLimone di Siracusaò (Commission Regulation No 

96/2011 of 3 February 2011).  

Unfortunately, a broad range of fungal species causes diseases 

affecting roots, foliage, fruit and wood where Citrus spp. are 

cultivated. Among them, Colletotrichum and Alternaria species have 

been in the last decade reported as emerging fungal pathogens on 

citrus on Mediterranean basin, including Sicilian areas (Aiello et al., 

2015, 2020; Uysal et al., 2022). Anthracnose of citrus fruits caused by 

Colletotrichum spp. is a severe disease (Guarnaccia et al., 2017) and 

the main causal agents C. gloeosporioides (Penz.) Penz. & Sacc. have 

been treated for decades as postharvest pathogens. Only recently C. 

gloeosporioides and C. karsti You L., Yang, Zuo Y. Lim, K.D. Hyde 

& L. Cai (as ókarstiiô) (Yang et al., 2011) have been associated to a 

wide range of preharvest symptoms. These symptoms include heavy 

anthracnose on both leaves and fruit, fruit drop, twig dieback and 

defoliation observed in several citrus accessions, notably within the 

óTaroccoô group, significantly compromising overall production 

(Aiello et al., 2015; Vitale et al., 2021). Alternaria brown spot (ABS) 

is a serious postharvest disease of citrus in highly susceptible cultivars 

(Garganese et al., 2016; Peever et al., 2004; Timmer et al., 2003). It 

has been recently described as responsible for depressed brown to 

black lesions on ripe and unripe fruits, also surrounded by a yellow 

halo, in several citrus accessions cultivated in Italy (Aiello et al., 2020; 

Vitale et al., 2021), causing significant losses of yield and marketable 
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fruit. ABS is mainly caused by A. alternata (Fr.) Keissl., and 

occasionally A. arborescens E.G. Simmons has been recovered from 

symptomatic fruit (Aiello et al., 2020; Garganese et al., 2016). 

Moreover, a broad degree of susceptibility in the field was recently 

observed within citrus accessions cultivated in Sicily, clearly 

indicating an extreme degree of susceptibility of some óTaroccoΩ 

accessions (e.g., óTarocco SciaraΩ, óTarocco Scirè VCRΩ and óTarocco 

EmanueleΩ) to preharvest anthracnose symptoms on fruit, and a higher 

susceptibility of lemon to ABS on fruits, being óFemminello 

Siracusano 2 KRΩ the most susceptible lemon accession (Aiello et al., 

2020; Vitale et al., 2021).  

Currently, chemical management is the main strategy to control 

Colletotrichum and Alternaria diseases on citrus worldwide. Notably, 

fludioxonil, pyraclostrobin and Cu compounds are the sole registered 

fungicides approved in integrated citrus production in Italy (Fitogest, 

2023a; 2023b). The active ingredients fludioxonil and pyraclostrobin 

have been suspected to lead harmful consequences for humans (¢ayēr 

et al., 2016; Lee et al., 2019). Furthermore, only Cu compounds are 

allowed in organic agriculture, but the use of metallic copper is 

currently limited to 28 kg/ha in 7 years (European Union. Regulation 

EU 2018/1981 of the European Parliament and of the Council of 13 

December 2018, 2018) due to its toxicity to insects, plants, soil fauna 

and soil microbiota (Lamichhane et al., 2018). Moreover, the 

management of citrus anthracnose and ABS results particularly 

challenging in presence of favourable environmental conditions for 

the pathogens (Timmer et al., 1998; Silva et al., 2017; Riolo et al., 

2021), and the number of needed Cu-treatments for the containment 

of the diseases may change according to the climatic conditions and 

susceptible host, and it may easily result in an overcome of 

recommended spray threshold (Katsoulas et al., 2020). Therefore, the 

demand for effective alternative substances less harmful for humans, 

animals, and environment, that can replace copper compounds and 
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traditional fungicidal active ingredients has increased. At the same 

time, to attain general acceptance by growers, the efficacy of 

alternative products should be at least comparable to the level of 

control provided by standard fungicides in natural disease conditions 

and should be validated in a wide range of scenarios (i.e., disease 

pressure, cultivars and accessions, agroclimatic conditions, cultivated 

areas).  

Among alternative products, plant extracts, basic substances 

(BSs) and biological control agents (BCAs), included in Annex II of 

the Commission Regulation (EC) 889/2008 (Commission Regulation 

No 889/2008, 2008), which lists the products permitted for plant 

protection in organic crop production, are gaining attention for the 

management of fungal pathogens. Some alternative products based on 

BSs and plant extracts, already introduced in the marked as 

commercial formulations and authorized for their use on citrus crop, 

such as chitosan and sweet orange essential oil-based products, have 

been recently tested for the control of anthracnose caused by 

Colletotrichum spp. on sweet orange óTarocco Scire`ô in open field, 

showing promising results (Lombardo et al., 2023). As well as for the 

commercially available alternative product based on Equisetum 

arvense L. (field horsetail), authorized for its use on citrus crop, has 

showed its inhibitory activity against C. gloeosporioides in laboratory 

screening in our previous study, and it deserves to be assessed in field 

conditions to evaluate the potential application as trade available 

formulation. Moreover, considering that an enhanced antifungal 

activity generally results from the formation of conjugate complexes 

between chitosan and other substances of natural origin (Buzon-Durán 

et al., 2019, 2020, 2021), and that legal framework would place no 

obstacle to a combined use of already approved basic substances, this 

possibility deserves to be explored too. Registered commercial 

formulation based on BCAs may be also used as a valid alternative to 

reduce copper applications (Dagostin et al., 2011), but only some of 
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them are commonly used due to their variable effectiveness under 

commercial or open field conditions (Droby et al., 2016). Among 

them, a commercial product based on Bacillus amyloliquefaciens 

(former subtilis) strain QST 713 has been recently registered on its use 

on citrus crop. Although the potential of Bacillus species as biocontrol 

agents against citrus diseases has been widely highlighted (Chen et al., 

2020), the effectiveness of B. amyloliquefaciens QST 713 in 

controlling preharvest ABS and anthracnose of citrus fruit have never 

been tested so far.  

The promising results obtained in our previous work, together 

with the urge to find efficient copper-alternatives to control emerging 

citrus pathogens so to support Sicilian citriculture, has encouraged to 

extend the field trials in more citrus orchards under different 

conditions. Thus, in the present investigation, commercially available 

products based on basic substances (chitosan and E. arvense), plant 

extract (sweet orange essential oil), their mixtures and on BCA (B. 

amyloliquefaciens QST 713) were tested in pluriannual trials in three 

commercial citrus orchards located in representative Sicilian 

production areas against natural infections of anthracnose and ABS on 

fruit. Moreover, considering their presence in the market and their 

versatile applications, we hypothesize that the alternative products 

tested in this study could address a timely response to the urgent 

demand for products that can efficiently reduce the application of 

copper-based products in high-quality agricultural production.  

Therefore, the main objectives of this study were: i) to confirm 

the previous study on the efficacy of selected alternative products and 

to evaluate their mixtures against anthracnose symptoms on fruit 

caused by Colletotrichum spp., broadening the study on differently 

susceptible óTaroccoô blood orange accessions; ii) to validate, for the 

first time, their efficacy against ABS on fruit of lemon caused by A. 

alternata; iii) to evaluate the economic sustainability of their 

applications for a large- scale adoption; iv) to identify valuable and 
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ready-to-use copper-alternatives for the sustainable control of 

emerging fungal citrus diseases.  

3.2 Materials and Methods 

3.2.1 Study Sites 

A total of seven independent experimental field trials in three 

citrus orchards were carried out during two (2020 and 2021) and three 

(from 2019 to 2022) consecutive growing seasons to evaluate the 

efficacy of four alternative products and two mixtures against natural 

infections caused by A. alternata and Colletotrichum spp. on lemon 

[C. limon (L.) Osbeck] and sweet orange [C. sinensis (L.) Osbeck]. 

The three citrus orchards were located in one of the most 

representative Italian citrus production areas in the eastern Sicily, 

falling within Syracuse and Catania provinces (Supplementary Figure 

1). The three experimental orchards had a history of severe attacks of 

ABS on fruit on high susceptible lemon óFemminello Siracusano 2 

KRô (Orchard I, Agnone) and of preharvest anthracnose on fruit on 

extremely susceptible orange óTarocco Scir¯ô (Orchard III, Pedagaggi) 

and on moderately susceptible orange óTarocco Tapiô (Orchard II, 

Mineo), widely documented in a previous work (Vitale et al., 2021). 

Thus, preharvest ABS symptoms on fruits of lemon óFemminello 

Siracusano 2 KRô and anthracnose symptoms on fruit of oranges 

óTaroccoô were always relatable to Alternaria and Colletotrichum 

species, respectively. Specifically, the field trials were conducted in 

the following three orchards: Orchard I, located at Agnone, Augusta 

(37°18ǋ26.0ǌN 15°05ǋ09.1ǌE, altitude 2 m a.s.l., Syracuse province, 

Sicily, IT), on lemon óFemminello Siracusano 2 KRô grafted onto 

Volkamerian lemon (C. volkameriana Ten. & Pasq.), during 2020 and 

2021; Orchard II, located at Mineo (37°18ǋ44.6ǌN 14°40ǋ02.9ǌE, 

altitude 130 m a.s.l., Catania province, Sicily, IT), on sweet orange 

óTarocco Tapiô grafted onto sour orange (C. aurantium L.) during 
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2020 and 2021; Orchard III, located at Pedagaggi (37°11ǋ 30.27ǌ N, 

14°55ǋ 37.52ǌ E, altitude 307 m a.s.l., Syracuse province, Sicily, IT), 

on sweet orange óTarocco Scir¯ô grafted onto sour orange during 

2019/2020, 2020/2021 and 2021/2022 (Supplementary Table S1). 

Orchards I and III were managed following the integrated pest 

management principles, and Orchard II was managed according to 

organic farming regulations.   

3.2.2 Climate Data 

The weather parameters, i.e., average temperature (°C), relative 

humidity (%) and rainfall (mm) were obtained from the data provided 

by the weather stations of Augusta (Syracuse province) for orchard I, 

Mineo (Catania province) for orchard II, and Francofonte (Syracuse 

province) for orchard III of Servizio Informativo Agrometeorologico 

Siciliano (SIAS), Sicily region. Data have been collected over the two 

and three-year period, encompassing the entire citrus fruit crop cycle. 

3.2.3 Copper Alternative Commercial Products 

The following alternative commercial products were tested in 

open field trials: (1) two basic substances [Chitosano Biorend® 

(Bioplanet; 1.9% chitosan hydrochloride; water-soluble liquid)] and 

Naturdai EQUIBASIC® (Idainature; 0.2% extract of E. arvense; 

water-soluble liquid)]; (2) one citrus essential oil [PREV-AM® PLUS 

(Ascenza; 5.8% sweet orange essential oil; water soluble liquid)]; (3) 

one biological control agent: [Serenade Aso® (Bayer; 14.1 g/L 

Bacillus amyloliquefaciens (former subtilis) QST 713)]. The 

following products were used in mixture: (4) Chitosano Biorend® + 

Prev-Am® Plus (Mixture 1); (5) Chitosano Biorend® + Naturdai 

Equibasic® (Mixture 2). Kop-Twin [Chimiberg-DIACHEM® (13.3% 

tribasic copper sulphate and 8.9% copper hydroxide)] was used as 

standard copper-based fungicide (Table 1). 
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Table 1. Treatments, products, application rates and frequencies used the in 

experimental orchards. 

 
1Copper formulate was used as standard copper-based fungicide. 

 

3.2.4 Field Application of Alternative Products 

The trials included different number of field treatments at each 

orchard in each year, with four replicates of each treatment arranged 

in a completely randomized block design. Each replicate included 

four-six plants (depending on the number of fruits per tree). Buffer 

(untreated) trees were used to separate treated plots and replicates. 

 

 

 

 

 

Product trade 

name 

 

 

Active 

ingredients 

 

 

Supplier 

 

 

Application 

rate 

Number of field treatments 

Orchard I  Orchard II  Orchard III  

2020 2021 2020 2021 19/20 20/21 21/22 

1 Chitosano 

Biorend® 

Chitosan 

hydrochloride 

 

Bioplanet 

S.r.l., 

Cesena, 

Italy 

300 mL/hL 7 3 5 3 3 4 3 

2 Naturdai 

EQUIBASIC® 

Equisetum 

arvense 

 

Idainature, 

Valencia, 

Spain 

400 mL/hL 7 3 5 3 3 4 3 

3 PREV-AM ® 

PLUS 

Sweet orange 

essential oil 

 

Ascenza 

Italia S.r.l., 

Saronno, 

Italy 

400 mL/hL 7 3 5 3 3 4 3 

4 Mixture 1 Chitosan 

hydrochloride 

+ sweet 

orange 

essential oil 

 300+400 

mL/hL 

7 3 5 3 3 4 3 

5 Mixture 2 Chitosan 

hydrochloride 

+ Equisetum 

arvense 

 300+400 

mL/hL 

7 3 5 3 3 4 3 

6 Serenade Aso® Bacillus 

amyloliquefac

iens QST 713 

 

Bayer 

Cropscienc

e S.r.l., 

Milano, 

Italy 

400 mL/hL - 3 - 3 - - 3 

7 Kop-Twin1 Tribasic 

copper 

sulphate and 

copper 

hydroxide 

Chimiberg - 

DIACHEM 

S.p.A., 

Caravaggio, 

Italy 

350 g/hL 7 3 5 3 3 4 3 

            

 1 
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Orchards were irrigated during summer and the fertilizers were 

distributed in the winter and spring, according to common practices 

for the areas.  Each trial included an untreated control and a standard 

treatment of tribasic copper sulphate and copper hydroxide (Kop-

Twin). In Orchard I, treatments were applied seven times during 2020 

(21/07; 3/09; 17/09; 25/09; 5/10; 23/10; 6/11) and three times in 2021 

(8/09; 24/09; 4/10); in Orchard II, treatments were applied five times 

during 2020 (28/05; 11/07; 13/08; 12/09; 14/10) and three times in 

2021 (9/09; 27/09; 8/10); in Orchard III, treatments were applied three 

times during 2019/20 (27/12; 16/01; 1/02), four times in 2020/21 

(15/12; 29/12; 20/01; 15/02) and three times in 2021/22 (7/12, 21/12; 

20/01) (Table 1). The number of treatments varied depending on the 

meteorological events and the diseaseôs symptoms monitoring. 

Treatments consisted in application of Chitosano Biorend (chitosan 

hydrochloride), Prev-Am Plus (sweet orange essential oil), Naturdai 

Equibasic (E. arvense), Mixture 1 [(Chitosano Biorend (chitosan 

hydrochloride) + Prev-Am Plus (sweet orange essential oil)], Mixture 

2 [Chitosano Biorend (chitosan hydrochloride) + Naturdai Equibasic 

(E. arvense)] and Serenade Aso (B. amyloliquefaciens QST 713). 

Products were prepared following the label instructions and applied in 

the morning by a motorized backpack mist blower, approximately 

2,000 L/ha, and each tree was spayed to run-off. The tested products, 

active ingredients, the application rates and the number of applications 

per trial are listed in Table 1. 

3.2.5 Disease Assessments 

Disease assessments were aimed to evaluate the presence of 

preharvest symptoms of ABS and anthracnose on fruit, since in many 

citrus accessions severe infections compromise the marketability of 

fruits, thus causing heavy yield and economic losses. The disease 

monitoring (incidence and severity) was carried out in the field a 

variable number of times depending on the orchard and on the year of 
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each trial. The last monitoring was always at harvest time. 

Specifically, disease incidence and severity were monitored three 

times from September through November in Orchard I and Orchard II 

during 2020 and 2021. In Orchard III, disease incidence and severity 

were recorded six times during 2019/20, five times in 2020/21, and 

four times in 2021/22.  

For each treatment, disease incidence (DI) was visually 

assessed by calculating the percentage (%) of infected fruits within the 

four replicates. Each replicate consisted of four-six plants from which 

50 fruits were assessed, for a total of 200 fruit per treatment. Disease 

severity (DS) was recorded as the percentage of symptomatic fruit area 

classified according to a six classes rating scale of damages on the fruit 

as follows: class 0 = no symptoms; class 1= a few scattered lesions 

covering 1-5% of the fruit surface; class 2= a few scattered lesions 

covering 6-10% of the fruit surface; class 3= lesions covering 11-25% 

of the fruit surface; class 4= extensive lesions covering 26-50% of the 

fruit surface; class 5= severe lesions covering >50% of the fruit 

surface. 

Moreover, the disease infection index (or McKinneyôs Index, 

DSI), which combines both incidence and severity of the disease, was 

expressed as a percentage according to the following equation:  

 

                           $3)
В     

   
ρππ                                        (1)           

                                

where d is the category of disease class scored for citrus fruit; f 

is the disease frequency; N is the total number of examined fruit 

(healthy and symptomatic); and D is the highest class of disease 

intensity that occurred in the empirical scale (McKinney, 1923). 

The efficacy of the alternative products on diseases symptoms 

reduction was calculated based on the equation proposed by Abbott 

(1925):  
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ὉὪὪὭὧὥὧώ ρππ                            (2) 

 

where valC and valT represent infectionô values expressed as 

disease incidence (or disease severity) of the untreated control and of 

each treatment, respectively. The use of efficacy values allowed to 

compare each treatment with the untreated control and with standard 

copper fungicide included in the same experiment so to identify 

product equally or more active than copper.  

Then, to determine if synergism was present in the effectiveness 

of mixtures, Limpelôs formula (Richter, 1987) was applied as 

following:  

 

        ὉὩ ὢ ὣ                                      (3)         

                                            

where Ee is the expected effect from additive responses of two 

treatments, X and Y are the percentages of disease incidence or disease 

severity reduction relative to each alternative product used alone. 

Thus, if the combination of the two alternative products produces any 

value of symptoms reduction greater than Ee, then synergism exists.  

3.2.6 Cost/benefit Analysis of the Alternative Products  

A balance sheet has been constructed with operational and 

actual accounting data, inferred using the ñCost Accounting Systemò 

approach (Sgroi et al., 2015; Lu et al., 2016; Berta et al., 2021). Since 

the objective of the research was to evaluate the effectiveness of the 

alternative plant protection products compared to the untreated control 

and Cu-based product, the economic balance only considered the 

operating costs, leaving out the fixed costs, which equally affect the 

alternative treatmentsô cost. 

The analysis of the costs of the treatments and the benefits 

offered by alternative product was carried out assuming the following 
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parameters obtained as average values from information provided by 

commercial operators active in the area: average production: 20,000 

kg/ha; average production value: 0.35 Euro/kg; average spray volume: 

2,000 L/ha. For each alternative product, the following items were 

ascertained and calculated: cost of product (Euro/L); dose (mL of 

product/hL); applied dose (L of product/ha); cost of applied dose (cost 

of product × applied dose); cost of treatment (cost of applied dose × 

no. of applications each year). The following items were then 

calculated: damaged production (kg/ha); marketable production 

(kg/ha); economic value of the marketable production (Euro/ha); net 

economic value of the marketable production (Euro/ha) (i.e. economic 

value of the marketable production minus the cost of the  treatment);  

net economic value of the marketable production compared with the 

untreated control (Euro/ha); increase (%) of net economic value of the 

marketable production versus the untreated control (net value increase 

vs untreated control). Three field trials were examined, corresponding 

to the second growing season for each orchard, and were characterized 

by different citrus accessions (óFemminello Siracusano 2KRô, 

óTarocco Tapiô, óTarocco Scirèô), disease pressures (low, moderate, 

high), plant pathogens (A. alternata and Colletotrichum spp.) and 

number of treatmentsô applications (3, 3, 4).  

3.2.7 Statistical Analysis 

Statistical analyses were performed using Minitab software 

(MinitabÊ, v. 20.1). The number of replicates used for statistical 

analysis is consistently organized using the uniform described 

methodology for each orchard by using four replicates for each 

treatment (each treatment consisting of 200 fruits). All data were 

checked for normal distribution by Shapiro-Wilk normality test, 

considering a significance level (p-value) of 0.05. To evaluate data 

homogeneity, Leveneôs test at p-value<0.05 was employed. Not 

normalized data were transformed using arcsine (sinï1 square root x) 
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prior to statistical analysis to make their distribution normal. To 

evaluate the effects of the factors ñtreatmentò, ñcitrus hostò and their 

interaction on disease parameters, two-way Analysis of Variance 

(ANOVA) was performed at p-value<0.05. To assess the overall 

effects of the independent factor ñtreatmentò on multiple dependent 

variables simultaneously considered (ñdisease incidenceò and 

ñdisease severityò), Multivariate Analysis of Variance (MANOVA) 

was conducted on the whole dataset from the seven experimental 

trials. It was applied a significance level (p-value) of Ŭ = 0.05 to assess 

the statistical significance of the MANOVA results. To analyse the 

effect of treatments on single experiment, mean data for each 

parameter (disease incidence, disease severity and disease severity 

index) were subjected to one-way ANOVA. Differences among 

treatments were analysed by Fisherôs least significant differences 

(LSD) post hoc test.  A p-value of <0.05 was considered statistically 

significant.   

3.3 Results 

Four alternative products, alone and in mixture, for a total of six 

treatments, were evaluated under field conditions in three orchards 

located in different agricultural areas in south-eastern Sicily (Agnone, 

Mineo and Pedagaggi), on different citrus species and accessions 

(lemon óFemminello Siracusano 2 KRô, oranges óTarocco Tapiô and 

óTarocco Scir¯ô) and in different growing seasons to control ABS (in 

Orchard I) and anthracnose (in Orchards II and III) on fruit caused by 

Alternaria and Colletotrichum species, respectively. The products' 

efficacy was compared with untreated control and copper reference 

treatments. Differences in disease incidence in untreated control, 

assessed in each orchard and year at the last monitoring time, 

coinciding with harvest time, led to identify three different scenarios 

of disease pressure: low, intermediate and high. In Orchard I (lemon 

óFemminello Siracusano 2 KRô), ABS infections caused intermediate 
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(32% in 2020) and low (11.7% in 2021) levels of disease incidence. 

Anthracnose symptoms on óTaroccoô blood oranges caused by 

Colletotrichum spp. induced low (7.5% in 2020) and intermediate 

(34.5% in 2021) levels of disease incidence in Orchard II (orange 

óTarocco Tapiô), and high (45%, 69.3% and 40%, during the three 

growing seasons) incidence levels in Orchard III (orange óTarocco 

Scir®ô) (Supplementary Figure S2). 

Two-way ANOVA confirmed these results and revealed that 

ñcitrus hostò comprehensively exerted a significant influence on 

disease parameters (DI, F2,184 = 27.68, p-value<0.001, DS, F2,184 = 

26.21, p-value<0.001, Supplementary Table S2). Similarly, 

ñtreatmentsò significantly impacted on disease incidence and disease 

severity (DI, F7,184 = 8.83, p-value<0.001, DS, F2,184 = 9.04, p-

value<0.001, Supplementary Table S2), while the interaction between 

ñtreatmentò and ñcitrus hostò did not exhibit statistical significance (p-

value>0.05). Multivariate Analysis of Variance (MANOVA), 

conducted on the entire dataset, evidenced a significant influence of 

the independent factor ñtreatmentò on the dependent variables 

ñdisease incidenceò and ñdisease severityò simultaneously (Pillai's V 

= 0.23, F7,200 = 3.75, p-value<0.001, ɖp2 = 0.12, Supplementary Figure 

S3). Subsequent analysis for each dependent variable indicated that 

each applied treatment significantly influenced both diseases 

incidence and severity, being statistically different from untreated 

control values (Supplementary Figure S3). The results were further 

explored for each field experiment carried out in the Orchards I, II and III. 

3.3.1 Evaluation of Alternaria Brown Spot Infection on Fruit in 

Orchard I 

Brown spot symptoms on fruit were widely detected in lemon 

óFemminello Siracusano 2KRô in orchard I during the two growing 

seasons (Supplementary Figure S4), even though disease incidence 

progressed differently over time in the assessed years, reasonably due 
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to different climatic conditions. During 2020, in Orchard I (lemon 

óFemminello Siracusano 2KRô) spring temperatures below 17 °C and 

abundant rainfall in April-May (Figure 1A) induced extended periods 

of leaf wetness, that were also maintained due to rainfall that occurred 

in July, together with optimum temperature for the infection (25 °C). 

The described weather conditions were favourable for the onset of 

ABS infections on immature fruits during late summer. 

Then, the rainfalls that occurred from September through 

November 2020 were favourable for ABS development on ripening 

fruit too. During the first growing season, first symptoms of ABS 

appeared on lemon fruit late in July (concurrent to the first treatment), 

and the disease incidence was very low (<2%) (data not shown). In the 

following assessments, an increase in the ABS incidence was 

observed, reaching the 32% in untreated control during the last survey 

(November 10, 2020) before harvest (Figure 2A). 
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Figure 1. Rain (mm), temperature (°C) and relative humidity (%) recorded by the 

weather station of (A) Augusta (Syracuse), (B) Mineo (Catania) and (C) Francofonte 

(Syracuse) during the growing seasons. T= Temperature; RH= Relative humidity. 
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Figure 2. Time progression of Alternaria brown spot (ABS) symptoms on lemon 

fruit óFemminello Siracusano 2KRô (Orchard I) during first (A) and the second (B) 

growing season; of anthracnose on orange fruit óTarocco Tapiô (Orchard II) during 

the first (C) and the second (D) growing season; of anthracnose on orange fruit 

óTarocco Scir¯ (Orchard III) during the first (E), the second (F) and the third (G) 

growing season. Field treatments consisted in application of alternative products and 

copper. Disease incidence was expressed as percentage of symptomatic 

fruits/treatment. 
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At the last evaluation time, all treatments reduced the incidence 

and severity of ABS on fruits with significant differences among 

products (Table 2). Specifically, lemon fruits treated with chitosan 

hydrochloride, E. arvense, sweet orange essential oil, Mixture 1 

(chitosan hydrochloride + sweet orange essential oil) and Mixture 2 

(chitosan hydrochloride + E. arvense) reduced both disease incidence 

(56.3, 68.8, 65.6, 78.1 and 81.3, according to Abbottôs formula), and 

disease severity index (52.4, 73.7, 65.5, 77 and 78.6%) when 

compared to untreated control, while copper only reached a reduction 

of 43.8% of disease incidence and 32.8% of McKinneyôs index. 

Noteworthy, Mixture 1 and Mixture 2 showed to be the most effective 

treatments, with significantly better results than those obtained by 

copper-standard fungicide, whereas the remaining treatments showed 

comparable results to copper. Moreover, copper-treatment didnôt 

show a significant reduction of disease severity when compared to 

untreated control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER III 

104 

Table 2. Disease incidence (DI), severity (DS) and McKinneyôs index (MI) of 

Alternaria brown spot (ABS) infections recorded on lemon fruit óFemminello 

Siracusano 2KRô in Orchard I on November 10, 2020 (first trial) and on November 

5, 2021 (second trial), corresponding to the last monitoring time, following the 

treatments with different products during the two seasons* 

 
* Data presented as means (± SEM) of 4 replicates (each consisting of 50 fruits) 

followed by the same letter indicate no difference among the tested products 

according to Fisher's least significance difference test (LSD) at p-value< 0.05. 

** indicates a synergistic activity according to Limpelôs formula. 

 

During the second year (2021), the unfavourable climatic 

conditions for disease development, represented by prolonged arid 

periods and high temperatures in summer, led to a low incidence of 

ABS during the whole season. However, the heavy rainfalls that 

occurred from September to November, with highest values 

intercepted in October, were more conducive for the late onset of 

disease.  In fact, in the last assessment (Figure 2B), an increase in the 

disease incidence on fruit was observed, up to 11.7% in untreated 

control during the last survey (November 5, 2021), while disease 

incidenceôs values were lower in the treated fruits, ranging between 

0.8 and 5.4% (Table 2). Overall, all alternative treatments significantly 

  Orchard I ï óFemminello Siracusano 2KRô 

 
First Trial ï 2020   Second Trial ï 2021 

Treatment DI  

(%) 

DS 

(0-5) 

DSI 

(%) 

 
DI  

(%) 

DS 

 (0-5) 

DSI 

(%) 

Untreated control 32.0 ± 5.6 a 0.61 ± 0.13 a 12.2 ± 2.6 a 
 

11.7 ± 0.6 a 0.29 ± 0.12 a 5.7 ± 0.8 a 

Chitosan 

hydrochloride 

14.0 ± 2.0 b 0.29 ± 0.03 bc 5.8 ± 0.7 bc 
 

5.0 ± 0.9 bc 0.10 ± 0.10 bc 1.9 ± 0.7 bc 

E. arvense 10.0 ± 2.0 bc 0.16 ± 0.03 c 3.2 ± 0.6 c 
 

3.7 ± 0.6 bc 0.06 ± 0.06 bcd 1.3 ± 0.4 bcd 

Sweet orange essential 

oil 

11.0 ± 1.0 bc 0.21 ± 0.04 bc 4.2 ± 0.9 bc 
 

2.1 ± 0.5 cd 0.03 ± 0.04 cd 0.6 ± 0.3 cd 

Mixture 1 7.0 ± 3.4 c 0.14 ± 0.07 c 2.8 ± 1.4 c 
 

0.8 ± 0.5 d**  0.01 ± 0.04 d 0.3 ± 0.3 d 

Mixture 2 6.0 ± 2.6 c 0.13 ± 0.05 c 2.6 ± 1.0 c 
 

3.7 ± 0.6 bc 0.06 ± 0.04 bcd 1.2 ± 0.3 bcd 

B. amyloliquefaciens 

QST 713  

- - - 
 

5.0 ± 0.4 b 0.09 ± 0.03 bc 1.8 ± 0.2 bc 

Copper 18.0 ± 2.6 b 0.41 ± 0.1 ab 8.2 ± 2.1 ab 
 

5.4 ± 0.6 b 0.10 ± 0.03 b 2.0 ± 0.4 b 
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reduced disease incidence and severity if compared with untreated 

control (Table 2). When compared to copper-fungicide, sweet orange 

essential oil and Mixture 1 achieved a significantly better disease 

control, whereas the remaining treatments showed a comparable 

efficacy than those obtained by copper treatments. Additionally, the 

combination of the products in Mixture 1 (chitosan hydrochloride + 

sweet orange essential oil) evidenced a synergistic activity, since the 

observed effect is greater than the expected effect (Ee), according to 

Limpelôs formula (Table 2). 

3.3.2 Evaluation of Preharvest Anthracnose Infection on Fruit in 

Orchard II 

In Orchard II (orange óTarocco Tapiô), during the first year 

(2020), the abundant rainfalls in March, July and November, 

associated with an increase in temperature, represented favourable 

conditions for the onset of the anthracnose infection on citrus fruits 

(Figure 1B). Nevertheless, the low disease pressure at the end of the 

growing season (up to 7.5 % on November 10, 2020) could reasonably 

be due to the citrus pruning carried out in February, that reduced the 

inoculum load in the plants and so reduced the impact of anthracnose 

symptoms.  

During the second year (2021), rainfalls in spring and summer 

periods, coincident with an increase in temperature, and abundant 

rainfalls in October represented favourable climatic conditions for 

disease development on fruits (Supplementary Figure S5) that led to 

higher incidence of anthracnose on fruit (34.5%) on November 18 

before harvesting time. 

In 2020 trial, the first symptoms of anthracnose appeared on 

sweet orange fruit óTarocco Tapiô on late July, with a very low (< 1%) 

disease incidence (data not shown). In the following assessments, a 

moderate increase of disease incidence values was recorded (Figure 

2C), reaching the highest value on untreated control before harvesting 
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time, on November 10, 2020 (DI 7.5%). 

Even though disease incidenceôs values were low in all treated 

fruits at the last monitoring time, ranging between 1.3 and 4.8%, 

statistical differences among treatments were recorded (Table 3). 

Specifically, if compared to untreated control, disease incidence was 

significantly reduced by E. arvense, sweet orange essential oil, 

Mixture 1 (chitosan hydrochloride + sweet orange essential oil) and 

Mixture 2 (chitosan hydrochloride + E. arvense) (82.6, 62.6, 69.3, and 

73.3% respectively), whereas in fruit treated with chitosan 

hydrochloride no significant differences were recorded. Moreover, all 

treatments significantly reduced disease severity as well as disease 

severity index. Treatments reduced disease severity index by 44.4, 

83.3, 61.1, 66.6 and 72.2%, respectively for chitosan hydrochloride, 

E. arvense, sweet orange essential oil, Mixture 1, Mixture 2. When 

compared to copper-standard fungicide, that reached 62.6% of DI 

reduction and 66.7% of DSI reduction, significant better results in 

disease incidence reduction were achieved by E. arvense, whereas all 

the remaining alternative products showed a comparable control 

efficacy of both incidence and severity.  

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER III 

107 

Table 3.  Disease incidence (DI), severity (DS) and disease severity index (DSI) of 

citrus anthracnose infection recorded on orange fruit óTarocco Tapiô in Orchard II on 

November 10, 2020 (first trial) and November 18, 2021 (second trial), 

corresponding to the last monitoring time, following the treatments with the 

treatments with the different products during the two seasons* 

 

* Data presented as means (± SEM) of 4 replicates (each consisting of 50 fruits) 

followed by the same letter indicate no difference among the tested products 

according to Fisher's least significance difference test (LSD) at p-value< 0.05. 

 

In the second year (2021), first symptoms of preharvest 

anthracnose on fruit appeared in late August, with values below 2% 

(data not shown). In the following disease assessments (Figure 2D), a 

significant increase in the DI levels of anthracnose on untreated fruit 

was recorded, with the highest values during the last survey on 

November 18 (DI up to 34.5%), while the DI among the alternative 

treatments ranged from 12.2 to 29.5% (Table 3). Chitosan 

hydrochloride, sweet orange essential oil, Mixture 1 (chitosan 

hydrochloride + sweet orange essential oil), Mixture 2 (chitosan 

hydrochloride + E. arvense) and B. amyloliquefaciens QST 713 

significantly reduced DI compared with untreated control by 64.7, 

  Orchard II - óTarocco Tapiô 

 
First Trial - 2020   Second Trial ï 2021 

Treatment DI  

 (%) 

DS  

(0-5) 

DSI 

(%) 

  DI  

(%) 

DS  

(0-5) 

DSI 

(%) 

Untreated control 7.5 ± 1.6 a 0.09 ± 0.02 a 1.8 ± 0.4 a 
 

34.5 ± 3.6 a 0.7 ± 0.08 a 13.0 ± 1.6 a 

Chitosan 

hydrochloride 

4.8 ± 0.5 ab 0.05 ± 0.01 b 1.0 ± 0.1 b 
 

12.2 ± 1.4 c 0.2 ± 0.03 d 3.9 ± 0.6 d 

E. arvense 1.3 ± 0.8 d 0.02 ± 0.01 c 0.3 ± 0.2 c 
 

29.5 ± 2.1 a 0.5 ± 0.06 a 10.7 ± 1.1 a 

Sweet orange 

essential oil 

2.8 ± 0.3 bc 0.03 ± 0.0 bc 0.7 ± 0.1 bc 
 

18.5 ± 1.4 b 0.3 ± 0.03 bcd 5.1 ± 0.6 bcd 

Mixture 1 2.3 ± 0.3 c 0.03 ± 0.0 bc 0.6 ± 0.1 bc 
 

14.2 ± 2.1 c 0.2 ± 0.04 cd 4.4 ± 0.8 cd 

Mixture 2 2.0 ± 0.4 cd 0.02 ± 0.0 bc 0.5 ± 0.1 bc 
 

20.8 ± 2.1 b 0.4 ± 0.05 bc 7.1 ± 1.0 bc 

B. amyloliquefaciens 

QST 713 

- - - 
 

22.7 ± 2.4 b 0.4 ± 0.05 b 7.5 ± 1.1 b 

Copper 2.8 ± 0.3 bc 0.03 ± 0.0 bc 0.6 ± 0.1 bc   30.8 ± 2.3 a 0.6 ± 0.06 a 11.9 ± 1.3 a 
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46.4, 58.9, 39.6, and 34.3%, respectively (Table 3), as well as disease 

severity index (70, 60.7, 66.1, 45.3 and 42.3% of reduction, 

respectively). On the opposite, in fruit treated with E. arvense and 

copper, DI, DS and DSI were not significantly different from untreated 

control. Thus, all treatments, except for E. arvense, were more 

effective than copper. 

3.3.3 Evaluation of Preharvest Anthracnose Infection on Fruit in 

Orchard III 

In Orchard III (orange óTarocco Scir¯ô), over the three years of 

trials, symptoms of anthracnose consisting in dry and rounded 

depressed lesions were observed (Supplementary Figure S6) and 

severe infections occurred with cool, moist winters and dry summers, 

so then high disease incidence values were recorded. Specifically, 

during the first trial (2019/20), abundant rainfalls during the autumn 

followed by a cool and moist winter (Figure 1C) were favourable to 

the onset and spread of the disease, leading to high DI on untreated 

control (45%) at the end of February 2020, before harvesting time.  

During the second trial (2020/21), climatic conditions 

characterized by moist autumn and cool winter, that coupled with 

hailstorm damages and rainfalls in December-January, prolonged the 

fruits wetness, and with high humid conditions, were favourable to a 

severe anthracnose symptoms development on fruits and a more 

severe incidence (DI 69.3%). While, during the third trial (2021/22), 

hot-dry summer and heavy rainfall in autumn and winter were 

favourable to the onset and spread of the disease, which increased up 

to 40% (DI) at the end of February, before harvest.  

In the first trial (2019/20), in the assessments carried out from 

23 December to 27 February (Figure 2E), an increase in the disease 

incidence level of anthracnose symptoms on untreated fruit was 

recorded, with the highest values (DI 45%) at the last monitoring time, 

before harvest.  
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In treated fruits, DI ranged between 4 and 32.5%, and statistical 

differences among treatments were observed (Table 4). Compared to 

the untreated control, DI was significantly reduced by all treatments 

(chitosan hydrochloride by 27.8%, E. arvense by 91%, sweet orange 

essential oil by 84.4%, Mixture 1 by 86.7 and Mixture 2 by 83.3%), 

as well as DS values (Table 4). Similarly, the DSI values were 

significantly reduced by the aforementioned treatments by 35.7, 94.9, 

89.5, 90.6, 88.4 and 93.5%, respectively, if compared to untreated 

control. When compared to copper-standard fungicides, all treatments 

showed a comparable effectiveness, with the only exception of 

chitosan hydrochloride. 
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Table 4. Disease incidence (DI), severity (DS), and disease severity index (DSI) of 

citrus anthracnose infections recorded on orange fruit óTarocco Scir®ô in Orchard III 

on February 27, 2020 (first trial), March 8, 2021 (second trial) and March 7, 2022 

(third trial), corresponding to the last monitoring time, following the treatments with 

the different products during the three seasons* 

 

 
* Data presented as means (± SEM) of 4 replicates (each consisting of 50 fruits) 

followed by the same letter indicate no difference among the tested products 

according to Fisher's least significance difference test (LSD) at p-value< 0.05. 

 

In the second trial (2020/21), the first symptoms of anthracnose 

appeared on citrus fruit on late November, and low levels of disease 

incidence (below 1%) were recorded (data not shown). In the 

following assessments (Figure 2F), an increase of disease incidence 

levels was recorded on untreated fruits, from 20% during the second 

 
Orchard III ï óTarocco Scirèô 

 
First Trial - 2019/20   Second Trial - 2020/21 

 
Third Trial - 2021/22 

Treatment DI  

(%) 

DS 

(0-5) 

DSI 

(%) 

 
DI  

(%) 

DS 

(0-5) 

DSI 

(%) 

 
DI  

(%) 

DS 

(0-5) 

DSI 

(%) 

Untreated control 45.0 ± 

4.3 a 

1.4 ± 

0.19 a 

27.7 ± 

3.9 a 

 
69.3 ± 

6.9 a 

1.8 ± 

0.2 a 

35.2 ± 

4.8 a 

 
39.9 ± 

5.9 a 

1.3 ± 

0.2 a 

26.8 ± 

3.8 a 

Chitosan 

hydrochloride 

32.5 ± 

6.9 b 

0.9 ± 

0.24 b 

17.8 ± 

4.7 b 

 
32.3 ± 

8.7 c 

0.7 ± 

0.3 c 

13.4 ± 

5.3 c 

 
16.9 ± 

2.7 bc 

0.4 ± 

0.0 c 

7.6 ± 0.8 

c 

E. arvense 4.0 ± 

1.4 c 

0.1 ± 

0.03 c 

1.4 ± 

0.6 c 

 
38.5 ± 

9.5 bc 

0.8 ± 

0.2 c 

16.6 ± 

4.1 bc 

 
16.1 ± 

1.6 bc 

0.6 ± 

0.0 bc  

6.6 ± 1 c 

Sweet orange 

essential oil 

7.0 ± 

1.9 c 

0.1 ± 

0.05 c 

2.9 ± 

1.1 c 

 
26.5 ± 

7.3 c 

0.6 ± 

0.2 bc 

12.6 ± 

4.5 c 

 
13 ± 2.5 

c 

0.3 ± 

0.0 c 

7.4 ± 0.4 

c 

Mixture 1 6.0 ± 

1.2 c 

0.1 ± 

0.03 c 

2.6 ± 

0.6 c 

 
25.0 ± 

6.0 c 

0.6 ± 

0.2 c 

11.8 ± 

3.4 c 

 
12.0 ± 3 

c 

0.3 ± 

0.0 c 

5.4 ± 0.9 

c 

Mixture 2 7.5 ± 

0.9 c 

0.2 ± 

0.04 c 

3.2 ± 

0.9 c 

 
28.3 ± 

6.7 c 

0.6 ± 

0.2 c 

12.6 ± 

3.9 c 

 
19.8 ± 

3.3 bc 

0.6 ± 

0.1 bc  

11.4 ± 

1.2 bc 

B. amyloliquefaciens 

QST 713 

- 
 

-  
 

- - - 
 

33.0 ± 

9.4 ab 

1.0 ± 

0.2 ab 

20.4 ± 

4.2 ab 

Copper 5.0 ± 

1.3 c 

0.1 ± 

0.03 c 

1.8 ± 

0.5c 

  59.8 ± 

10.1 ab 

1.4 ± 

0.2 ab 

28.1 ± 

4.9 ab 

  16.1 ± 

4.8 bc 

0.4 ± 

0.1 bc  

8.7 ± 2.3 

bc 
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survey of 29 December, up to 69 % at the last survey (8 March), with 

a percentage increase of +245 %. Although at high disease pressure in 

untreated fruits at the last monitoring time, disease incidence of treated 

fruits ranged between 25 and 38.5 % (Table 4). Citrus treated with 

chitosan hydrochloride, E. arvense, sweet orange essential oil, 

Mixture 1 (chitosan hydrochloride + sweet orange essential oil) and 

Mixture 2 (chitosan hydrochloride + E. arvense) showed a significant 

reduction in anthracnose symptoms by 53.4, 44.4, 61.7, 63.9, and 

59.2%, respectively, as well as disease severity was significantly 

reduced by all treatments (Table 4). Disease severity index showed 

similar trends and a reduction of 61.9, 52.8, 64.2, 66.4 and 64.2 %, 

respectively to the previously mentioned treatments. During this trial, 

copper showed to be ineffective in reducing preharvest anthracnose of 

citrus fruit, recording DI, DS and DSI values which did not differ 

significantly from untreated control.  

As well as the previous growing seasons, in the third year 

(2021/22), first anthracnose symptoms appeared on fruit in late 

November, with disease incidence values of approximately 2 % (data 

not shown), and an increase on disease incidence values was recorded 

in the following assessments (Figure 2G). Even under a more 

moderate disease pressure up to 40 % at the last survey on untreated 

control, all the products reduced the disease incidence in the range of 

12 and 33 % (Table 4). Specifically, disease incidence was 

significantly reduced by chitosan hydrochloride and E. arvense by 

57.7 %, sweet orange essential oil by 67.2 %, Mixture 1 by 69.3 % and 

Mixture 2 by 48.2 % (Table 4). Disease severity index was reduced as 

well, when compared to untreated control by 71.6, 75.3, 72.3, 79.8, 

57.4 and 67.5 %, respectively. On the opposite, B. amyloliquefaciens 

QST 713 was not effective on reducing natural infection caused by 

Colletotrichum spp. on oranges óTarocco Scir¯ô. Moreover, all 

alternative treatments showed to be as effective as copper treatments 

(Table 4).   
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3.3.4 Cost/benefit Analysis of the Alternative Products 

Three of the seven field trials, chosen for different variables 

(disease pressure, growing season, accession, plant pathogens and 

number of treatmentsô applications), were subjected to a cost/benefit 

analysis of the alternative productsô application. 

In the three examined trials (Table 5), the efficacy of the 

treatments in reducing anthracnose and ABS influenced the total 

marketable production of lemon óFemminello Siracusano 2KRô 

(Orchard I) and oranges óTarocco Tapiô (Orchard II) and óTarocco 

Scirèô (Orchard III). Specifically, under conditions of high disease 

pressure (DI 69.3 % in Orchard III during the second growing season), 

on high susceptible orange óTarocco Scirèô, the total marketable 

production obtained treating with alternative products ranged between 

12,300 and 15,000 kg/ha, almost double than in untreated control 

(6,150 kg/ha) and in copper treatment (8,050 kg/ha). Moreover, all the 

treatments obtained an increase of net economic values if compared to 

the untreated control, variable from 21.6 (Mixture 2) to 100.4 % 

(sweet orange essential oil-based Prev-Am Plus), largely higher than 

that obtained with copper (14.3 %). Their effectiveness and 

convenience were thus demonstrated: the high number of applications 

(4) and the relative high cost of the treatments were somewhat offset 

by the increased production and by the increases of net economic 

values of the production when compared to both untreated control and 

copper. Even under an intermediate (DI 34.5 % in Orchard II during 

the second growing season) and a low pressure condition (DI 11.67 % 

in Orchard I during the second growing season), the total marketable 

productions in treated plots were higher than untreated control and 

copper, and then, their economic values were similar or higher than 

those of copper treated plots (Table 5). Under an intermediate disease 

pressure on moderately susceptible orange óTarocco Tapiô (Orchard 

II) , Chitosano Biorend, Prev-Am Plus and B. amyloliquefaciens QST 
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713 showed a good level of protection, a good net economic value of 

the marketable production and a higher increase of net economic 

values (21.2, 10.8 and 9.1 %, respectively) compared to copper (0.1 

%). Finally, in low pressure conditions of the disease caused by A. 

alternata (Orchard I) on lemon óFemminello Siracusano 2KRô, the 

significant reduction of DI was not correlated with an increase of net 

economic values of the production, and the cost of the treatments was 

equal to or greater than the recorded benefits. 
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Table 5. Cost of treatments, marketable productions, and increases of economic 

values compared to untreated control.  
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*Benefit/cost analysis is showed for the second growing season for each 

orchard: in Orchard I and II during 2021 fruits has been treated three times, 

in Orchard III during 2020/2021 fruits has been treated four times. 
** Commercial products are listed as trade name. 
aApplied dose=dose × 2,000 L. 
bCost of applied dose=cost of product × applied dose; values of mixtures are 

the sum of the cost of the single treatment. 
cCost of treatment=cost of applied dose × no. of applications each year. 
dDamaged production= mean production (20,000 kg/ha) × DI (%)/100. 
eMarketable production= mean production - damaged production. 
fEconomic value of marketable production= marketable production × 0.35 

(mean value of 1 kg of citrus). 
gNet economic value of marketable production=Economic value of the 

marketable production - cost of treatment.  
hNet economic value vs control= Net economic value of the marketable 

production - Economic value of the marketable production of the control.  
iIncrease of net economic value vs control=Net economic value vs control/ 

Economic value of the marketable production of the control × 100. 

3.4 Discussion 

To the best of our knowledge, this study provides for the first 

time a field validation in pluriannual trials of the efficacy of four 

commercially available alternative products, alone and in mixture, 

against anthracnose caused by Colletotrichum spp.  and ABS caused 

by A. alternata on citrus fruits. The primary objective was to identify 

viable alternatives to traditional copper fungicides, with chief aim of 

safeguarding the quality of organic citrus production in Sicily. The 

efficacy of alternative products was examined on different citrus 

species (lemon and oranges) and clones (óFemminello Siracusano 

2KRô, óTarocco Tapiô and óTarocco Scir¯ô) in three commercial citrus 

orchards located in south-east Sicily (Italy). Overall, all the alternative 

products showed to reduce disease values in different scenarios, often 

showing similar efficacy to Cu-based compound.  

Specifically, our results proved for the first time the field 
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efficacy of chitosan hydrochloride, a natural biodegradable polymer 

obtained from chitin, alone and in mixture, towards A. alternata on 

lemon fruits, widening the limited available information on its control 

effects in situ (open field). Our previous results were also confirmed 

on blood orange óTaroccoô against Colletotrichum spp.. Formerly, the 

direct fungicidal activity of chitosan against the causal agents of 

anthracnose and ABS has been mostly documented on laboratory 

screening (Deng et al, 2015a; Deng et al. 2015b; Garganese et al., 

2019; Zhao et al., 2018; Zhou et al., 2016; Zivkovic et al., 2018). Only 

occasionally its efficacy has been reported in open field conditions 

against ABS and anthracnose, considering other plant hosts (Feliziani 

et al., 2015; Lutz et al., 2022; Toffolatti et al., 2023). However, 

Garganese et al., 2019 was the sole documentation in literature for 

citrus crop, applied in mandarin. The great potential of chitosan as an 

antifungal preservative is attributable not only to the direct fungicidal 

activity, but to an indirect activity too, acting as elicitor of response 

mechanisms in plants, and film-forming properties (Ali et al., 2010; 

2013; Romanazzi et al., 2018), and its mechanisms on orange navel 

has been elucidated (Deng et al., 2015a; Deng et al., 2015b; Zhao et 

al., 2018).  

Similarly, results revealed that sweet orange essential oil, a 

complex mixture of volatile and non-volatile compounds, 

significantly reduced disease parameters, often resulting in a better 

disease control compared to copper-standard fungicide, thus 

confirming our preliminary results (Lombardo et al., 2023). The 

antifungal properties of sweet orange essential oil have been 

previously reported in agar plates against major and minor citrus 

pathogens (Regnier et al., 2014; Tao et al., 2013), including C. 

gloeosporioides and A. alternata (Almada-Ruiz et al., 2003;; 

Bosquez-Molina et al., 2010, Chutia et al., 2009; Phillips et al., 2012; 

Singh et al., 2010), but no attempts have been made on citrus fruits or 

in semi-commercial conditions so far. Importantly, the antifungal 
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activity of sweet orange essential oil may be primarily attributed to 

their main components as well as to the interaction effect of major and 

minor components, resulting in low possibility for fungal pathogens 

to develop resistance (Jing et al., 2014; Bakkali et al., 2008, da Costa 

Gonçalves et al., 2021), avoiding critical side effects typically 

associated with the use of chemical compounds (Gama et al., 2020; 

Dewdney, 2023; Chitolina et al., 2021). Taken together, these findings 

suggested that sweet orange essential oil have the potential to be an 

efficient alternative to replace standard fungicides in the management 

of preharvest anthracnose or ABS of citrus fruit.   

In our previous work, the direct antifungal efficacy of E. 

arvenses was proved against C. gloeosporioides in both in vitro and in 

vivo trials, and this study represent the first open-field report of E. 

arvense against citrus fungal pathogens, and more specifically against 

Colletotrichum and Alternaria diseases. E. arvense has been recently 

studied for its preventive effect on fungal pathogens attributable to the 

high percentage of silica (Marchand, 2016; García-Gaytán et al., 

2019), commonly known to strengthen plant cell tissues as so acting 

as a physical barrier that prevents the penetration of the fungal 

appressorium into the plant (Fauteux et al. 2005; Marchand, 2016). In 

addition, the direct antifungal efficacy of E. arvense may be attributed 

to its high concentration of flavonoids and phenols (Pallag et al., 

2016). Its antifungal activity has been demonstrated on a wide number 

of fungi of phytopathological interest (Dagostin et al., 2011; 

Marchand, 2016; Llamazares De Miguel et al., 2022; Trebbi et al., 

2021). E. arvenses was also recently confirmed as a suitable Cu-

alternative to manage tomato late blight, confirming its efficacy in the 

field over a three-year period experiment (Trebbi et al., 2021). Several 

commercial products containing field horsetail are already 

commercially available and registered for the control of plant 

pathogens, in accordance with SANCO/12386/2013 in Appendix II, 

thereby positioning E. arvenses a potentially suitable alternative. 
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Moreover, its cost-effectiveness, compared to the other alternatives, 

along with the current registration on citrus crop as active substance, 

strengthens E. arvense as a potential copper substitute.  

In addition, data indicated that the combination of chitosan with 

sweet orange essential oil (Mixture 1) and with E. arvense (Mixture 2) 

as commercial formulations could potentially provide a better 

effective pathogensô control compared with products applied alone. In 

fact, in some trials, products in mixture achieved the best disease 

reduction values, comprehensively due to higher rate of application 

than the product applied alone and then the total effect could be simply 

additive. In this regard, to claim that the mixtures exhibit synergism, 

further research are needed also to elucidate the factor of the possible 

interaction of substances in mixture. In literature, the synergistic effect 

of chitosan employed in combination with essential oil, instead of the 

stand-alone basic substance, in reducing the anthracnose of fruit has 

been evidenced (Grande-Tovar et al., 2018; Lima Oliveira et al., 2018; 

Peralta-Ruiz et al., 2020).  It has been suggested that chitosan and 

essential oils can synergistically act to enhance the antifungal 

properties of each other; probably, chitosan affects the permeability of 

fungal membranes and reduces the synthesis of cell wall components, 

causing decreased ability of the target fungi to tolerate the disturbing 

effects of the essential oilôs constituents on surface characteristics and 

fungal cell structure (Elsabee and Abdou, 2013). Still, the disturbing 

effects of chitosan on fungal cell structure may increase the partition 

of the essential oilsô constituents into fungal cells, where they can act 

on target structures (Athayde et al., 2016, Santos et al., 2012). 

Moreover, the enhanced effect of chitosan-E. arvense mixtures was 

evidenced by Langa-Lomba et al., (2021), which reported a synergistic 

effect of the two substances in combination expressed through a 

significant reduction of vascular necrosis in grapevine plants caused 

by artificial inoculations of Botryosphaeriaceae spp., and some 

possible modes of action have been hypothesized.   
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In the present investigation, we also reported a first attempt to 

test the field efficacy of a bioformulate containing B. 

amyloliquefaciens QST 713 towards anthracnose on orange fruit 

óTaroccoô and ABS on lemon fruit, and its control activity was 

demonstrated under low and intermediate disease pressure, whereas 

was ineffective under high disease pressure. Those results further 

highlighted the importance of including multiple years and hosts when 

testing the efficacy of Cu alternatives under field conditions (He et al., 

2021; Scortichini, 2022). Its worldwide utilization, due to the broad-

spectrum, covers all kinds of fungal diseases in diverse crops (Luo et 

al., 2022; Fischer et al., 2013), acting by producing secondary 

metabolites that disrupt germ tube formation of pathogens, creating an 

inhibition zone, competing for space and nutrients and thus preventing 

pathogens spores from germinating. An extensive literature reported 

the biocontrol activities of B. amyloliquefaciens strains against diverse 

citrus diseases (Huang et al., 2012; Arrebola et al., 2010a; Aiello et 

al., 2022; Leonardi et al., 2023), including field experiments of 

commercial formulations on diverse symptoms caused by 

Colletotrichum spp. or A. alternata (Agostini et al., 2003). In fact, 

Bacillus-based biocontrol products is a promising area of study and, 

in the view of further surveys, it is worth to mention that the possibility 

of a combined strategy with chitosan, essential oil or other BCAs 

could improve the performance of Bacillus species (Ahmed et al., 

2003; Arrebola et al., 2010b), and that some Bacillus-based 

formulations are compatible as a tank mix with many citrus 

fungicides, including copper. 

As already discussed, the activity of alternative products was 

often similar or better than those obtained by copper applications. 

However, since copper-compoundsô treatments are not free from side 

effect, an integrated pest management system with alternative 

formulations as the ones tested in our study could maintain a similar 

level of control without side effects, thus balancing the higher cost of 
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alternative treatmentsô application (Scortichini, 2022; Toffolatti et al., 

2023).  Thus, the good results achieved by the tested alternative 

products against anthracnose and ABS of citrus fruit, demonstrated in 

different scenarios, strongly encourage research efforts in this 

direction. While waiting for further field trials to be conducted, it is 

necessary to recall other useful elements to positively reinforce the 

economic assessment: the average production, the average production 

value and the price system adopted (referred to the market for the 

supply of alternative products and the market for the placement of 

citrus production) has been considered homogeneous in the surveyed 

areas, and did not take into account possible variations on the local 

scale; the assessment can be extended to include social aspects (direct 

and indirect activities) and food security; a costôs reduction in the 

market of alternative products can be expected, as their use will 

increase in the next future and the possibility of collective purchase 

through the defence consortia active at territorial level (Singh et al., 

2020; Khursheed et al., 2022).  

3.5 Conclusion 

In this work we evaluated the field efficacy of alternative 

commercial products and their mixtures to control preharvest citrus 

anthracnose caused by Colletotrichum spp., and ABS caused by A. 

alternata, on citrus fruits, as potential substitute to conventional Cu-

based compounds. Field trials has been performed in different Sicilian 

citrus orchards to strengthen the reliability of our results in real disease 

scenarios. The results affirmed that all the alternative treatments, even 

under different disease pressure, were effective in reducing disease 

incidence and severity when compared to untreated control, and, in 

most of the trials, their efficacy was comparable or better than Cu-

based treatments. Results were confirmed on different citrus species 

(C. limon and C. sinensis) and accessions (óFemminello Siracusano 

2KRô, óTarocco Tapiô and óTarocco Scir®ô) with variable 
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susceptibility to the target diseases, and on different pedoclimatic 

environments. However, climate parameters, plant host susceptibility 

and timing application are important factors in the development and 

management of fungal diseases. At this regard, the development and 

validation of predictive models that can estimate the real risk of 

infection and identify the optimal time for treatments according to the 

phenological stages of crop and climatic conditions encountered in the 

field might be particularly useful. 

Concluding, the good efficacy of alternative products and their 

economic sustainability strongly encourages their further evaluations 

in natural conditions so to foster their application by growers in order 

to replace and/or reducing the use of Cu-based antimicrobials in 

integrated and organic citriculture in the near future. 
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Ṕ erez Cordero, A., Paparella, A., Chaves-Lopez, C., 2020. ´ 

https://doi.org/10.1016/j.ijfoodmicro.2017.11.018
https://doi.org/10.1016/j.ijfoodmicro.2017.11.018
https://doi.org/10.3390/agronomy12123139
https://doi.org/10.3390/plants12040904
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref60
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref60
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref60
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref60
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref60
https://doi.org/10.1016/j.micres.2022.127016
https://doi.org/10.1016/j.micres.2022.127016
https://doi.org/10.1016/j.micres.2022.127016
https://doi.org/10.1016/j.scienta.2021.110862
https://doi.org/10.1016/j.scienta.2021.110862
https://doi.org/10.1016/j.scienta.2021.110862
https://doi.org/10.1515/jppr-2016-0041
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref64
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref64
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref64
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref64
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref64
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref64
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref64
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref64
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref64
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref65
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref65
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref65
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref65
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref65
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref65
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref65
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref65
http://refhub.elsevier.com/S0261-2194(23)00342-3/sref65
https://doi.org/10.1080/15572536.2005.11833002
https://doi.org/10.1080/15572536.2005.11833002
https://doi.org/10.1080/15572536.2005.11833002


CHAPTER III 

129 

Colletotrichum gloesporioides inhibition using chitosan-ruta 

graveolens l. essential oil coatings: studies in vitro and in situ on 

Carica papaya fruit. Int. J. Food Microbiol. 326, 108649 

https://doi.org/ 10.1016/j.ijfoodmicro.2020.108649.  

Phillips, C.A., Laird, K., Allen, S.C., 2012. The Use of Citri-V® ī an 

antimicrobial citrus essential oil vapour for the control of 

Penicillium chrysogenum, Aspergillus niger and Alternaria 

alternata in vitro and on food. Food Res. Int. 47, 310ï314. 

https://doi.org/ 10.1016/j.foodres.2011.07.035.  

Regnier, T., Combrinck, S., Veldman, W., Du Plooy, W., 2014. Application 

of essential oils as multi-target fungicides for the control of 

Geotrichum citri-aurantii and other postharvest pathogens of 

citrus. Ind. Crops Prod. 61, 151ï159. https://doi.org/ 

10.1016/j.indcrop.2014.05.052.  

Regulation (EC) No 1107/2009 OF THE EUROPEAN PARLIAMENT 

AND OF THE COUNCIL of 21 October 2009 concerning the 

placing of plant protection products on the market and repealing 

Council Directives79/117/EEC and 91/414/EEC Available online: 

https://eur-

lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:30 

9:0001:0050:en:PDF.  

Richter, D.L., 1987. Synergism: a patent point of view. Pestic. Sci. 19, 309ï

315. https:// doi.org/10.1002/ps.2780190408.  

Riolo, M., Aloi, F., Pane, A., Cara, M., Cacciola, S.O., 2021. Twig and 

shoot dieback of Citrus, a new disease caused by Colletotrichum 

species. Cells 10, 449. https://doi.org/ 10.3390/cells10020449.  

Romanazzi, G., Feliziani, E., Sivakumar, D., 2018. Chitosan, a biopolymer 

with triple action on postharvest decay of fruit and vegetables: 

eliciting, antimicrobial and film- forming properties. Front. 

Microbiol. 9, 2745. https://doi.org/10.3389/ fmicb.2018.02745.  

Santos, N.S.T., Aguiar, A.J.A.A., de Oliveira, C.E.V., de Sales, C.V., Silva, 

S.M., Silva, R.S., Stamford, T.C.M., de Souza, E.L., 2012. 

Efficacy of the application of a coating composed of chitosan and 

Origanum vulgare L. essential oil to control Rhizopus stolonifer 

and Aspergillus niger in grapes (Vitis labrusca L.). Food 

Microbiol. 32, 345ï353. https://doi.org/10.1016/j.fm.2012.07.014.  

Scortichini, M., 2022. Sustainable management of diseases in horticulture: 

conventional and new options. Horticulturae 8, 517. 

https://doi.org/10.3390/ horticulturae8060517.  

https://doi.org/10.1016/j.ijfoodmicro.2020.108649
https://doi.org/10.1016/j.ijfoodmicro.2020.108649
https://doi.org/10.1016/j.ijfoodmicro.2020.108649
https://doi.org/10.1016/j.foodres.2011.07.035
https://doi.org/10.1016/j.foodres.2011.07.035
https://doi.org/10.1016/j.indcrop.2014.05.052
https://doi.org/10.1016/j.indcrop.2014.05.052
https://doi.org/10.1016/j.indcrop.2014.05.052
https://doi.org/10.1016/j.indcrop.2014.05.052
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:309:0001:0050:en:PDF
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:309:0001:0050:en:PDF
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:309:0001:0050:en:PDF
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:309:0001:0050:en:PDF
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:309:0001:0050:en:PDF
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:309:0001:0050:en:PDF
https://doi.org/10.1002/ps.2780190408
https://doi.org/10.1002/ps.2780190408
https://doi.org/10.3390/cells10020449
https://doi.org/10.3390/cells10020449
https://doi.org/10.3389/fmicb.2018.02745
https://doi.org/10.3389/fmicb.2018.02745
https://doi.org/10.3389/fmicb.2018.02745
https://doi.org/10.1016/j.fm.2012.07.014
https://doi.org/10.3390/horticulturae8060517
https://doi.org/10.3390/horticulturae8060517
https://doi.org/10.3390/horticulturae8060517


CHAPTER III 

130 

Sgroi, F., Fodera, M., Di Trapani, A.M., Tudisca, S., Testa, R., 2015. 

Profitability of artichoke growing in the mediterranean area. 

Hortscience 50, 1349ï1352. https:// 

doi.org/10.21273/HORTSCI.50.9.1349.  

Silva, D.D., Crous, P.W., Ades, P.K., Hyde, K.D., Taylor, P.W.J., 2017. 

Lifestyles of Colletotrichum species and implications for plant 

biosecurity. Fungal Biol. Rev. 31, 155ï168. 

https://doi.org/10.1016/j.fbr.2017.05.001.  

Singh, P., Shukla, R., Prakash, B., Kumar, A., Singh, S., Mishra, P.K., 

Dubey, N.K., 2010. Chemical profile, antifungal, antiaflatoxigenic 

and antioxidant activity of Citrus maxima burm. And Citrus 

sinensis (L.) Osbeck essential oils and their cyclic monoterpene, 

DL-limonene. Food Chem. Toxicol. 48, 1734ï1740. 

https://doi.org/ 10.1016/j.fct.2010.04.001.  

Sinab.it. Available online https://www.sinab.it/reportannuali/bio-cifre-2022-

antic ipazioni/. (Accessed 27 April 2023).  

Singh, S., Kumar, V., Datta, S., Dhanjal, D.S., Singh, J., 2020. Plant disease 

management by bioactive natural Products. In: Singh, J., Yadav, A. 

(Eds.), Natural Bioactive Products in Sustainable Agriculture. 

Springer, Singapore, pp. 15ï29. https://doi. org/10.1007/978-981-

15-3024-1_2.  

Tao, N.G., Jia, L., Zhou, H.E., 2013. Anti-fungal activity of Citrus 

reticulata Blanco essential oil against Penicillium italicum and 

Penicillium digitatum. Food Chem. 153, 265ï271. 

https://doi.org/10.1016/j.foodchem.2013.12.070.  

Timmer, L.W., Solel, Z., Gottwald, T.R., Ibanez, A.M., Zitko, S.E., 1998. 

Environmental ĕ factors affecting production, release, and field 

populations of conidia of Alternaria alternata, the cause of brown 

spot of citrus. Phytopathology 88, 1218ï1223. https:// 

doi.org/10.1094/PHYTO.1998.88.11.1218.  

Timmer, L.W., Peever, T.L., Solel, Z., Akimitsu, K., 2003. Alternaria 

diseases of citrus- novel pathosystems. Phytopathol. Mediterr. 42, 

99ï112. https://doi.org/10.14601/ Phytopathol_Mediterr-1710.  

Toffolatti, S.L., Davillerd, Y., DôIsita, I., Facchinelli, C., Germinara, G.S., 

Ippolito, A., Khamis, Y., Kowalska, J., Maddalena, G., Marchand, 

P., Marciano, D., Mih̀ aly, K., ́  Mincuzzi, A., Mori, N., 

Piancatelli, S., Sandor, E., Romanazzi, G., 2023. Are basic ´ 

substances a key to sustainable pest and disease management in 

agriculture? An open field perspective. Plants 12, 3152. 

https://doi.org/10.3390/plants12173152.  

https://doi.org/10.21273/HORTSCI.50.9.1349
https://doi.org/10.21273/HORTSCI.50.9.1349
https://doi.org/10.1016/j.fbr.2017.05.001
https://doi.org/10.1016/j.fbr.2017.05.001
https://doi.org/10.1016/j.fct.2010.04.001
https://doi.org/10.1016/j.fct.2010.04.001
https://www.sinab.it/reportannuali/bio-cifre-2022-anticipazioni/
https://www.sinab.it/reportannuali/bio-cifre-2022-anticipazioni/
https://www.sinab.it/reportannuali/bio-cifre-2022-anticipazioni/
https://doi.org/10.1007/978-981-15-3024-1_2
https://doi.org/10.1007/978-981-15-3024-1_2
https://doi.org/10.1007/978-981-15-3024-1_2
https://doi.org/10.1007/978-981-15-3024-1_2
https://doi.org/10.1016/j.foodchem.2013.12.070
https://doi.org/10.1094/PHYTO.1998.88.11.1218
https://doi.org/10.1094/PHYTO.1998.88.11.1218
https://doi.org/10.14601/Phytopathol_Mediterr-1710
https://doi.org/10.14601/Phytopathol_Mediterr-1710
https://doi.org/10.14601/Phytopathol_Mediterr-1710
https://doi.org/10.3390/plants12173152


CHAPTER III 

131 

Trebbi, G., Negri, L., Bosi, S., Dinelli, G., Cozzo, R., Marotti, I., 2021. 

Evaluation of Equisetum arvense (Horsetail Macerate) as a copper 

substitute for pathogen management in field-grown organic tomato 

and durum wheat cultivations. Agriculture 11, 5. 

https://doi.org/10.3390/agriculture11010005.  

Uysal, A., Kurt, S .̧, Guarnaccia, V., 2022. Distribution and characterization 

of Colletotrichum species associated with Citrus anthracnose in 

eastern Mediterranean region of Turkey. Eur. J. Plant Pathol. 163, 

125ï141. https://doi.org/10.1007/ s10658-022-02462-5.  

Vitale, A., Aiello, D., Azzaro, A., Guarnaccia, V., Polizzi, G., 2021. An 

eleven-year survey on field disease susceptibility of citrus 

accessions to Colletotrichum and Alternaria species. Agriculture 

11, 536. https://doi.org/10.3390/agriculture11060536.  

Yang, Y., Cal, L., Yu, Z., Liu, Z., Hyde, K.D., 2011. Colletotrichum species 

on orchideaceae in southwest China. Cryptogam. Mycol. 32, 229ï

253. https://doi.org/10.7872/ crym.v32.iss3.2011.229.  

Zhao, Y., Deng, L., Zhou, Y., Yao, S., Zeng, K., 2018. Chitosan and Pichia 

membranaefaciens control anthracnose by maintaining cell 

structural integrity of citrus fruit. Biol. Control 124, 92ï99. 

https://doi.org/10.1016/j. biocontrol.2018.05.004.  

Zhou, Y., Zhang, L., Zeng, K., 2016. Efficacy of Pichia Membranaefaciens 

combined with chitosan against Colletotrichum gloeosporioides in 

citrus fruits and possible modes of action. Biol. Control 96, 39ï47. 

https://doi.org/10.1016/j.biocontrol.2016.02.001.  

Zivkovic, S., Stevanovic, M., Djurovic, S., Ristic, D., Stosic, S., 2018. 

Antifungal activity of chitosan against Alternaria alternata and 

Colletotrichum gloeosporioides. Pestic. Phytomed. 33, 197ï204. 

https://doi.org/10.2298/PIF1804197Z.  

 

 

https://doi.org/10.3390/agriculture11010005
https://doi.org/10.1007/s10658-022-02462-5
https://doi.org/10.1007/s10658-022-02462-5
https://doi.org/10.3390/agriculture11060536
https://doi.org/10.3390/agriculture11060536
https://doi.org/10.7872/crym.v32.iss3.2011.229
https://doi.org/10.7872/crym.v32.iss3.2011.229
https://doi.org/10.7872/crym.v32.iss3.2011.229
https://doi.org/10.1016/j.biocontrol.2018.05.004
https://doi.org/10.1016/j.biocontrol.2018.05.004
https://doi.org/10.1016/j.biocontrol.2016.02.001
https://doi.org/10.1016/j.biocontrol.2016.02.001
https://doi.org/10.2298/PIF1804197Z
https://doi.org/10.2298/PIF1804197Z


CHAPTER III 

132 

Supplementary Information 

 

Table S1. Characteristics of orchards used in this study to validate the copper-

alternative products. 

 

 
  

  

Orchard I  

 

Orchard II  

 

Orchard III  

    

Location Agnone (Syracuse) Mineo (Catania) Pedagaggi (Syracuse) 

Coordinates 37°18'26.0"N 15°05'09.1"E 37°18'44.6"N 14°40'02.9"E 37°18'26.0"N 15°05'09.1"E 

Crop Lemon Sweet orange Sweet orange 

Cultivar or clone Femminello Siracusano 2KR Tarocco Tapi Tarocco Scirè 

Rootstock Volkamer lemon  

 

Sour orange  Sour orange 

Planting pattern (m) 5 x 2.7 3.3 x 4 5 x 5 

Altitude 2 m a.s.l. 130 m a.s.l. 307 m a.s.l.  

Year of trial 2020; 2021  2020; 2021 2019/20; 2020/21; 2021/22 

 1 



CHAPTER III 

133 

Table S2. Effects of single factors and their interactions in two-way ANOVA on 

disease incidence and severity data. 

 

 

 

Two-way ANOVA analysis conducted considering ñtreatmentò (untreated control, 

chitosan, sweet orange essential oil, E. arvense, Mixture 1, Mixture 2, Bacillus 

amyloliquefaciens, Copper) and ñcitrus hostò (Lemon óFemminello Siracusano 2KRô, 

orange óTarocco Tapiô, orange óTarocco Scir¯ô) as fixed factors and their interaction 

effect on disease incidence (DI) and severity (DS) values. Data are the means of seven 

trials.  *Df = degrees of freedom; F test of fixed effects, p-value associated to F, ns = 

not significant. 

  

 DI  
 

DS  

Source of variation Df*  F value p-value 
 

Df F value p-value 

Treatment 7 8.827 <0.0001 
 

7 9.0386 <0.0001 

Citrus host 2 27.6807 <0.0001 
 

2 26.2088 <0.0001 

Treatments × Citrus host 14 1.0644 0.3926 ns 
 

14 2.0354 0.0573 ns 
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Figure S1. Geographic distribution of citrus experimental fields in Sicily. Colored 

pointers represent the experimental orchards. Red pointer, Orchard I (Agnone, 

Syracuse); black pointer, Orchard II (Mineo, Catania); blue pointer, Orchard III 

(Pedagaggi, Syracuse). The main production districts of ñSicilian blood orangesò 

and ñLimone di Siracusaò are located within the colored area. 
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 Figure S2. Disease incidence (percentage of infected fruit) on citrus fruit in 

untreated controls assessed at the last monitoring time (harvesting time) from 2019 

to 2022 growing seasons. Orchard I (Agnone): incidence of Alternaria brown spot 

(ABS) disease on lemon fruit óFemminello Siracusano 2KRô; Orchard II (Mineo): 

incidence of anthracnose symptoms on orange fruit óTarocco Tapiô; Orchard III 

(Pedagaggi): incidence of anthracnose on orange fruit óTarocco Scir®ô. Vertical bars 

represent the standard error of the mean (SEM). 
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Figure S3. One-way multivariate analysis of variance (MANOVA) of independent 

variable ótreatmentô on dependent variables ódisease incidenceô (number of infected 

fruits, %) and ódisease severityô (severity class, 0-5) on citrus fruit. For each 

parameter, columns with different letters are statistically different. Statistically 

differences were conducted for each significant dependent parameter using one-way 

ANOVA followed by Fisherôs least significance difference test (LSD) at p-value < 

0.05. Data are the means of seven trials. Bars represent the standard error of the 

mean (SEM). 
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Figure S4. Alternaria brown spot (ABS) on lemon óFemminello Siracusano 2KRô in 

unripe fruit in September (A) and on ripening fruits in November 2020 (B). 
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 Figure S5. Anthracnose disease symptoms on orange óTarocco Tapiô: severe 

anthracnose fruit spot (A), sunked black lesion surrounded by chlorotic haloes (B). 
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Figure S6. Anthracnose symptoms on orange óTarocco Scir®ô fruits: large necrotic 

lesion at the stem-end of fruit that can cause preharvest fruit drop and irregular, 

sunked lesions that can turn black to form acervuli (A), irregular anthracnose fruit 

spots surrounded by chlorotic haloes (B). 
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4 Exploring the Carpospheric Microbiome             

of Diverse Citrus Accessions: Implications of 

Field Treatments (Biological and Copper 

Fungicides) on Community Structure and 

Selection of Biological Control Agents 

Associated with Core Members 

 

Abstract 

Citrus, a globally significant fruit crop, has received limited attention 

regarding its carposphere microbiome composition and function. 

Furthermore, given the essential role of fungicides applications in 

disease management, it is imperative to comprehend their impact on 

beneficial microbiota. Here we report a comprehensive analysis of the 

structural composition of citrus carposphere microbiome across three 

citrus hosts and its modification accordingly to different phytosanitary 

treatments (biological and copper-antimicrobials) applied in the field, 

using both amplicon sequencing and culturomics. Results revealed 

that the microbiota in the three citrus hosts had similar taxonomical 

composition, but varied in relative abundance, with dominant phyla 

including Proteobacteria, Firmicutes, Ascomycota and 

Basidiomycota. The core-citrus members comprised 51 bacterial and 

27 fungal Amplicon Sequence Variants (ASVs), encompassing genera 

widely reported as plant beneficials. Changes in fruit microbiome 

composition induced by phytosanitary treatments (chitosan, sweet 

orange essential oil, their mixture and copper-based products) were 

subsequently analysed. While culturomics did not show relatable 

changes in microbial community, amplicon sequencing revealed 

substantial reductions in composition and abundance of bacterial 

community with copper-based treatments. In contrast, alternative 
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products induced minimal or no negative shifts. The fungal 

community appeared less sensitive to treatment applications. In 

parallel, an extensive survey of cultivable microbiota aimed to identify 

potential biocontrol agents (BCAs). A significant finding emerged 

from the 16S rRNA gene amplification of 120 bacterial antagonistic 

strains, as 75 % of them matched with the core members. This study 

contributes to the understanding of the citrus fruit microbiome, 

emphasizing that biological products do not disrupt the beneficial 

microbiota of the carposphere, unlike the observed impact with copper 

treatments. Moreover, results support the beneficial role of the core 

microbiome and the integration of amplicon sequencing with 

culturomics as a powerful approaches to elucidate microbiome 

potential in disease management strategies. 

 

Keywords: agricultural management; amplicon sequencing; 

culturomics, beneficial microorganisms; copper alternatives; citrus 

carposphere microbiome. 

 

4.1 Introduction 

Citrus holds a central role in Mediterranean agriculture, but its 

production is currently facing several challenges, especially those 

associated with plant pathogens and their management. The ongoing 

climate changes have favoured the onset of preharvest symptoms on 

citrus fruit of anthracnose, primarily attributed to Colletotrichum 

gloeosporioides and C. karsti (as 'karstii'), as well as of Alternaria 

Brown Spot (ABS), caused by Alternaria alternata (Fr.) Keissl. and 

occasionally by A. arborescens E.G. Simmons (Aiello et al., 2015; 

2020; Garganese et al., 2016). The development of preharvest 

symptoms has profound repercussion for fruit quality, leading to the 

increase of postharvest outbreaks and subsequent reductions in the 

fruit marketability, particularly affecting high quality cultivars in the 



CHAPTER IV 

143 

Mediterranean area (Vitale et al., 2021). Moreover, while integrated 

farming systems allow to control pathogens through an approach 

involving chemical fungicides, disease management on organic 

farming depends almost exclusively on the use of copper compounds 

(Katsoulas et al., 2020; La Torre et al., 2018). However, the use of this 

heavy metal to manage plant pathogens has raised concerns due to its 

significant side effects for the environment, prompting the exploration 

of environmentally sustainable approaches (Lamichhane et al., 2018; 

Toffolatti et al., 2023).   

In our previous works (Lombardo et al., 2023a; 2023b), 

ecofriendly alternative products (i.e., plant extracts, basic substances, 

and their mixtures) have demonstrated promise in addressing the 

reduction of preharvest symptoms of ABS and anthracnose on citrus 

fruit in multi-year trials. These findings suggested that selected 

alternatives could serve as a viable approach to reduce the reliance on 

unsustainable measures in organic citrus farming. Moreover, in the 

quest for agricultural sustainability and crop health, a growing 

emphasis is placed on understanding the beneficial role of plant 

microbiome, suggested as a mean to further improve biological control 

strategies (Cernava, 2021; Droby and Wisniewski, 2018; Zhang et al., 

2021a). This emphasis stems from the recognition that plant 

microbiomes can perform a variety of functions on plants, including 

enhancing plant tolerance against biotic stressors and disease 

resistance (Trivedi et al., 2020). The establishment of a beneficial 

microbiome in the plant host can be influenced by numerous external 

factors (e.g., climate, plant management, agricultural practices, soil, 

etc.). Those factors may lead to variations in composition or limit  the 

beneficial effects of microbes (Schlechter et al., 2019). For example, 

phytosanitary treatments, such as copper-antimicrobials, were 

demonstrated to importantly disturb the presence of beneficial 

microbiota in the phyllosphere of citrus or grapevine (Carvalho et al., 

2020; Gobbi et al., 2020), potentially nullifying their beneficial role. 
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Consequently, the concept of preserve and promote the functional 

microbiome throughout appropriate agricultural practices has gained 

prominence for sustainable agriculture (Compant et al., 2019; Droby 

et al., 2022). A beneficial microbiome could also be promoted through 

the strategic identification and inoculation of highly specialized 

biological control agents (BCAs), selected from the host microbiome 

itself (Ray et al., 2020). Specifically, this selection should start from 

ñcoreò members, that consists of key taxa established through host-

driven selection mechanisms (Vandenkoornhuyse et al., 2015). In fact, 

core members exhibit a greater stability, adaptability and symbiotic 

interaction with the host compared to other microorganisms in 

microbiota (Risely, 2020). This strategic selection positively impacts 

on a stable colonization followed by field release, an important step 

required for exhibiting beneficial effects and overall efficacy beyond 

controlled laboratory conditions (Kong et al., 2018). Thus, unveiling 

the core members of specific plant host is crucial for developing 

effective microbiome-based strategies (Lemanceau et al., 2017). In 

this direction, previous researchers have primarily focused on the 

microbiota of root compartments, due to their role in plant nutrition 

and environmental stability (Fitzpatrik et al. 2018; Xu et al., 2018). 

Conversely, the phyllosphere compartments, particularly the 

carposphere (i.e., fruit surface), have been less explored because of 

challenges associated with conducting high-quality microbiome 

research in microenvironments with lower microbial abundances 

(Droby and Wisniewski, 2018). For this reason, despite its critical 

implications for food safety, quality, and shelf life, the carpospheric 

microbial composition and core members of citrus fruit has received 

limited attention. However, recent advancements in laboratory 

protocols, which suggest methods for optimizing genetic material 

concentration, have now made it feasible to investigate the 

microbiome of the fruit surface (Hamilton et al., 2020). 

Thus, in order to obtain information related to the composition, 
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role and modifications of microbiome members and to translate this 

information into concrete solutions for biocontrol strategies, the 

integration of cultivation-dependent (culturomics) and cultivation-

independent (e.g., amplicon sequencing) techniques was suggested 

(Blacutt et al., 2020; Penyalver et al., 2022). This integrated approach 

is particularly promising for the development of microbe-derived 

formulations for commercial purposes in the field of biocontrol, as 

recently demonstrated in the field of postharvest citrus disease 

management (Jing et al., 2023). In this scenario, culturomics remain 

essential for isolating culturable organisms from a given microbiome 

and to conduct laboratory tests to assess the antagonistic traits 

(Mapelli et al., 2023). 

In this study, we investigated the carpospheric microbiome of 

three citrus hosts with regards to different treatments applied in the 

field, with the aims i) to elucidate the microbial composition of citrus 

carposphere; ii) to assess the impact of antifungal treatments (copper 

and biological alternatives) on its microbial composition; iii) to 

identify core members that exhibit potential as BCAs for their 

implication in future application. To these aims, we highlighted the 

importance of understanding treatments impact on fruit microbiome, 

allowing for the informed selection of effective, but minimally 

disruptive, methods that promotes beneficial communities. 

Furthermore, the core members here selected from the treated fruit 

itself can potentially serve, solely or in consortia, as bioinoculants to 

enhance overall treatment effectiveness and fruit health. We also 

propose the concurrent use of both cultivable-depended and -

independent techniques as a key approach to obtain a valuable 

collection of host-specialized microorganisms with significant 

potential for cutting-edge agriculture. 
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4.2 Materials and Methods 

4.2.1  Study Sites and Field Treatments 

Fruit samples analysed in this study were collected from three 

citrus orchards located in one of the most representative Italian citrus 

production areas in the eastern Sicily, falling within Syracuse and 

Catania provinces. The fruit samples included lemon 'Femminello 

Siracusano 2KR' from Orchard I, orange 'Tarocco Tapi' from Orchard 

II and orange 'Tarocco Scirè' from Orchard III (Table S1). 

The three orchards were treated for two (Orchard I and II) and 

three (Orchard III) consecutive growing seasons to control natural 

infection of anthracnose, caused by Colletotrichum spp., or ABS, 

caused by A. alternata, on fruits. As integral part of our previous 

research, the experimental design and field treatment procedures align 

with the previously outlined protocols (Lombardo et al., 2023b). 

Specifically, for microbiome analysis of citrus carposphere, we 

selected the three most effective copper alternatives and copper 

treatments from the last growing season (2021 for Orchard I and II; 

2021-2022 for Orchard III). Thus, samples included in this study 

comprised: (1) untreated fruit (Control), fruit sprayed with a standard 

copper-based fungicide Kop-Twin (Copper), fruit sprayed with basic 

substance-based product, Chitosano Biorend® (Chitosan), fruit 

sprayed with a plant extract-based product, PREV-AM® PLUS 

[Sweet orange essential oil (SOEO)] and fruit sprayed with a mixture, 

Chitosan + SOEO (Mixture). The experimental block design, tested 

formulation, active ingredients and application rates are listed in Table 

S2.  

4.2.2 Sample Collection and Processing 

Citrus fruits samples were collected from the three orchards, 

associated to three different citrus accessions or clones (citrus host) 

(Table S3). For each orchard and treatment (untreated control, 
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chitosan, SOEO, mixture), physiologically mature fruits, free from 

injuries, uniformly shaped and colored were selected. Nine fruits were 

collected for each treatment, for a total of 45 fruits per orchard. Each 

fruit sample was aseptically transferred into single polyethylene sterile 

bags and processed to obtain washing solution containing epiphytic 

microorganisms of fruit surface. Specifically, fruit were submerged in 

200 mL sterile buffered peptone water (BPW, pH = 7.0 ± 0.2) and 

supplemented with 0.02 % (v/v) Tween 80 (Gomba et al., 2017). The 

submerged fruit samples were then shaken for 1h at 150 rpm, at 20 °C 

and sonicated at room temperature in a water bath (L & H 

Manufacturing Company, Kearny, NJ) for 8 min at 200 W and 50 Hz. 

From each washing solution obtained, aliquots of 1 mL were used to 

determine the carpospheric cultivable microbial population and 

isolation; the remaining 199 mL were used for DNA extraction and 

amplicon sequencing. 

4.2.3 Impact of Field Treatments in Carpospheric Cultivable 

Microbial Population  

To isolate and quantify the cultivable microbial population, 

serial ten-fold dilutions of the washing solutions were plated on three 

different culture media: Nutrient Agar (NA, Oxoid, Basingstoke 

Hempshire, UK) supplemented with 100 mg/L of cycloheximide 

(AppliChem GmbH, Darmstadt, Germany); Yeast Peptone Dextrose 

Agar (YPDA; 10 g/L of yeast extract, 10 g/L of peptone, 20 g/L of 

dextrose, 20 g/L of bacteriological agar), and Potato Dextrose Agar 

(PDA, Oxoid) supplemented with 100 mg/L of chloramphenicol 

(AppliChem GmbH). After incubation at 25 °C in the dark for two-

four days, the number of carpospheric microorganisms was counted. 

For each fruit sample, four replicated were analysed. Data were 

calculated as CFU/cm2 and expressed as Log10 CFU/cm2. All data were 

checked for normal distribution by Shapiro-Wilk normality test, 

considering a significance level (p-value) of 0.05. To evaluate data 
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homogeneity, Leveneôs test at p-value<0.05 was employed. 

Significant differences among the counts of cultivable microbial 

population (fungi, yeast and bacteria) between differently treated 

fruits were determined with one-way analysis of variance (ANOVA) 

and Tukey HSD post hoc test at p-value<0.05 using Minitab software 

(MinitabÊ, v. 20).  

4.2.4 DNA Extraction and Amplicon Sequencing  

The washing solutions, prepared according to 2.2, were 

processed to obtain pellet for DNA extraction and amplicon 

sequencing. Specifically, four tubes for each fruit (four subsamples) 

were centrifuged at 12,000 rpm for 30 min at 4° C. The supernatant 

was discarded, the pellet resuspended in 1 mL of SDW, and the 

eppendorf tube centrifuged at 10,000 × g for 10 min at 4 °C. The 

supernatant was discarded and the three subsamples were pooled 

together in one sample, thus obtaining one sample/fruit. Three 

fruit/samples were subsequently pooled together, thus obtaining three 

samples per treatment and stored at -20 °C until use. Each sample was 

subjected to DNA extraction using a MoBio Powersoil DNA 

extraction kit (MoBio Laboratories Inc. Carlsbad, CA, USA) 

according to the manufacturerôs instructions with some modifications. 

The DNA quality and quantity were investigated by using a NanoDrop 

device (Thermo Scientific, Wilmington, DE) and by running the 

extracted DNA on a 1.5 % agarose gel. 16S and ITS amplicon library 

preparation and sequencing were performed by IGA Technology 

Services (Udine, Italy). Primers were selected according to Earth 

Microbiome Project protocol (www.earthmicrobiome.org; Thompson et 

al., 2017). For bacterial community profiling, the 16S rDNA V4 

region was amplified with primers 515F (5ô- 

GTGYCAGCMGCCGCGGTAA-3ô) and 806R (5ô-

GACTACNVGGGTWTCTAAT-3ô). Peptide nucleic acid (PNA)-

clamping was applied during the first 16S rRNA amplification step to 

http://www.earthmicrobiome.org/
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block amplification of host chloroplast and mitochondrial 16S rRNA 

gene sequences. For fungal community profiling, primers ITS1 (5ô-

TCCGTAGGTGAACCTGCGG-3ô) and ITS2 (5ô-

GCTGCGTTCTTCATCGATGC-3ô) were used to amplify part of the 

ITS1 region of fungal rRNA operon. After quality control, 

quantification and normalization of the DNA libraries, 250-bp paired-

end reads were generated from the NovaSeq6000 sequencing platform 

(Illumina, San Diego, CA) according to the manufacturerôs 

instructions. All sequences were deposited in the NCBI Short Read 

Archive BioProject PRJNA1014910. 

4.2.5 Bioinformatics and Data Processing 

Bioinformatics analyses were performed importing the raw data 

into R software (v.4.2.1, Funny-Looking Kid). The FASTQ files were 

processed using the DADA2 pipeline (R package dada2, v.1.24) 

(Callahan et al., 2016), which is designed to obtain sequences with a 

single-nucleotide difference, resulting in an amplicon sequence 

variant (ASVs), rather than clustering similar sequences into 

operational taxonomic units (OTUs). Sequence reads were first 

filtered using DADA2 recommended parameters. Filtered reads were 

then de-replicated and de-noised using DADA2 default parameters. 

Paired-end sequences were merged, and chimeras were removed. To 

obtain the taxonomic information, ASVs tables were compared 

against SILVA database for 16S and UNITE database for ITS, using 

the RDP Naive Bayesian Classifier algorithm, throughout 

assignTaxonomy function (Wang et al., 2007). To generate a clean 

dataset and feature tables, the ASVs merged sequences, defined as 

ñUnknownò at the phylum rank, and ñChloroplastò, ñMitochondriaò 

and ñEukaryotaò were removed from the 16S ASVs table; similarly, 

ñUnknownò at the phylum rank, ñBacteriaò or ñPlantò from the ITS 

ASVs table were removed. ASVs with no kingdom-level classification 

were removed too. The relative abundance tables for taxa were 
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generated based on the read count for each taxon across samples by 

using the total-sum scaling (TSS) method (Weiss et al., 2017). 

4.2.6 Microbiome Data Analysis 

Data analyses were conducted importing the produced data into 

Rstudio [with phyloseq (v.1.40.0) (McMurdie and Holmes, 2013), 

microbiome (v. 1.18.0) (Lahti et al., 2017), vegan (v. 2.2.6) (Oksanen 

et al., 2019), ggplot2 (v.3.3.6) (Wickham, 2016), DESeq2 (v. 1.36.0) 

(Love et al., 2014) packages in R (v.4.2.1)]. Alpha (Ŭ) diversity was 

calculated for each sample in terms of Observed, Shannon, Inverse 

Simpson, Chao1, Fisher, Pielou and Simpson indices and displayed 

using Shannon and Inverse Simpsonsô indices with not-rarefied data 

(McMurdie and Holmes, 2014). The effect of the two variables ñcitrus 

hostò (orchard), ñtreatmentò, and their interaction in Ŭ diversity has 

been performed using two-way ANOVA. Differences in Ŭ diversity 

between the pooled data of the three orchards were analysed with one-

way ANOVA and Fisher's least significance difference test (LSD), 

while significant differences between treatments within the same 

orchard were determined with Tukeyôs HSD post hoc test.  All items 

with p-value <0.05 were considered significant.  Beta (ɓ) diversity was 

performed on the Principal Coordinates Analysis (PCoA) method with 

Bray-Curtis dissimilarity index, applied in not rarefied data.  The ɓ 

dispersion, to validate the homogeneity of group dispersion, have been 

performed using the betadisper() function on vegan package. A 

Permutational Multivariate Analysis of Variance (PERMANOVA) 

statistical test was performed the Adonis() function (Anderson, 2001) 

in vegan package, with a permutation number of 999 available and 

both ñcitrus hostò and ñtreatmentò as the tested factors.  

Based on the abundance profiles, the features (phyla, genera) 

with significantly differential abundances across treatments within 

each orchard (copper, chitosan, SOEO and mixture versus the 

corresponding untreated control) were determined using DESeq2 tool 
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(McMurdie and Holmes, 2014), fitting the negative binomial model 

and testing the significance with Wald test. P-values for multiple 

testing were corrected using the BH method. All items with adjusted 

p-value<0.05 were considered significant.  

4.2.7 Citrus Carposphere Core Members 

The composition of the core citrus carposphere microbiome was 

calculated using the occurrence of association across samples as the 

criterion (Neu et al., 2021) using Core function in microbiome R 

package (Lahti and Shetty, 2017). The ASV that were present in more 

than 99.9 % of samples were considered as core citrus carposphere 

microbial ASVs. Moreover, to find out the relationship between core 

genera and plants, we searched the keywords ñgenus nameò + ñplantò 

+ ñpathogenò / ñBiological Control Agentò (Jing et al., 2023). 

Meanwhile, ñcitrusò has been added to the keywords to find out if 

those genera has been already associated to citrus microbiome and/or 

used as BCAs against citrus pathogens.  

4.2.8 Screening of Antagonistic Bacterial Isolates against 

Colletotrichum gloeosporioides and Alternaria alternata 

An extensive bacterial culturing approach was carried out from 

the same carpospheric washing solutions used to study the citrus 

cultivable bacterial microbiota. Distinct, non-overlapping bacterial 

colonies exhibiting morphological diversity (colour, size, shape) were 

picked and streaked on NA to obtain pure cultures. Pure cultures were 

tested for Gram reaction by using the 3 % KOH test (Schaad et al., 

2001) and streaked on Kingôs medium B agar (KB) (King et al., 1954) 

to check for fluorescent isolates under UV illumination (365 nm). 

Colonies were long-term stored in Nutrient Broth (NB, Oxoid) 

supplemented with 15 % (v/v) glycerol at -20 °C until further use. The 

antifungal activity of the isolated strains was tested against C. 

gloeorporioides and A. alternata belonging to Di3A (Dipartimento di 
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Agricoltura, Alimentazione e ambiente, University of Catania, Italy) 

collection.  The fungal isolates, kept in PDA at 4° C, were grown at 

25 ± 1 °C in the dark for 15 and 10 days for C. gloeosporioides and A. 

alternaria respectively before each essay (Aiello et al, 2015; 2020). 

Briefly, on each plate four bacterial colonies were spot inoculated on 

PDA plates approximately 25 mm from the centre of the plate.  After 

48 h at 25 ± 1 °C, a mycelium plug (5 mm in diameter), taken from 

the edge of actively growing cultures of the pathogens, was placed in 

the centre of each place. Dishes were then incubated at 25 ± 1 °C for 

7 days. Bacterial strains were also tested for the production of volatile 

organic compounds (VOCs) against C. gloeosporioides and A. 

alternata throughout a double Petri-dish assay, according to Parafati 

et al., 2015. The measurement of fungal growth (cm) was performed 

five days after inoculation. PDA dishes with only C. gloeosporioides 

or A. alternata served as control. The experiments were performed 

twice. The mycelial growth reduction (M.G.R.) was calculated 

according to the following formula (Panebianco et al., 2022): 

 

-Ȣ'Ȣ2ȢϷ  ρππ                         (1) 

 

where M.G.R. is the percentage of mycelial growth reduction. 

R1 stands for the mean radius of the pathogens (C. gloeosporioides or 

A. alternata) and R2 indicates the mean radius of the pathogens in the 

presence of inoculated bacterium. The antagonistic activities for each 

strain were evaluated and scored according to an arbitrary scale of 

inhibition ranging from 0 to 4, categorized as follows: class 0 = no 

antagonism; class 1 = 1-5 mm (<25 %); class 2 = 6-10 mm (26-50 %); 

class 3 = 11-15 mm (51-75 %); class 4 > 15 mm (>75 %).  

4.2.9 Molecular Identification of Bacterial Isolates and 

Phylogenetic Tree Construction  

A total of 120 bacterial strains (40 from each citrus host), 
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selected among those showing the most effective antagonistic activity, 

were subjected to 16S rRNA gene sequencing. Specifically, bacterial 

DNA target from each bacterium was obtained by thermal lysis of cells 

(Panebianco et al., 2022) and the 16S rRNA gene-encoding region was 

PCR-amplified using the universal primer pair forward 27F (5ô-

AGAGTTTGATCMTGGCTCAG-3ô) and reverse 1492R (5ô-

TACGGYTACCTTGTTACGACTT-3ô) (Lane, 1991; Panebianco et 

al., 2022). The DNA amplicons were sequenced by BMR Genomics 

(Padova, Italy). After low quality trimming, high quality nucleotide 

sequences were blasted using the National Center for Biotechnology 

Information (NCBI) GenBank database and aligned by Clustal W 

using MEGA11 software (v.11.03.13) (Tamura et al., 2021). The 

aligned sequences were tested for their phylogeny (Tamura et al., 

2004) and a Maximum Likelihood tree was built including 16S rRNA 

gene sequences of the related type strains of the identified isolates 

(Saitou and Nei, 1987). Moreover, an additional dataset was created 

with the 120 isolates. The 16S rRNA gene sequences of the bacteria 

were used to intercept those bacteria that showed a Ó98 % similarity 

to the ASV core members (Jing et al., 2023). Each ASV reference 

sequence assigned to the same genus from the defined core-citrus 

microbiome comprised the ñqueryò sequences. In this study, 

nucleotide sequences of 117 antagonistic bacterial strains were 

deposited in the GenBank database under accession numbers 

OR394435-OR394551. 

4.3 Results 

4.3.1 DNA sequencing Dataset Description 

The dataset obtained from citrus carposphere samples 

comprised a total of 45 samples for 16S and 45 samples for ITS 

analyses (three samples for each treatment, 15 samples for each 

orchard) (Table S3). Bacterial and fungal communities were 

inventoried using 16S and ITS amplicon sequencing. After quality 
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filtering and removal of non-target sequences, a total of 14,223,727 

for 16S and 7,055,852 for ITS of high-quality reads was retained, with 

an average of 948,248 and 470,390 reads per samples (Table S4 and 

S5). ASVs assigned to nontarget sequences [Prokaryota dataset: 

Eukaryota (n = 1; 0.01 %), Chloroplast (n = 71; 1.68 %), 

Mitochondria (n = 344; 5.6 %), unknown bacterial kingdom (n = 27; 

0.44%), unknown phylum (n = 147; 2.42 %); Eukaryotic dataset: 

unknown fungal phylum (n = 1.63; 35.09 %)] were removed. The 

clean table contained a total of 5,511 unique ASVs for bacterial 

microorganisms (354 species, 729 genera, 296 families, 174 orders, 

77 classes, and 37 phyla), with an average of 717 ASVs per sample. 

The fungal community contained a total of 3,013 different ASVs (856 

species, 574 genera, 255 families, 91 orders, 30 classes, and 8 phyla), 

with an average of 407 ASVs per sample (Table S6).  

4.3.2 Microbial Community of Citrus Carposphere 

The epiphytic microbial community of the carposphere, lemon 

óFemminello Siracusano 2KRô (Orchard I), oranges óTarocco Tapiô 

(Orchard II) and óTarocco Scir®ô (Orchard III) were analysed. Venn 

diagrams illustrate the bacterial (Figure 1A) and fungal (Figure 1B) 

ASVs shared between the three orchards. Out from the 5,511 ASVs 

found on the bacterial community, 1,258 were shared between the 

three orchards (22.8 %). Orchard II showed the higher number of 

detected (3,205) and unique (1,344) ASVs, followed by Orchard III 

(2,984 shared; 1,333 unique) and Orchard I (2,497 shared; 917 

unique). In the fungal community, out from the total 3,013 ASVs 

found, 531 ASVs (17.6 %) were shared between the three orchards, 

while 637, 841 and 546 were unique of Orchard I, II and III 

respectively. Also in the fungal community, Orchard II showed the 

higher number of retained ASVs (1,778), followed by Orchard I 

(1,511) and Orchard III (1,244). The predominant bacterial and fungal 

phyla, whose relative abundance exceeded the 1 % in each citrus host, 
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are displayed in Figure 1C and D. The citrus carpospheric microbiome 

between the three citrus hosts showed similar taxonomical 

composition with different relative abundance. The dominant bacterial 

phyla were Proteobacteria (Orchard I, 47.1 %; Orchard II, 64.9 % and 

Orchard III, 83.9 %), Firmicutes (41.2, 19.7 and 8.5 %), 

Actinobacteriota (9.3, 7.9 and 5.0 %) and Bacteroidota (2, 5.6 and 2.1 

%) (Figure 1C), together accounting for more than 98% of all the total 

phyla in each orchard. The fungal community is mainly composed by 

Ascomycota (78.5, 74.4 and 83.8%), followed by Basidiomycota 

(21.2, 19.4 and 16%) (Figure 1D), together accounted for more than 

99 % for each orchard. The bacterial ASVs were further classified into 

77 classes predominated by Gammaproteobacteria (62.1, 44.7 and 

72.6 %), Bacilli (20.5, 21.9 and 9.0%), Actinobacteria (8.5, 7.2 and 

6.4 %), Alphaproteobacteria (5.4, 18.9 and 8.2 %) and Bacteroidia 

(2.7, 5.2 and 2.1%) (Figure 1E). Further classification of the fungal 

ASVs at the class level revealed the presence of 30 classes, 

predominated by Dothideomycetes (72.4, 45.1 and 79 %), 

Cystobasidiomycetes (12.7, 7.3 and 5.9 %), Tremellomycetes (5.7, 7.1 

and 6.4 %), Eurotiomycetes (5.5, 3.7 and <1 %), Agaricostilbomycetes 

(1.2, 1.9 and <1 %). Orchard II revealed a more diverse taxonomical 

composition in which Taphrinomycetes (18 %) Exobasidiomycetes 

(1.12 %) and Lecanoromycetes (1.8 %), and Leotiomycetes (1 %) 

reached the 1 % (Figure 1F).   

The highest a diversity values were detected in orchard II, 

followed by orchard I and orchard III, in both bacterial (Figure 1G) 

and fungal communities (Figure 1H). The effect of two single factors, 

ñtreatmentò, ñcitrus hostò and their interaction, were always 

significant for both 16S and ITS data of Shannon index (p-value<0.05, 

two-way ANOVA with interaction, Table S7), thus further evaluated.  

In b diversity, the ñcitrus hostò variable exerted a stronger 

influence than the ñtreatmentò variable in both bacterial and fungal 

communities (p-value<0.001, PERMANOVA, Table S8). The 
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influence was confirmed since differently treated samples cluster 

distinctly, according to their citrus host, accounting for 18 % and 40 

% of the variation in the overall bacterial and fungal community 

composition, respectively (Figure 1I and L). Notably, an exception is 

observed for copper-treated samples within the bacterial community 

of orchards I and II, as well as within the fungal community of orchard 

II. These samples exhibited dissimilarity from their respective 

orchards (Figure 1I and L). Moreover, the variable ñtreatmentò and its 

interaction with ñcitrus hostò were also confirmed as significant by 

PERMANOVA analysis on both bacterial and fungal communities (p-

value<0.001, PERMANOVA, Table S8).  
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Figure 1. Venn diagram demonstrating unique (not present in any other type of 

samples) and shared bacterial (A) and fungal (B) ASVs of citrus fruitôs carposphere 

across three orchards corresponding to different citrus accessions; taxonomic 

distribution in citrus carposphere in different orchards sampled: phyla-level 

distributions based on 16S (C) and ITS (D) amplicon data; class-level distributions 

based on 16S (E) and ITS (F) amplicon data. Alpha-diversity comparison in 

carposphere of three citrus orchards based on 16S (G) and ITS (H). Different letters 

are statistically different according to one-way ANOVA and Fisher's least 

significance difference test (LSD) at p-value<0.05. ns= not significant. Centre value 

represents the median of index, red triangle represents the summary of the values in 

each index. Principal Coordinates Analysis (PCoA) based on the Bray-Curtis 

distance between citrus orchards. Points are colored by orchard and represent a 

complete community from a single treated sample, shapes represent different applied 

treatment, data are showed using 16S (I) and ITS (L). (I) Orchard I, lemon 

óFemminello Siracusano 2KRô; (II) Orchard II, orange óTarocco Tapiô; (III) Orchard 

III, orange óTarocco Scir¯. 

 

4.3.3 Induced Modification by Field Treatments in Taxonomical 

Composition of Citrus Microbiome 

Modifications induced by field treatments to the microbial 

communities were analysed for each citrus orchard. Accordingly, the 

distribution of the number of ASVs across different treatments in a 
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single orchard is depicted in the Supplementary figures (Figure S1 and 

S2).  

In the taxonomic composition, results revealed pronounced 

differences in the relative abundance distribution across fruits 

subjected to different treatments. Specifically, copper-treated fruits 

notably reduced the taxonomic diversity, being almost exclusively 

composed of Proteobacteria in orchards I and III and Firmicutes in 

orchard II (Figure 2A). In contrast, alternative treatments did not seem 

to significantly affect the taxonomic composition and distribution at 

phylum rank. The fungal taxonomic distribution was not importantly 

affected by treatments applications (Figure 2B).  

The impact of field treatments on taxonomic composition were 

further investigated to identify those community members that 

exhibited statistical differences in abundance. The relative abundance 

at both high (phylum) and low (genus) taxonomic ranks was analyzed, 

revealing taxa that were either enriched or depleted by treatments in 

each orchard compared to the untreated control. Bacterial community 

showed to be more sensitive to treatments application than fungal 

community, showing a higher number of differently enriched or 

depleted phyla within each orchard (Supplementary Data 1). Among 

treatments, copper always induced major changes in microbial 

composition. Specifically, in orchard I, significant differences were 

observed in the relative abundance of multiple bacterial phyla in 

copper-treated fruit, showing a lower relative abundance of ten 

bacterial phyla (adj p-value< 0.05, DESeq2, Supplementary Data 1). 

No significant depletion of bacterial or fungal phyla was observed in 

the remaining treated fruits, except for the bacterial phylum 

Cyanobacteria that exhibited lower relative abundance in fruit treated 

with mixture (adj p-value< 0.05, DESeq2, Supplementary Data 1). In 

orchard II, copper samples resulted in the depletion of sixteen bacterial 

phyla and in the enrichment of two phyla, while chitosan treatments 

depleted four phyla, and enriched two phyla (adj p-value< 0.05, 
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DESeq2, Supplementary Data 1). SOEO and mixture treatments did 

not deplete any bacterial phyla but led to enrichment of three and one 

bacterial phyla respectively. The fungal community exhibited slight 

changes in community structure induced by both copper and 

alternative treatments, following similar trends in terms of number of 

enriched or depleted phyla per treatment (adj p-value< 0.05, DESeq2, 

Supplementary Data 1). In orchard III, the relative abundance of seven 

bacterial phyla was reduced in copper-treated fruit, six phyla by 

mixture, four by SOEO, and chitosan treatments depleted two phyla 

while enriching Cyanobacteria. The fungal community in this orchard 

exhibited fewer modifications compared to the bacterial community.  

In summary, across the orchards, a total of 19 bacterial and two 

fungal phyla were found to be depleted by copper treatments. Seven 

bacterial and two fungal phyla were depleted by mixture treatment, 

while six bacterial and one fungal phyla showed depletion in response 

to chitosan. SOEO treatment resulted in the depletion of four and one 

bacterial and fungal phyla respectively (adj p-value<0.05, DESeq2, 

Supplementary Data 1).  

The differences in community structure were further 

investigated at the genus level. Comprehensively, the main notable 

difference was between untreated control samples and the Cu-treated 

fruits that importantly depleted both bacterial (Figure 2C) and fungal 

(Figure 2D) genera (adj p-value<0.05, DESeq2, Supplementary Data 

2). Specifically, copper treatments have resulted in the depletion of a 

total of 120 (Orchard I), 164 (Orchard II) and 99 (Orchard III) bacterial 

and genera, 23 (Orchard I) and 34 fungal (Orchard II) genera (Figure 

2C and D). Across the three orchards, only a total of 9 bacterial and 

32 fungal genera were enriched by copper. On the contrary, the 

influence of alternative products on the depletion of bacterial or fungal 

genera is minimal, as they primarily contributed to their enrichment, 

except for SOEO, which has demonstrated a significant impact on 

depleting the bacterial community in orchard II (adj p-value<0.05, 
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DESeq2, Supplementary Data 2).   

         

 
Figure 2. Taxonomic composition and distribution in citrus carposphere in different 

orchards sampled at Phylum-level based on 16S (A) and ITS (B) amplicon data. 

Number of total enriched/depleted genera (C, D) by treatments in bacterial and 

fungal community of citrus carposphere. Horizontal bars denote the number of 

genera that has been significantly enriched (green) or depleted (gray) (corrected p-

value < 0.05, DESeq2) by field treatments (copper, chitosan, SOEO, mixture) when 

compared to the corresponding untreated control in each orchard. Orchard I, lemon 

óFemminello Siracusano 2KRô; Orchard II, orange óTarocco Tapiô; Orchard III, 

orange óTarocco Scir¯ô. 
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4.3.4 Effect of Field Treatments on Diversity Metrics 

The induced modification by preharvest treatments on diversity 

metrics has been analysed, revealing different trends in bacterial and 

fungal diversity indices. Specifically, results indicated that in all 

orchards, fruits treated with copper always exhibited a lower bacterial 

diversity, when comparing to the untreated control (Figure 3A). The 

reduction induced by copper-treatments in Ŭ diversity was confirmed 

as significant in orchard I and II. In contrast, no significant differences 

in the reduction of Ŭ diversity metrics were observed in samples 

treated with alternative products compared to the untreated control. 

The fungal Ŭ diversity, as calculated using the Shannon (Figure 3B), 

did not show significant differences between treatments in both 

Orchard I and Orchard III. However, in Orchard II, a significant 

decrease in diversity was observed in fruits treated with copper. 

Detailed alpha diversity metrics are reported in Table S9 and Table 

S10.  

The effect of treatments was further investigated in b diversity 

index.  As showed in the PCoA plot based on Bray-Curtis dissimilarity 

(Figure 3C and D), treatments influenced on b diversity distribution 

across various orchards as evidenced by significant p-values (<0.05, 

PERMANOVA). An exception is observed in the fungal community 

of orchard III, where treatments do not show a significant influence 

(R2 = 0.24, p-value = 0.78, PERMANOVA). 
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Figure 3. Alpha-diversity comparison in carposphere of citrus fruit differently 

treated associated to three using 16S (A) and ITS (B) data; Shannon indices were 
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statistically compared between treatments within the same orchard. Asterisks 

indicate significant differences (p-value<0.05) computed with One-way ANOVA, 

ns= not significant. Centre value represents the median of index; Principal 

Coordinates Analysis (PCoA) based on the Bray-Curtis distance between differently 

treated samples for each orchard. Points are colored by treatments and represent a 

complete community from a single treated sample, data are showed using 16S (C) 

and ITS (D). Statistical analyses were conducted separately for each orchard 

considering preharvest treatments as main source of variation; p-values and R2 

values were obtained using a permutational multivariate analysis of variance 

(PERMANOVA) (Adonis). Untreated Control, Copper, Chitosan, Sweet orange 

essential oil (SOEO) and Mixture; Orchard I (lemon óFemminello Siracusano 

2KRô), Orchard II (orange óTarocco Tapiô) and Orchard III (orange óTarocco Scir®ô). 

 

4.3.5 Distribution and Characterization of Colletotrichum and 

Alternaria genera  

Considering the emerging economic importance of 

Colletotrichum and Alternaria genera, which are the target fungal 

pathogens of our investigation, we conducted a distinct analysis of 

these genera across various citrus hosts and treated fruit samples. The 

two genera were subjected to a comprehensive species-level 

investigation, resulting in the discrimination of distinct species. For 

ASVs that did not attain species-level classification on features tables, 

a blast analysis was further conducted. Consequently, the analysis 

revealed the presence of six unique ASVs affiliated with the 

Colletotrichum genus, corresponding to the identification of four 

species: C. acutatum, C. gloeosporioides (both species represented by 

two distinct ASVs), C. karstii and C. novae-zelandiae (Figure S3A). 

Notably, among the identified species, C. gloeosporioides exhibited 

the highest abundance, present across all examined orchards and with 

an occurrence of association of 100 % within each sample of orchard 

II and III. Statistical analysis using non-parametric analysis of 

variance indicated no significant alterations (p = 0.99, p-value= 0.97, 

p-value= 0.84, Kruskal-Wallis) in the relative abundance of this genus 
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as a consequence of treatments across all three orchards (Figure S3B). 

Pairwise comparisons further revealed no significant distinctions 

among treated samples within the same orchard. In relation to 

Alternaria, we identified 24 distinct ASVs associated with this genus. 

These ASVs corresponded to the detection of 13 distinct species, 

namely A. alternata and A. metachromatica (each represented by three 

distinct ASVs), A. infectoria (represented by five distinct ASVs), A. 

chlamydosporigena, A. nepalensis, A. rosae (each represented by two 

distinct ASVs), A. brassicicola, A. hordeicola, A. japonica, A. lolii, A. 

multiformis, A. sorghi, and A. tumida. Among these Alternaria 

species, A. alternata exhibited the highest abundance across all three 

orchards (Figure S3C). Notably, one ASV associated to A. alternata 

and one to A. infectoria were detected in all samples from each orchard 

(100 %). Also for Alternaria genus, statistical analysis revealed no 

significant changes between treatments (p-value=0.68, p-value=0.23, 

p-value= 0.21, Kruskal-Wallis) in the relative abundance resulting 

from the treatments across all three orchards (Figure S3D). 

Additionally, pairwise comparisons confirmed no differences among 

treated samples (Figure S3D). 

4.3.6 Core Members of Citrus Carposphere Microbiome 

The carpospheric core microbiome shared between the three 

citrus accessions has been identified by using the occurrence of 

association Ó99.9 % across all the samples as the criterion. Since 

copper-treatments affected the microbial composition to a great 

extent, copper-treated samples were excluded from the dataset. Using 

the aforementioned criteria, 51 bacterial and 27 fungal ASVs were 

identified as part of the core microbiome (Supplementary Data 3). 

Initially , a total of 45 bacterial ASVs were associated with 23 different 

genera. The remining six ASVs that did not receive genus-level 

associations when analysed using the SILVA database, were NCBI 

blasted, thus obtaining three more genera. Thus, a total of 27 genera 
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were associated to core members, and 26 members were reported as 

BCAs. Among them, widely recognized BCAs were identified, such 

as Bacillus, Pseudomonas, Pantoea. Among them, only three genera 

were associated with plant pathogens (Table 1).  

The fungal ASVs were initially found to be associated to 13 

different genera, while three ASVs lacked a genus-level association in 

the UNITE database. Subsequently, the three ASVs were subjected to 

BLAST analysis, resulting in the assignment of two more genera.  As 

a result, a total of 16 different genera were identified in association 

with core members. Within the core fungal ASVs, several genera 

included Penicillium, Alternaria, Cladosporium, Taphrina, 

Protomyces, Phaeosphaeria, Ramularia, and Stemphylium, widely 

recognized as plant pathogens, while Sporobolomyces, 

Aureobasidium and Symmetrospora have been documented as BCAs. 

Thus, the results suggested that a majority of the core bacteria can be 

classified as BCAs, whereas many of the core fungi predominantly 

proved to be plant pathogens. Furthermore, a significant proportion of 

the core ASVs has been previously documented in association with 

the citrus microbiome (Table 1) in different plant compartments. 

Cross-referencing the results with those obtained using DESeq2 

tool, multiple core genera shown to be depleted by copper treatments 

(Figure 4A and B, Supplementary Data 2), mostly impacting on 

bacterial members, including those associated to BCAs. Specifically, 

out of a total of 27 bacterial genera found to be associated with the 

core microbiome, 17 are depleted by copper in orchard I, with only 

Acinetobacter showing enrichment. In orchard II, 18 core members 

are depleted by copper, while only Bacillus is enriched. In orchard III, 

8 core members are depleted by copper, whereas Pseudomonas and 

Klebsiella were enriched. Conversely, alternative treatments mostly 

enriched the core members, and determined a low numbers of 

depletions (never exceeding 5 genera). 
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Table 1. Correlation between genera associated with the core microbiome of citrus 

carposphere samples and their functions as pathogen or Biological Control Agent 

(BCA) and associated to citrus microbiome. 

 
 

Genus Associated 

Core 

ASV*  

BCA/ 

Pathogen 

Reference Associated to 

citrus 

microbiome 

Bacteri

a (27) Acinetobacter 23-28 BCA 

Trotel-Aziz et al., 

2008 

Soylu et al., 

2022 

 Bacillus 1, 2 BCA Chen et al., 2020 

Jannah et al., 

2018 

 Chryseobacterium 51 BCA Yang et al., 2012 

Penyalver et al., 

2022 

 Cupriavidus 7 BCA Ye et al., 2019 Xu et al., 2018 

 Curtobacterium 18 

Pathogen/

BCA 

Evseen et al., 2022 

Azevedo et al., 2016 

Garrido et al., 

2016 

 Delftia 9 BCA Han et al., 2005 

Wang et al., 

2023 

 Enterobacter 12 BCA Xue et al., 2009 

Jannah et al., 

2018 

 Erwinia 14 

Pathogen/

BCA 

Kazemi-Pour et al., 

2004; Goto et al., 

1979 Jing et al., 2023 

 Exiguobacterium 15 BCA Kasana et al., 2018 / 

 Frondihabitans 19, 20 BCA 

Vega-Celedón et al., 

2021 / 

 Hymenobacter 16, 17 BCA 

Wasserman et al., 

2019 

Ginnan et al., 

2020 

 Janthinobacterium 34 BCA Yin et al., 2020 

Penyalver et al., 

2022 

 Klebsiella 10, 11 BCA Kim et al., 2022 

Penyalver et al., 

2022 

 Massilia 31-36 BCA Ofek et al., 2012 

Munir et al., 

2020 

 Methylobacterium 3-6 BCA Poveda et al., 2021 

Blaustein et al., 

2017 

 Neorhizobium 44 BCA Das et al., 2017 Xu et al., 2018 

 Paenarthrobacter 21 BCA 

Esteban-Herrero et 

al., 2023 

Penyalver et al., 

2022 

 Pantoea 29, 30 BCA Poveda et al., 2021 

Jannah et al., 

2018 

 Planococcus 38 BCA Essghaier et al., 2010 / 

 Polaromonas 8 Unknown / / 

 Pseudarthrobacter 22 BCA Yan et al., 2023 Xi et al., 2023 

 Pseudomonas 39-43 

Pathogen/

BCA 

Gomila et al.,2017; 

De Oliveira et al., 

2011 

Caicedo et al., 

2016 

 

Sanguibacter-

Flavimobilis 45 BCA 

Lobna and Zawam, 

2010 / 
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 Siccibacter 13 BCA Sayahi et al., 2022 

Penyalver et al., 

2022 

 Solibacillus 37 BCA Agarwal et al., 2020 / 

 Sphingomonas 46-49 BCA Legein et al., 2020 

Blaustein et al., 

2017 

 Staphylococcus 50 BCA Nugroho et al., 2022 

Munir et al., 

2020 

Fungi 

(16) Alternaria 5, 18 Pathogen Aiello et al., 2020 Jing et al., 2023 

 Aureobasidium 3 BCA Parafati et al., 2015 

Klein et al., 

2018 

 Begerowomyces 21 Unknown / / 

 Cladosporium 

1, 2, 10, 11, 

14, 17, 19 

Pathogen/

BCA 

Thomma et al., 2005; 

Blacutt et al., 2020  

Ginnan et al., 

2018 

 Kondoa 24 Unknown / / 

 

Pseudoconiothyriu

m  9 Unknown / / 

 Neopyrenochaeta 8 Unknown / / 

 Penicillium 7 Pathogen Palou, 2014 

Kumar et al., 

2021 

 Phaeosphaeria 12 Pathogen El-Demerdash, 2018 / 

 Protomyces 6 Pathogen 

Khan and Parveen, 

2018 / 

 Ramularia 13 Pathogen 
Videira et al., 2015 

Kumar et al., 

2021 

 Sporobolomyces 26 BCA Fatemi et al., 2022 

Ginnan et al., 

2018 

 Stemphylium 14, 15 Pathogen Bessadat et al., 2022 / 

 Symmetrospora 22, 25 BCA Poveda et al., 2021 Xi et al., 2023 

 Taphrina  4 Pathogen Christita et al., 2022 / 

 Vishniacozyma 23, 20 BCA Gramisci et al., 2018 

Kumar et al., 

2021 

*ASVs identification number associated in this study as core citrus microbiome 

using the occurrence of association Ó99.9 % across all the samples as the criterion 

along with their relative abundance for each sample (Supplementary data 3). 
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Figure 4. Relative abundance (RA) of the 60 most relatively abundant bacterial (A) 

and fungal (B) genera across citrus orchards accordingly to different treatments. 

*Represents all those genera present in more Ó99.9 % across all the samples and 

considered as core members. The colour from blue to red represents a relative 

abundance of each taxon from low to high. Scale, relative abundance (RA) of genus 

at row normalization by Log10 (x+1). 
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4.3.7 Culturable Microbial Population Associated with Citrus 

Surface and Composition Changes 

Total cultivable bacteria, yeasts and fungi populations 

associated with citrus carposphere were counted. Among cultivable 

microbes, total bacteria were present to a greater extent (from 2.6 to 

5.4 log10 CFU/cm2), followed by yeast (1.8ï3.6 log10 CFU/cm2), and 

fungi (1.8ï3.2 log10 CFU/cm2). On average, the highest values of 

microbial counts were detected from orchard I, while the lowest values 

were counted from orchard III. Plate counts were performed to 

quantify changes in culturable microbial populations between 

differently treated fruits (untreated control, copper, chitosan, SOEO 

and mixture treated samples) on lemon óFemminello Siracusano 2KRô 

(orchard I), oranges óTarocco Tapiô (orchard II) and óTarocco Scir¯ô 

(orchard III) (Figure 5). Compared to the corresponding untreated 

control, the bacterial cultivable population was reduced significantly 

by copper, chitosan, and mixture in orchard I, and by all treatments in 

orchard II (Figure 5A). Yeast and fungal populations were decreased 

only by copper treatments in orchard II (Figure 5B and C). In orchard 

III, preharvest treatments did not reduced the microbial count when 

compared to the corresponding untreated control. 
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Figure 5.  Microbial counts of (A) bacterial, (B) yeast and (C) fungal cultivable 

population of citrus fruit differently treated in three orchards. Mean values sharing 

the same letters are not significantly different at p-value>0.05, one-way ANOVA 

followed by Tukeyôs multiple comparison test. Error bars indicate mean with SEM. 

Orchard I, lemon óFemminello Siracusano 2KRô; Orchard II, orange óTarocco Tapiô; 

Orchard III, orange óTarocco Scir¯. 

 

 

 



CHAPTER IV 

173 

4.3.8 Screening of Cultivable Bacterial Community Composition 

Diversity and Antagonistic Activity against Colletotrichum 

gloeosporioides and Alternaria alternata 

A total of 447 bacterial strains (101 from Orchard I, 217 from 

Orchard II and 129 from Orchard II), naturally present on the surface 

of citrus fruits, were isolated and analysed (Table S11). Overall, a 

higher fraction of Gram-negative bacteria was identified (Figure 

S4A), with a higher percentage in orchards I (61.4 %) and II (56.7 %), 

while the majority of bacteria isolated from orchard III were Gram-

positive (57.4 %). A total of 42 bacteria (9.4 %) exhibited 

fluorescence.   

All the 447 isolates were then screened for antimicrobial 

activity against C. gloeosporioides (Cg) and A. alternata (Aa) and 

ranked according to the growth inhibition scores (classes 0-4). A 

higher percentage of bacteria exhibiting greater effectiveness against 

Cg and Aa has been isolated from the lemon carposphere (Orchard I) 

(Figure S4B). In fact, the percentage of antagonistic bacteria 

belonging to class 4 from lemon carposphere are 3.9 and 8.9 % of the 

total, respectively against Cg and Aa. In orchard II, the percentages 

associated to the higher class reached the 2.8 and 6.9 %. No bacterial 

strains isolated from orchard III have been associated with class 4. 

Similar trend has been observed in the number of bacteria belonging 

to class 3, that is higher in lemon against both Cg and Aa. Overall, it 

can be confirmed that the highest number of effective antagonists have 

been isolated from lemonôs carposphere. Furthermore, the aggregated 

data on the number of antagonists tested against the two target 

pathogens indicates that there are more antagonists belonging to class 

3 and 4 against Aa (4.8 % in class 4 and 19.9 % in class 3) than against 

to Cg (2 % in class 4 and 17.5 % in class 3) (Figure S4C). However, 

the largest number of antagonists is found in the intermediate-low 

classes, with percentages of 52.3 % and 27.04 % respectively for class 
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2 and 1 against Cg, and 35.4 % and 30.2 % respectively for class 2 and 

1 against Aa (Figure S4C). The inhibition assays performed in sealed 

petri plates indicated the relationship between antagonistic activity 

and the VOCs production of the 447 bacterial strains tested against the 

two fungal pathogens. Among these strains, 37.8 % demonstrated 

VOCs production, by inducing a reduced pathogensô growth to 

different extends. The highest percentage of antagonistic strains were 

isolated from orchard I, accounting for 56 % of VOCs-producing 

strains in the total collection, followed by orchard III (38.8 %) and 

orchard II (25.8 %). Specifically, 47 bacteria from across all orchards 

were found to reduce Cg growth diameter within the range of 1 % to 

25 % (Class 1), while only one strain fell into Class 2 (>25-50 %) and 

one into Class 3 (>50 %). Consistently with direct antagonistic results, 

a higher number of bacteria able of volatile production was observed 

when tested against Aa, with 107 bacteria in Class 1, 52 bacteria in 

Class 2, and 1 bacterium in Class 3 (Table S11). 

4.3.9 Molecular Identification of Bacterial Strain Showing 

Antagonistic Activity and Association to Core Member 

A total of 120 carpospheric bacterial isolates (40 from each 

citrus accession), selected for their higher antagonistic activity (direct 

antagonistic activity and VOCs production), were further identified by 

partial 16S rRNA gene sequence analysis (Table S12). Fourteen 

different families were encountered:  Pseudomonadaceae (n=32, 26.7 

%), Erwiniaceae (n=28, 23.3 %),  Burkholderiaceae (n=21, 17.5 %), 

Bacillales (n=15, 12.5 %), Microbacteriaceae (n= 6, 5 %), 

Staphylococcaceae (n=5, 4.2 %), Oxalobacteraceae (n=3, 2.5 %), 

Enterobacteriaceae (n=3, 2.5 %), Xanthomonadaceae (n=1, 0.8 

%), Micrococcaceae (n=1, 0.8 %),  Paracoccaceae (n=1, 0.8 

%), Sphingomonadaceae (n=1, 0.8 %),  Alcaligenaceae (n=1, 0.8 %) 

and Sanguibacteraceae (n=1, 0.8 %) (Figure 6A). In Figure 6B a 

dendrogram showing the phylogenetic relationships of bacterial 



CHAPTER IV 

175 

strains isolated from the citrus carposphere and the type strains of the 

putative bacterial species identified by the BLASTN analysis is 

displayed. All the antagonistic strains isolated from the carposphere 

were further indagated to determine if they belonged to the core 

microbiome members. The analysis identified the bacterial strains that 

exhibited Ó98 % similarity to the core ASVs members present in the 

99.9 % of all samples obtained from amplicon sequencing data. 

Among these bacteria, 74 % (89 out from 120 strains) were found to 

be part of the defined core-citrus carposphere microbiome based on 

the assigned ASVs (Table S12). Bacterial strains corresponding to the 

ASVs found in the recognized core microbiome at the genus level 

included the genera Bacillus, Staphylococcus, Cupriavidus, Massilia, 

Enterobacter, Erwinia, Pantoea, Curtobacterium, Sanguibacter, 

Frigoribacterium, Paenarthrobacter, Pseudomonas, Sphingomonas, 

that have been associated with different species (Table S12). As a 

results, it is possible now to compare both sequences (isolate vs ASVs) 

and associate cultivable microbes in the collection with specific ASVs. 
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Figure 6. (A) Family distribution (%) of bacterial antagonistic strains isolated from 

citrus carposphere of three citrus accessions pooled together. (B) Phylogenetic tree 














































































































































































































































































