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rhizosphere and bulk soil. B, relative abundance ng#&l 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@band 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, Pvalue<0.05; ns=not significant at-vRlue<0.05; Oneway
ANOVA foll owed by Tukeyébés multiple c
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 usingd 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

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 profil es-yalusvd.05hThg npdes aBdthe6 5 a1
edges represent microbial ASVs and the correlations among them. Each node
was coloured according to the phylum taxonomic léved é é é .é ..259

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 sfgrant difference among
rootstocks, Rralue<0.05; Onavay 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) dasse
based on 16S and ITS amplicon data in samples from different rootstocks.
CC, Carrizo citrange; OT, Ortanique tangor; RL, Rangpur lime; SC, Swingle
citrumelo; TO, Trifoliate orange; TC, Troyer Citrardgé é é é é . ....261

Figure 4. Relative abundance of the most abundant (top 60) bacterial (A) and
fungal (B) genera in the root across locations. Genera signed with * were the
core citrus root microbiome, based on the presence rate >75 % across all
samples. The colour from blue to regpresents a relative abundance of each
taxon from low to high. Scale, relative abundance (RA) of genus at row
normalization of observed reads by Le¢x+1). AU Australia, BR Brazil,

CN China, FR French Réunion island, IT Italy, OM Oman, SP Sp#h
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United Stateséééeéeééééééééce 264
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
Figure S1 Alpha diversity comparison between root and corresponding
rhizosphere and bulk soil witin each location based on Shannon index using
16S (A) and ITS (B) data; * indicate significant difference wittHocation;

ns= not significant, p-value<0.05. Onavay ANOVA followed by Fisher's
least significant difference (LSD) testORoot (red), RH rhizosphere (green),

BS bulk soil (blue). AU Australia, BR Brazil, CN China, FR French Réunion
island, IT Italy, OM Oman, SA South Africa, SP Spain, US United
State¢ € ¢ 6 éeéécéécéeéécéécéecéecée .é.29
Figure S2 Alpha diversity and taxonomic comparison of rhizosphere
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 icalie significant difference among
rootstocks, Rralue<0.05; Oneavay 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 {riciasses
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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Research ghlights

Control of Colletotrichumspp. andAlternaria alternata citrus
pathogenswith biological products alternative to copper was the
main general objective

Basic substances, plant extracts, and their mixtures, demodstrate
antifungal activity bothn vitro andin vivotrials

A Alternative products werestedn threeSiciliancitrus orchards on
sweet orange c¢clones (6Tarocco S
| emon clone (6 Femmi n éot twothreBi r ac u
consecutive growing seasons

A Alternative treatmenissingly or in combination, were effective
against the diseases asftbwedcomparable obetterefficacy than
coppetrbased products

Results indicatethe potential of their largecale usas a ready
to-use substitute to traditional copgmased formulations

A The mmposition and structure of citrus fruit microbiome was
investigated

Copper treatmentseducel richness and diversitpf bacterial
community of carpospheric citrus microbiome

A Alternative productsinduced minimal or no depletion on
carpospheric microbial communities

Core members comprised bacterial genera widely reported as plant
beneficials

A The integration of highthroughput sequencing with cultivable
dependent techniquesas demonstrated agpowerful approach to
elucidate the potential of microbiome members

Microbiome analysesas a complementary tool to enhance
traditional biological control strategies

A An advancement of the current knowledge on the citrus fruit
microbiomewasachieved
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A Selected antagonistic bacterial strains emedgas promising
biological controlagents apart ofcore members

A 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 cultivationrepresents one of the most important industries
worldwide, withthe Mediterranean countries serving as major citrus
producers Colletotrichum spp. andAlternaria alternata currently
pose threats to Mediterraneaitriculture, causing severe preharvest
fruit symptoms of anthracnose and Alternaria brown spot respectively,
and leading to substantial economic losses. The managefhtbate
pathogens is increasingly problematic, particularly in organic citrus
orchards where disease management largely relieth@ruse of
copperbased antimicrobials. With limitations in the use of Cu
compounds imposed by the European Commission, due to the
demonstrated noxious effects on environmeiternative control
strategies are needethis need is particularlgmphasized iicilian
citrus farming, which holds a prominent position in organic production
worldwide. Consequently, the research faustainablestrategies is
highly advocated, and should explarailtiple possibilitiessuch as
alternative formulations or the iastigation andoromotion ofthe
beneficial membersf the fruit microbiome.

In this context, the multidisciplinary research activitieghaf
Ph.D. thesis focuedon: (i) identifying alternativebiological products
able to reduce or phase oabpperbase antimicrobials in citrus
farming (ii) evaluatingheeffectivenessf alternativgproductsacross
different citrusorchards in pluriannual triglgiii) understanding the
microbial composition of citrugruit carpospheredelineating core
members, and elucidating theneficialcomponent(iv) assessing the
impactof alternative and coppdreatmentn the fruit microbiomg
(v) establishing a collection dfacterial straingith antagonistic traits
belonging to the core microbionusing an intgrated and innovative
approach Overall, the obtained resultprovide evidence of the
effectiveness and sustainability of alternative produktternative
products emerge as promising substituteed copperbased
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antimicrobials in managing citrdsngal diseasef®r a largescale use
and aspromotersof a beneficial fruit microbiomeFurthermore, key
information on the microbiome composition of citrus fruit carposphere
were uncovered, widening its limitéschowledge An innovative and
integrative study approacts proposedby integrating cultivable
dependent and cultivabladependent toolas an effective methdd
elucidate microbiome potential in disease management strategies
Finally, a collection ohigh-specializedbiological control agents is
available for future research.

Keywaords: Citrus sinensisC. limor Colletotrichumspp.;Alternaria
spp.; biological control; organic agriculture; coppdternative
products;anti-fungal activity;field management; citrus microbiome;
citrus carposphere microbiome; biological control agents, etious
membersamplicon sequencing; culturomics; beneficial bacteria.
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Riassunto

L6 a g r u mirappresenta wndei piu importanti settori agricoi
livello mondiale, e Paesi del bacino déflediterrane svolgono un
ruolo chiavenella produzione global@i agrumi Colletotrichumspp.

e Alternaria alternata rappresentanouna minaccia per la
agrumicolturamediterraneajn quanto in grado di causare, gia in
campo in preraccolta, gravi sintomi di antracnosi e maculatura bruna
sui frutti, determinando consistenti perdite economiche. La gestione
di questi patogeni € sempre piu problematica, soprattutto negli
agrumeti biologici, dove il controllo delle malattie si basa ampiamente
sull'uso di antimicroigi a base di rame. Con le restrizioni nell'uso di
compostidi rameimposte dalla Commissione Europea, a causa dei
dimostrati effetti nocivi sull'ambienté, sempre piu urgente la ricerca

e validazione di strategie di controllo alternati@iesta necessita
particolarmenteirgentenellaagrumicolturssiciliana, che occupa una
posizione di rilievo nella produzione biologica a livello mondigle.
conseguenza, la ricerca di strategie sostenibili & fortemente auspicata
e dovrebbe esplorare molteplici poskiaj 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 attivita di ricerca multidisciplinari di
guesta tesi di dottorato si soooncentrateulla (i) identificazione di
prodotti biologici alternativi in grado di ridurre o sostituire gli
antimicrobici a base di rame nella coltivazione degli agrumi; (ii)
valutazione dellaefficacia di tali prodotti in diversi agrumeti
attraverso prove pluriennali; (iigomprensione diel composizione
microbica del frutto di agrumi, delineando i memlmore ed
evidenziandda componente benefic (iv) valutazionedel'impatto
dei trattamenti alternativi e a base di rame sul microbiontia de
carposfea degli agrumj (v) costruzione duna collezione di ceppi
batterici con tratti antagonisti appartenenti al microbioomae
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mediante un approccio integrato e innovativo. Nel complesso, i
risultati ottenuti forniscono prowdell'efficacia e della sostenibilita 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
beneficadel frutta Inoltre, sono stativelateimportantiinformazioni
sulla composizione del microbioma della carposfera del frutto di
agrumi, ampliando la lindta conoscenza in questo ambito. Si
propone un innovativo ed integrato approccio di studio, che integra
strumenti dipendenti e indipendenti dalla coltugaale metodo
efficace per elucidare il potenziale del microbioma nelle strategie di
gestionditosanitaria Infine, & disponibile una collezione di agenti di
biocontrolloaltamente specializzati per future ricerche.

Parole chiave Citrus sinensis C. limon Colletotrichum spp.;
Alternaria spp.; controllo biologico; agricoltura biologica;prodotti
alternativi al rame; attivita antifungina; difesa fitosanitaria;
microbioma degli agrumiarposfera degli agrumagenti di controllo
biologico; membri core degli agrumi;amplificazione genica;
culturomica;batteri benefici
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Aim of the thesis

The presenPh. D.thesis aimgo providenovel advancementa the
development of effective, sustainable, and innovative tools and
methodologieso managenthracnose and Alternaria brown spot of
fruit caused byColletotrichumspp. andAlternaria alternataaffecting
citrus crops in Sicily (ltaly).The control of these pathogens is
increasingly problematic, particularly in organic citrus orchards,
where disease management largely relies on the use of dugogent
antimicrobials Thus, research activities were firstly focused on the
identification and validation of &rnative copper produgtsuch as
basic substances, plant extract and biological control ggeiusly
reported as the most promising alternatives to replace copper in
disease managemewdditionally, recognizing the fruit microbiome

as a keyelementin improving biological control strategies and
considering thdimited informationavailable onts composition, the
research was then focused on the compositionoaritheimpact of
alternative and copper products on the microbiome richness and
diversity of fruit carposphereWithin this framework, the main
research activities were focused ¢i):identification of alternative
biological products able to reduce or phase out cepase
antimicrobials in citrus farming(ii) evaluation of the efficacy of
alternatives products in different citrus orchards in pluriannual trials;
(i) knowledge of microbial composition of citrusasposphere
delineating core members, and elucidating the beneficial component;
(iv) examination of the impact of alternative and peptreatments on

the fruit microbiome; (v) collection of bacterial strains with
antagonistic traits belonging to the core microbiome utilizing both
cultivabledependent andultivableindependenapproaches.
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Thesisoutlines

CHAPTER I: General Introduction

This chapter introduces thmportanceof citrus farming, particularly
focusing on citrus cultivation in Sicil{italy), characterizedy the
production of high-quality cultivars. It highlights recent fungal
diseases threatenimitrus production, focusing ofruit anthracnose,
caused byColletotrichumspp. and Alternaria brown spot, caused by
Alternaria alternatg recently reported as emerging fungal pathogens
on citrus in the Mediterranean am@ad in Sicily as well.The control

of these pathogens is fmlematic, particularly in organic orchards
where disease management largely relies on the use of dugogen
antimicrobials With limitations in the use of Cocompounds imposed
by the European Commission, due to the demonstrated noxious effects
on environmenthe need to find sustainable control strategies that can
replace copper is underlineBasic substances, plant extracts and
biological control agentseepresenthe most promising alternatives to
replace Cicompounds Additionally, the chapter emphasized the
emerging role of the fruinicrobiome in enhancing biological control
strategies, highlighting its beneficial role in plésalth andlisease
managemetn Consideringhe limited knowledge on the composition
and role of the citrus fruit microbiome, its understanding is strongly
recommendedinnovative approaches amescribedas a possible
strategyto unveil key membersto be used as highly specialized
biological control agentsLastly, uncovering the impact of the
agricultural practices is alssuggesteds a strategies to improve the
presence of beneficial microbiome members.
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CHAPTER II: Assessing CopperAlternative 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 copakernative
products to be used for the controdlletotrichumspp., causal agent

of citrus fruit anthracnos@he study evaluated the efficacy of several
commercially available alternative products throumglvitro, growth
chamber, opefiield and postharvest assessments. Mineral fertilizers,
basic substances, essential oils, plant defense stimulators and
biological control agents were evaluated. The chapter concludes by
highlighting the potemal of the best alternative products as viable
substitutes of copper compounds, considering the limitations on its
use.

CHAPTER Ill:  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 thre&icilian citrus orchards on sweet orange clones
(6Tarocco Scir > ed and O6Tarocco Ta
Si racusano -threekcB8ecutiie growing seasons against
natural infections caused Iyolletotrichumand Alternaria species
Results revealed that alternative products significantly reduced
incidence and severity of both sdiases, with efficacy often
comparable to or better than copper. A bermdfigt 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 afiative products.
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CHAPTER IV: Exploring the Carpospheric Microbiome
Composition in Diverse Citrus Accessions: Implications of Field
Treatments (Biological and Copper products) onCommunity
Structure and Selection of Biological Control Agents Associated
with Core Members

Based on Lombardo at., in preparationfor submission

Consideringthe recent implicationsf fruit microbiome as a keto
enhance biological control strategies, this chapter advanced
comprehensionrothe citrus fruit microbiomend on the impact of
alternative field treatmentd-urthermore, it provid® compelling
evidence that biological productsould serve asmaintainers of
beneficialmicrobiomememberscontrasting with theegativeimpact
observed with copper treatment® microbial communitiesOur
results further suppat the functional role attributed to the core
microbiome Moreover the integration oBmplicon sequencing with
culturomicswas demonstrated to bepowerful approach to elucidate
microbiomepotential in disease management strategies.

CHAPTER V: General Discussion and Conclusions

A concluding chapter regards the results obtained in the research
activities involved in thePh. D. thesis, with special attention to
potential future studies. The development of microbial consortia
derived from carefully selected cebbeneficial microorganisms and
their potential synergistic application with copadternative products

is proposed as a promigimpproach for futureesearch

APPENDIX: Assembly Cues and Core Members of the Citrus
Root Microbiota at the Global Scale

Based on Lombardo et alsubmitted @ Phytobiomes Journal
PBIOMES02-24-0016R
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This appendix presemthe researchproject conducted during my
visiting research activity aCitrus Research and Education Center
(CREC), Department of Microbiology and Cell Science, Institute of
Food and Agricultural Sciences (IFAS), University of Floridader
the supervision of Professor Nian Wang.

In this study, an investigation of the root microbiome is
conductedon a global scaleghrougha dataset that involves major
citrus-producing countries. The composition and diversity of the root
compartmerg, characterized by a highly specialized and niche
adapted community, isxplored,and compared to theorresponding
soil and rhizosphere to understand plant selection and microbial shifts.
Core members and their beneficial traits are revealed, enabling the
identification of highly specialized microorganis in a global scale.
The role of citrusgenotypeon microbiome assemblage also
investigated.

ANNEX: Scientific Curriculum

The annex includes the Scientifiwrriculumand provides detailed
account of the scientific activities, along with the academic and
research achievements

XXX
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CHAPTER |

1 General Introduction
1.1 Citrus Production in ltaly

Citrus holds a significant place in global agricultwemresenting 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, mineralnd dietary fiber that are
essential for overall nutritional wetleing (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 othephgducts.
The irterest in citrus continues to increase due to its numerous health
benefits, including its nutraceutical value and medicinal properties
(Ben Hsouna et al., 2023).

The genu<£itrusincludes several cultivategpeciegGentile 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 awggapefruits (FAO, 2021). The

worl dés top citrus producing cou

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 Chinarf fruit productionand are the larger
exporter of citrus accounting for about@&®f the world's fresh citrus
trade (FAOSTAT, 202). In the Mediterranean basithe dtrus
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, Z)2Additionally, Italy is
the leading producer country for organic citrus farming globally, with
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over 31.000 ha of organdaitrus arealedicated (Sinab, 2022jhanks

to the favorable combination of soil and climate factors, a significant
portion of Italy's citrus productiois localizedin Sicily, accounting

for approximately 586 of sweet orange and &b of lemon Italian
production [stat, 203), and with a wide panorama of varieti@he

best quality of the Sicilian citrus supply is represented by the
production of pigmented (fAbl oodo)

Sicilian blood oranges are a good source of fiber, vitamin C, and
antioxidants (Grosso et al., 2013hey have been shown to offer
severalhealth benefits, reducing the risk of hedigease and cancer,
improving eye health, and boosting immunitiyv (et al., 2015).
Among all the I tal i a,nwithbit sewedal or an
clones, is the mostidely cultivated cultivar in eastern Sicjlin the
area between the provinces of Catania, Enna and Syracuse, in the
southern and southwestern regiafisMount Etna In recognition of
exceptional and unique quality characters 6 T a r ohas beén
recognized asProtected Geographical Indication (PGi#\rancia
Rossa di Sicilia 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 O0Femminell o6, 6Monachell o6 and
region's unique combination of soil and climatic conditions, which
facilitate the productiorof citrus fruits of exceptional quality. In
particul ar, | emon OFemmi nel |l o Si |
cultivar cultivated in Sicily, which is known for its high juice content,
intense aroma, and low aciditgnd thathas obtained thd”Gl
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 citpreducing 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
climatechange All these unique aspects of Sicilian citrus cultivation
constitute an integral part of the region's sagitiural heritage. It is
crucial to preserve and promote this exclusivity, especially in the face
of emerging challenges such as climate changehndrie 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 a
importantrole in global tradelanggut, 201). The unique climate of

the Mediterranearegions characterized by mild, wet winters and hot,
dry summers, creates ideal conditions for cultivating -ajgality
citrus varieties Gentile et al., 2020 Oranges, lemons, grapefruits,
and other citrus fruits thrive in thisreironment, forming a significant
part of the region's agricultural landscape.

A broad range of fungand bacteriabpecies causes diseases
affecting roots, foliagefruit, and wood worldwide where€itrus
speciesare cultivatedthus limitingcitrus productivity in the field and
the commercial life of fruiduring postharvestlt is worth to mention
that some critical citrus disease, such as citrus canker, citrus variegated
chlorosis (CVC), Huanglongbing (HLB)r citrus black spot (CBS),
which have generated great economic impacts for the global citrus
industry Barbieri et al., 20283 are not affecting the Mediterranean
cultivationor have a restricted distribution (EPPO, 2023).

Nowadays major endemic and emerging diseases of citrus
reported in Mediterranean citrugroves that are causing major
concerns for citrus growers are fungal dised&d®mnchouch et al.,
2017. Noteworthy among them arendemicpahogens, including
citrus Mal Secco disease caused by the mitosporic fuPlga®domus
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tracheiphilus (Licciardello et al., 2006) Phytophthora diseases,
caused by soilborne speciesRifytophthorag(Cacciola and Magnano
di San Lio, 2008 bleeding cankers, attributedBotryosphaeriaceae
PhomopsiDiaporthe (Bezzerra et al., 2021Additionally, fruit and
foliage diseasesontribute to the complexity of the challenges faced
by citrus growersand includéAlternaria brown spot (ABS) caused by
A. alternata(Garganese et al., 201.®ostbloom fruit drop (PFD) and
fruit anthracnose caused yolletotrichum species(Vitale et al.,
2021), and greasy spot caused Bgsmidiumcitri (Z. citri)-griseum
(sexual morpiMycosphaerellaitri) (AguileraCogley et al., 2017).

Fruit and foliagefungal 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
charactézed 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 diseaseshsas ABS and fruit
anthracnos€Aiello et al., 2015; Vitale et al., 2021 his has been
probablyfavoredby documented climate changegsentlyoccurring
in the Mediterranearregions. 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 yeeent
(Lionello et al., 2011 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 infecti(ielad and Pertot, 2014)

In this regard,infections caused byColletotrichum and
Alternaria species have been in the last decade reported as emerging
fungal pathogens on citrus on Mediterranean basin, including Sicilian
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areas, resufg in significant reductions in quality and marketable

yield of high quality citrus cultivars such as 6Taro
60 F e mmi qulévars (Witale et al., 2021} 0uld be considered as a
possible consequence of climate change

1.2.1 ColletotrichumSpecies Causing Anthracnase Citrus Fruit

Colletotrichumis 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., 20C®)letotrichum
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 ¢ the taxononical, morphological, and biological
diversity, coupled with its capacity to initiate latent or inactive
preharvest infections (De Silva et al., 2017). M&ulletotrichum
species can be latent plant pathogens, able to switch their behaviour
from endophytesgepiphytes,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 fo
infection are from 10 to 12 hours of leaf wetness and temperatures
ranging between 24 and 28 (da Silva and Michereff, 2013).

The most important species are members of e
gloeosporioides C. acutatum C. boninenseand C. truncatum
complexes. These speciegdlletotrichumspp. have been associated
worldwide with several citrus diseases (Timmer et al., 2000
including postbloom fruit drop (PFD) on sweet orange, key lime
anthracnose (KLA) on lime and withép, 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 ag€htgloeosporioideéPenz.) Penz.

& Sacc., have been treated for decades as postharvest pati@ggns
recentlyC. gloeosporioideandC. karstiYou L., Yang, Zuo Y. Lim,

K. D. Hy de (&ardtiio) CaYaf@asetdo al ., 201
associated to a broad variety of preharvest symptoms, including heavy
anthracnose on leaves and fruit, fruit drop, twig dieback and
defoliation on sever al citrus ac:¢
(Aiello et al., 2A5), heavily compromising the producticbverall

C. gloeosporioides ah C. karsti severely impacted commercial
orchardsin the main citrugproducing regions of the Mediterranean

basin, such as ltaly, 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 agtbiTa

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 s¢eh of fruit cauimg 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 mostitical stage of the disease is when the
fruit starts to ripen. In fact, the advanced ripening, the decline of the
antifungal compounds such as polyphenaols, phytoalexins and other
fungitoxic substances, changes in pH and organic compounds (Prusky
et al., D13), associated with environmental favourable conditions,
accelerate to fruiting stage of the fungus and the symptoms
devel opment (De Silva et al., 201
since Colletotrichum species could determine latent infections,
anthracnose symptontaay appear in apparently healthy fruit during
storagetherebycompromising shelfife and market value.

On the basis of high incidence of symptoms in field and in
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postharvest conditions, anthrachose causeddl{etotrichumspp.

can be consider an emerging disease and a serious limiting factor in
sweet orange production historically established in Sicily such as the
6Taroccod blood oranges. I n addit
has been suggested as an additional siiseamplex 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 genuAlternariais widely and abundantly disseminated in
the environment (atmosphere, soil, seeds, and agricultural produce)
(Logrieco et al., 2003 It comprises numerous saprophytic,
endophytic, andpathogenic species, causing -pend postharvest
diseases of cereals, fruit, and vegetablesr(coseRojas et al., 2004
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
tangerinesCitrus reticulatg and their hybrids, whereas satsun@s (
unshiy and clementine<], clementinaseem resistant at some extent
(Reis et al., 2007). Theausal agent is a pathotype Af alternata
(Atangerine pathotypeo) which is
areas but also in areagth a Mediterranean climate, characterized by
cool, humid winters and hot, arid summers (Bassimba et al., 2014).
ABS is mainly caused by. alternata (Fr.) Keissl., even ifA.
arborescensE.G. Simmons has been occasionally recovered from
symptomatic fruit (Aiello et al., 2020; Garganese et al., 2016).

ABS wasinitially identified in Queensland, Australia, in 1903
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A

onbEmperord mandarin. Presently, t
citrus-growing regions such as Argentina, Brazil, China, Colombia,
Cuba, Florida and Peru. Additionally, the pathogen caused severe
epidemics in sermarid areas, including Israel, Spairmalit, Greece,
Turkey, Iran, and South AfricaBélla et al., 2001; Elena, 2006; Isla,
1992; Marin et al., 2007; Peever et al., 2003; Peres et al)).2008e
Mediterranean area, the disease has been mainly affecting the late
mat uri ng mandaruinre 6 h yamrdincddgNeo @FRADr (
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 byarm temperatures and prolonged
wetnesgTroncoseRojaset al., 2014). Pathogexttacks young leaves,
twigs, and fruit, causing brown to black spots surrounded by a yellow
halo It produces a hostpecific toxin named ACToxin (ACTT),
which induces necrotic lesions on fruit and young ledodlswed by
defoliation and fruit drop in susceptible citrus genotyfiésrganese

et al., 201%. 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®27°C and8-12h of wetness optimal for infection,
significant losss might occur in terms of both yield and marketability

of fruit of susceptible cultivar6Akimitsu et al., 2003Timmer et al.,
1998.

In Europe,ABS it has been reported in Spain (Vicent et al.,
2000), Italy (Garganese et &016), and Greece (Eler2006). More
recently, ABS has been described as responsible for depressed brown
to black lesions on ripe and unripeanges and lemofruits, 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 fruiln detail, a recentenyear surveyin
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Catania, Syracuse and Palermo provimepsrted ABS symptoms on
leaves and fruit in a broad range of orange and lemon cl@res.
immature fruit, symptoms included slightigpressed brown to black
lesions surrounded by yellow halo are@n mature fruit, svere
infections presentedlesions ranging from small specksto large
pockmarks on the fruit surfacén some instancedruit formed a
barrierof corky tissue erupting from the surfaaehich,in the later
stage of the infectiorgould fall out forming caters In addition,in

| emon clone O6Femminell o Siracusan
susceptible clone of lemon and gummosis orfriliies were observed
(Vitale et al., 2021) Additionally, the genus has been reportsi
integral part of citrus microbiome, presenting both pathogenic and
nonpathogenic strainBassimba et al., 2014; Zhang et al., 2021a

1.3 Control Stategies for Colletotrichum and Alternaria
disease in Italy and th€ontroversialUse ofCopper

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 fieldColletotrichumandAlternariaspecies, typically
found as common saprophytes on citrus leaves or fruit, exemplify this
behaviour on lemon and orange citrus hosts (De Silva et al., 2017;
TroncoseRojas et al.,, 2014). They can adapt their lifestyle and
become aggressive pathogens in dumive 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; TroRcoso
Rojas et al., 2014Hence, givenhe wide diffusion othese pathogens
and severe epidemicén citrus orchardsit 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; Troncdgojas et al., 2014). The two
diseases are more severe on trees with dense canopy and copious
spring vegetation, as causal agents better sposutettly on young
leaves and with high relative humidity (da Silva et al., 2013; Timmer
et al.,, 2000). As a consequence, Colletotrichum and Alternaria
disease are favoured by intensive plantings and high amounts of
nitrogen fertilizers. Cultural practicesyhich 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, limitingthe spread of spores and minimizing the overall
disease pressure within the orchard (Dowling et al., 2020; Trohcoso
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 pressuce 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 he 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 esttnely dependent on the proper
synchrony between spray timing and infection periods in each region.
Therefore, sitespecific epidemiological knowledge of the disease is
critical to develop efficient fungicide schedules (Bassimba et al.,
2014; De Goes et ak008; SilvaJunior 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 climatiditons
encountered in the field might be particularly useful as suggésted
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both pathogen@Bassimba et al., 2014; Bhatia et al., 20P8res et al.,
2002).

Comprehensively, chemical managementstdl the main
strategy to control Colletotrichum and Alternaria diseagestus,
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 productionin Italy (Fitogest, 2023a; 2023bUnfortunately,
active ingredients fludioxonil and pyraclostrobin leads to harmful and
hazardous consequences for human and environnesgtth and to
the occurrence oWidespread resistance phaenoméAsenot and
Mi chailides, 2015; tayeér et al
al., 2021; Lee et al., 2019; Yang et al., 2018)sdiscouraging their
futureapplications

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 gtaia against
microbial diseases (Lamichhane et al., 20T8)s is mainly due to the
many positive attributes of Gantimicrobials, including the broad
spectrum of activityrelatively high toxicity to plant pathogens, low
cost, chemical stability, prolged residuakffects,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 importanttgdmi
especially in the European Union (Katsoulas et al., 020

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 useto 8 kg/halyear until 2005which was
subsequently reduced 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 accoustthe recent evolution in legislation related
to the use of Cu in organic farming, additional restrictions are expected
in the near futuren the maximum quantity of coppénat can be
utilized. Within this framework, the management of citrus anthracnose
and ABS results particularlghallengingin presence of favourable
conditions for the pathogens (Timmer, 1998; De Silva et al., 2017;
Riolo et al., 2021), and the number of neededtr€atments may
easily result in an overcome of recormded 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
Productionin Europe

Replacing coppebased products with less harmful alternatives
plant disease control poses a multifaceted challenge. This is mainly
due to the numerous positive aspects associated withcopper
compoundsincluding the broad spectrum activitAdditionally, the

lack of robust and scientifically proven alternatives further
complicates theeplacemen{Lamichhane et al., 20)18Nonetheless,

the growing demand to restrict the annual amount of Cu sprayed in
agriculture has encouraged research efforts to rethueecopper
compounds dependence in control strategies. To date, several
alternative formulations to Cproducts demonstrated effectiveness
against various plant diseases, showing promise for fappkécations

(La Torre et al., 2018However, 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 fBald 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 affoatble 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, coffectiveness, 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 amagngwers in

adopting alternativesToffolatti et al., 2023).

Alternative substances that may represent a substitute to copper
are included in Annex Il 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 modex action within three primary
categories:

A direct mode of actionformulates that act directly against
pathogens, inhibiting their growth, reproduction, or essential
metabolic processegirectly acting on the structure or vital
processes of the pathogens

A indirect mode of actiofiormulates 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

A mixed mode of actiorformulates may combine both direct and
indirect modes of action. These work synergistically, providing
broader and more comprehensive defense against pathogens

To date, mny studies focused on identifying natural derivative
molecules to replace copper or reduce its dosage, through their use
alternately or in combination with coppé&ia(Torreet al., 2018 Good
results have been achieved, although investigations need to be
continued to foster the use in agricultural practice of the most
promising substancesgmichhane et al., 20)8In particular, BSs
plant extracts and BCAs are the most promising alternatives to copper
compounds in a shaerm (Lamichhane el.a2018).

The natural biopolymer chitosan, considered -toxic to
humans or animals, biodegradable and recognized as generally
recognized as safe (GRAS) by the U.S. Food and Drug
Administration (FDA)(HerreraGonzalez et al., 202Palou et al.,
2016, has shown a great potential as an antifungal preservative,
proving to control numerous prand postharvest fungal diseases on
several vegetables and fruits craygluding citrus Palou et al., 2016;
Panebianco et al., 201&Rajestary et al., 202(Romanazzi et al.,
2003. Chitosan has a triple mechanism of action: a direct fungicidal
activity, an indirect activity as elicitor of response mechanigms
plants, and filmforming properties (Ali et al., 2013; Romanazzi et al.,
2018).Microscopical observations indicated that chitosan has a direct
effect on the morphology of chitoséieated microorganism reflecting
its fungistatic or fungicidal potential by inducing structural alterations
and molecular disorganization of fungal c€Ast Barka et al., 2004
It is believed that the polycationic nature of this compound is the key
to its antifungalproperties (Hirano and Nagao, 1989). An additional
explanation includes the possible effect that chitosan might have on
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the synthesis of certain fungahzymes BautistaBaros 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 ammonialyasB@manazzi et al., 2002¢hitinase
and -1,B8 glucanase, peroxidase, polyphenoloxidase, phenolic
compounds, flavonoid and ligninzéng et al., 2010). Moreover
chitosan forms a semi permeable barrier on the surface of the treated
area that inhibits the entry of a mber of pathogenic fungi
(Devlieghere et al., 2004ue 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 |IBsthéa
et al., 2003).

Essential oils (EOs) may represent one of the most promising
basic substance for the inhibition of phytopathogenic fuNgizgaro
et al., 2017).These active compounds are characterized by their
biodegradability and are also recognized as GRAS8rek and
Stintzing, 2013)EOs ar e pl ant 6s secondary
plant defense mechanism, and many of them were demonstrated to
possess both an elicitor effect on plants and a stronefusgal
activity (HerreraGonzéalez, 2021 and thoseactivities has been
widely studied in a broad spectrum of fungal pathogens (Bakkali et al.,
2008; De Cletk 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 Clak et al., 2020 Raveau et al., 2020Among
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 diffateompounds (Deba et al.,
2008), resulting in low possibility for fungal pathogens to develop
resistance Bakkali et al.,2008, da Costa Gongalves et al., 2021).
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Someauthors suggested that the flavonoids play a contributing role in
antifungal activity of CEO¢Del Rio et al., 1998} owever, authors
tend also to attribute the antifungal function to the presence of the
volatile compounds of CEf) mainly terpenoids, especially
monoterpenes and sesquiterpenes (Rodov et al., 1995; Caccioni et al.,
1998;Tao et al., 2009), artteir suggested mechanisms of action have
been reviewedJfng et al., 2014)The antifungal activity of CEOs in
inhibiting the mycelial growtln vitro of several fungal pathogens has
been extensively demonstrated literature (Jing et al.2014),
confirming its broaespectrum activity including against citrus
pathogens, such &enicillium digitatum(Caccioni et al1998; Tao et

al., 2014),P. italicum (Caccioni et al., 1998 Alternaria alternata
(Chutia et al.2009; Phillips et al., 2018ingh et al., 2010 Fusarium
oxysporum(Chutia et al., 2009)%. gloeosporioidegAlmadaRuiz et

al., 2003).

As possible alternatives to copper compounBguisetum
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 Directdbateeral
for Health and Food Safety for use as plant protection produags. T
plant E. arvensel. (Equisetaceae, subgenHsguisetuny, is a welt
known and widespread pteridophyte distributed in the northern
hemisphereEquisetumis known as having a preventive effect on
fungal diseases of plants, attributable to the high percemtfagjlica
(Si) (GarciaGaytanet al., 2019; Trebbet 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 natureEofarvense
could be suggested, given its high concentration of flavonoids and
phenols (Llamazares De Miguel, 2QZ2llag et al., 2016 here are
few references in literature regarding the use and efficack. of
arvense Among tlem, E. arvensewas shown to control diseases
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caused byPlasmopara viticola(Dagostinet al., 2011), Venturia
inaequalis (Kowalska et al.,, 2011), Phytophthora infestans
(Nechwatal and Zellner, 201&ndA. solani(Wszelaki and Miller,
2005).A recent work Trebbiet al.,2020) wasaimed at investigating
the pathogertontrol potential ofE. arvensecompared to Cu in
agricultural fieldgrown cultivations offriticum turgidumssp.durum
and Solanum lycopersicurh. over a threg/ear period. The results
demonstrated the efficacy of horsetail macerate afsg@ualternative
for late blight management of tomato in organic agriculture,
concurrently resulting in increased vyield. Importantly, the use of
equiseturrbasedoroducts is authorized in citrusop.

BCAs may also be used as a valid alternative to reduce copper
use Pagostin 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 oureobasidium pullulanBSM 14940 and 14941 (registered
in EU, Canada, and the USMantoea agglomerars9-1 (registered
in Canada and the USA), agglomeran&325 (registred in Canada),

P. agglomerang10c (registered in New Zealand), dskudomonas
fluorescensA506 (registered in the USA), available for fire blight
control in pome fruitsPseudomonas rhodesi&Al -0804 is available

in Japan forP. syringaecontrol in plum. MoreoverBacillusbased
biocontrol products are widely applied in citrus crop worldwidiegn

et al., 2020)Bacillusis a grampositive microorganism with a high
potential for biological control because of its natural ability to form
heatresistant endospores, which allows its survival at high
temperatures, and to remain dormant for long periods of time (Klein
et al., 201§ thus,Bacilluscan be easily formulated and stored with a
higher sheHife. Among themBacillus amyloliquefacien§former
subtili strain QST 713 is listed as an active substance under
regulation (EC) 1107/200%nd 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 fruiB. amyloliquefacienQST 713have
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 plathpgens. Several studies
with B. amyloliquefacienshowed efficacy under field conditions in
controlling postbloom frit drop (PFD) Kupper et al., 2012; Kleiet
al., 2013),and a based formulation was recently develdp@ein et
al., 2016.

An emerging option involves the use of blends of alternative
products with the aim of enhancing their efficacy (Lahgaba et
al., 2021). In fact, considering that an enhanced antifungal activity
generally results from the formation of conjugate compl&etaeen
chitosan and other substances of natural origin (Bixdndn 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 literatithe synergistic effect
of chitosan employed in combination with essential oil, instead of the
standalone basic substance, in reducing the anthracnose of fruit has
been evidenced (Grand®var et al., 2018; Lima Oliveira et al., 2018;
PeraltaRuiz 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 oil ds <co
fungal cell structure (Elsabee and Abdou, 2013). Still, the disturbing
effects of chitosan on fungal celrgtture may increase the partition
of the essential oil s6 constituen
on target structures (Athayde et al., 2016; Dos Santos et al., 2012).
Moreover, the enhanced effect of chitoganarvensemixtures was
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evidenced by Langhomba 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 ofBotryosphaeriaceaespp., 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 again@t gloeosporioidesand A.
alternatg there is a lack of research evaluating the use of these
alternatives for controlling anthracnoseA®S 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 citrusnféng.

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 plaritrobiome (Compant et al.,
2019). The plant microbiome, also known as the phytobiome, refers to
the characteristic microbial community that occupies a-defined
habitat with distinct physighemical properties in and aroupthnt
tissues. It encompasses the microorganisms involved and their theatre
of activity, including the endosphere (inside plant tissues) and the
episphere (outside plant tissueBgLg 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 plafitness(Compant et al., 2019).
These microbial community members, partly under the control of the
host's genetics,fiectively represent the plant's extended genome,
demonstrating heritability through acquisition ands|@&fridi 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 “andenkoornhuyse 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 practice§Schlechter et al., 2019).
Consequentlythe concept of ensuring the preservation of beneficial
microbiome throughout appropriate agricultusttategiesas gained
prominence for sustainable agricultu@mpant et al., 201BDroby
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 productivigu{garelli 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 nobial taxa that are crucial for plant
fithness and are established through evolutionary mechanisms of
selection and enrichment of microbial taxa containing essential
functional genes for the plantigalth (Neu et al., 2021; Risely, 2020).
Thus, understanding the role and composition of the inhabiting
microbiome members and how to exploit their beneficial functiaiss
been suggesteds akey 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 thesestudies characterizing highly
specialized microbes that contribute to plant health has become the
new frontier for cuttingedge agriculture (Zhang et al., 2021a). The
goal is to identify beneficial microorganisms closely associated with
the host that can be effiégvely 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 functionatraits, and core members could narrow this
search for target microbes (Lemanceau et al., 2017).

1.5.1 Integrating HighThroughput Sequencing and Culturomics as
an Efficient Approach to Study and Exploit Microbiome
Functiors

The two main approaches to study plant associated microbial
communities are culturdependent (higithroughput sequencing) and
cultureindependent (culturome) methods (Liu et al., 2021; Massart et
al., 2015).

The highthroughput sequencing (HTSulture independent
methods (amplicon sequencing, metagenome sequencing and
metatranscriptomic) allowo captureand analysehe full microbial
communityandare rapidly advancing. The most widely usedhis
ampliconsequencing(metabarcoding) method. With this method,
DNA extracted from a tissue or environmergamplecan be used to
identify all bacteria ofungi 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 isrobial presencéhrough nucleic acid analysighis
approach facilitates the evaluation of microbiome diversity using
Metagenomessembled genomes (MAGs) and the bootstrapping of
genome abundance data through recursive-meguping MAGSs
allow for finer taxonomic identification and gene information which
can be used to infeggenefunction. Metatranscriptomics, on the other
hand, is the set of techniques used to study gene expression of
microbes. Mtatranscriptomics can be used to study the diversity of
the active genes within such community, to quarthBir 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,
cultivationdependent techniques (culturomics) remain essential for
isolating culturable organisms from a given microbioBeldarelli et
al., 2013; Huanet al., 2023). Byntegrating 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 growapromotingisolates (Blacutt et al2020;Penyalver et
al., 2022. This integrated approach is particularly promising for the
development of microbderived formulations for commercial
purposes in the field of biocontr@ndrecently demonstrated in the
field of postharvest citrus disease managerfdng et al., 2023)in
this context, a recent studBlacutt et al., 20203lesigned a pipeline
using a mixed approach to map th&robial community of leaf and
root of citrus. Simultaneously, citrassociatedultivable microbiota
was identified to build a repository of beneficiahicroorganisms,
exploring their potential as bioformulates againSandidatus
Liberibacter asiaticusQlLas). 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 unculturabldnculturablesnclude organisms that cannot
or are extremely difficult to grow vitro, which represent about 99
of the estimated total microbial diversitgs well as rare taxa that
remain undetected by culture techniqudselienberger, 2001
Consequently culture media bottlenecks can misrepresent the
community structure. However, as underlined, isofattommunity
members is necessarydbtainculturable microorganism and perform
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gnotobiotic (defined microbial community) experimenta. this
regard, pecific microbial culture collectionsidely availablecan be
further validated through laboratory and field observations to develop
highly hostspecialized synthetic communities (SynComs) aimed at
obtaining novel plant bioformulateSliayanthan et al., 2022).

In summary, the integration of advandddsS strategies with
culturomic approachesepresents a promising prospect fobetter
understanding and exploitation of microbial communities in plants,
revolutionising biological control strategies and thgecise
formulation of newbio products fomplant protection

1.5.2 Fruit Microbiome as a Key to Develop Innovative Biological
Control Strategies in Citrus Crop

The application of microorganisms carefully selected froncitias
root and leamicrobiome to improve plant health has shown promise
to controlcitrus pathogengBlacutt et al., 2020; Poveda et al., 2021,
Riera et al.,, 2017).Building upon this, e development of
bioinoculant from highly specialized core members of different citrus
compartments have been suggested (Zhang et al., 2021a)nignd
recentlyfew laboratory screening has been performed in citrus fruit,
seed and rhizosphere (Jing et al., 2@&yalver et al., 2022; Sinha
et al., 2023).

On the wholeit is crucial to note that the microbiome is still an
evolving field of research within certain plant compartmeantsl
needsfurther exploration. For example, the root compartments,
recognizing for their crucial role in plant health, have been extensively
studiedtargeting 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 investigationswere extended to unveil members
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associated with flowers, flush and leawdsitrus important forthe
contributions to tree vegetative and reproductive cycles (Wu et al.,
202Q Xi et al., 2023Xu et al., 2023 whereagitrus fruit microbiome

has received comparatively limitetkention. This is primarily due to

the difficulties associated with conducting highality microbiome
research in environments with low microbial abundances (Droby and
Wisniewski, 2018). The presence of a low andtable community is
primarily attributed to thehallenging 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 conditiommake 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 bactenmai, 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 arebeneficialto 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 losbe$ore and after harvesting
(Kusstatscher et al., 20RMHowever, he 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 ek a82016a).

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 Protedbacter
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Actinobacteria, Bacteroidetes, and Deinocoethermus (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 BCAdMoreover, a
variations in microbial composition following the application of
chemical fungicides during the postharvest phass highlighted
(Gomba et al., 2017)Accordingly, sudies on carposphere of apples
(Wasserman et al.,, 2019), grapes (Kecskeméti et al.,) 26
strawlerry (Abdelfattah et al., 2016Buggestd thatphytosanitary
treatmentscan beimportant factor in maintaining or disturbing
microbiome richness and diversitore recentlyKumar et al. (2021)
demonstrated that fungal community of mandarin surface was
dominated by Ascomycota, with the major gen@&adosporium
Ramularig PenicilliumandColletotrichum Bacterial commuity was
dominated by Proteobacteria, Actinobacteria, Bacteroides and
Firmicutes. At the class level, Alphaproteobacteria with genera
Sphyngomonaand Methylobacteriumwere predominant in freshly
harvested fruit. Also in this work, phytosanitary treatments
representedmportant 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 incompldtare
importantly a notable gap exists in studies elucidating the core
microbiota of the citrus cargphee. In other species such as apple
(Abdelfattah et al., 2021), grape (Kecskeméti et al., 2016), mango
(Taibi et al., 2022) or strawber(Cruz et al., 2018)he information
regarding the composition, role and modificatiorirait microbiome
seemgo bemore complete

Understanding the taxonomy composition and the functions of
the casposphere microbiome and core members offers important
opportunities to developnew pre- and postharvestiocontrol
strategiegKusstatscher et al., 202Bhang et al., 2023bWith these
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premises, a recent study set the basis for understanding the
composition of the core microbiom# the carposphere of lempn
orange,and mandarin varietiesyith the main aim to develop a
specialized consortia to be used in postharvest disease management
(Jing et al. 2023). Inthis study, fourteen bacterial and ten fungal
genera were found to be part of tlwere citrus carposphere
microbiome. Among them,were identified well-known plant
beneficials associated to citruruit, such as the genera
Methylobacerium, Sphingomonas, Pseudomonas, Pantoea, Bacillus
andCurtobacterium On the contrary, the core fungal community was
mainly composed of widely recognized citrus pathogens, such as
AlternariaandPenicilliumgenera, the latter previously recognized as
an integral member of carpospivanicrobiomeof mandarins (Kumar
et al., 2021). Moreoverthe application of the bacterial SynCom
constructedby Jing et al. (2023howedo bepromising in controlling
postharvest symptoms caused green mold and acid niatLis 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 protedtiqore- or
postharvest4hang et al., 202J)b

In conclusion, especially considering recent phytosanitary
emergencies caused By gloeosporioideandA. alternataon citrus
understanding theoles and interactioa of both beneficial and
detrimental microbiota in the carposphere became an important
starting point for the research of sustainable alternativeopper
Moreover, the observed modifications in the microbiome structure
resulting from phytosanitary treatments underscore the need for
strategies that promote the maintenance of a stable bahefici
microbial component.
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CHAPTER I

2 Assessing CoppetAlternative Products for
the Control of Pre- and Postharvest Citrus
Anthracnose

Abstract

Citrus production is worldwide threatened Bylletotrichumspp.,
causal agents of preand postharvest anthracnose. The recent
limitation on the use of coppéased antimicrobials, due to its
demonstrated noxious effect on the environment, makes the control of
this pathogen difficult. Thus, alternative produditedo reduce/phase

out copper in organic citrus farming are needed. In this study, the
efficacy of 11 commercial alternative products were evaluatetto,

in growth chamber, in open field aimpostharvest environments.

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 significagnteduced disease incidence
and severity, but with lower efficacy than copper. The efficacy of
mineral fertilizersbased Kiram and Vitibiosap 458 Plus, citrus
essential otbased PresAm Plus and chitosabased Biorendvas
confirmed in open field trials, in naturally infected citrus fruits. In
these trials Biorend was the best alternative product, significantly
reducing disease incidence @DI reduction) with better results than
copper (47.%%). 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 tveo¥iiture
limitation of its use.

Keywords: Colletotrichumspp.; Taroccoorange(Citrus sinensid..
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Osbecl; biological control;citrus disease managemeanti-fungal
activity.

2.1 Introduction

Citrus is onef the most widely cultivated fruit crops, growing in more
than 140 countries across the world. Of all the citrus species, sweet
orange Citrus sinensiqL.) Osbeck] is the most important, mainly
marketed and consumed as fresh fruit, juice or concentrate. The main
sweet orange fruiproducing countries are China (with a total
production of more than 10 million tons), Brazil (17.1 million tons),
India (9.5million tons), United States (4.8 million tons) and Europe
(6 million tons). Italy is the second Eur@pesweet 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 ltaly), where
the European Community (EC) has identified two major orange
production districts labelled as PGl (Protected Geographical
Indication) and PDO (Protected Designation of Origin). The labelled
products are the Ablood orange of
cultivated in Catani a, Enna and S
of Ri berad PDO (bl ond orrevimages c U
Approximately 70% of the Sicilian sweet orange production is
represented by the pigmented bl oo
its several clones, selected to improve quality and length of production
season. The popul arity of cul ti
internatioral 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 vitami@ (Caruso et al., 2016).

Citrus vyield is threatened by preand postharvest fungal
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diseases, which can cause heavy reductions in production and
commercialization worldwide. Among these diseases, citrus
anthracnose caused I8olletotrichumspecies, 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 sympims (Guarnaccia et al., 2017). Citrus infections
caused byColletotrichumspp., for decades considdréhe 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 difent Mediterranean countries,
such as ltaly (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.,@16). In Sicily, epidemic anthracnose infections under
preharvest conditions have been r
(Aiell o et al ., 2015 a, Vitale et
one of the most susceptible clones cultivated in Sicily. ohged
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 intensifly vipening
(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, seveGalletotrichum
species could determine latent infections and anthracnose symptoms
can appear in apparently healthy fruit during storage, thus
compromising shelfife and market value (Crous et al., 2016).

On the basis of high incidence of symptoms in field and in
postharvest conditions, anthracnose causedletotrichumspp.
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
control of Colletotrichum disease is increasingly problematic,
especially in organic citrus orchards where theedse management
largely involves the use of copper compounds.

The controversy about the use of coppased fungicides in
plant protection deals with toxicity to insects, soil fauna and soil
microbiota (Kandeler et al., 1996). Copper may induce the emergence
of coppetresistant bacterial strains (Aiello et al., 201Bbhlau 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 2018/198&ti}h 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 represeptrity 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. Maaythors have concentrated
their research on alternative products able to replace or reduce the use
of copper (Herrer&onzales et al., 2021; Katsoulas et al., 2020).
Nevertheless, few studies have been carried out to evaluate alternative
products in citrg 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 thraugh
vitro andin 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. gloeosporioidessolate, 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 timevitro 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 usediinvitro and in in vivo
assays were 1) five mineral fertilizers containing different
concentrations of Cu, Mn and Zn [(Vitibiosap® 458 Plus (NDG
Group; Cu 3.8%, Zn 1%; watersoluble liquid); Kiram (Agriges; Cu
total, 6.0 %, chelated Cu, 0.%0, soluble Cu, 0.26, Mn, 0.1 %,
chelated Mn, 0.1%, soluble Zn, 0.1%, chelated Zn, 0.1; water
soluble); Kiram AT (Agriges; total Cu, 1%, soluble Cu, 0.4%,
chelated Cu, 0,%, watersoluble); Kiram Film (Agriges; total B,.P
%, soluble Mn, 0.1%, chelated Mn, 0.%6, total Zn, 1.7%, soluble
Zn, 0.2 %, chelated Zn, 0.26; watersoluble); Dentamet® (Diagro;
Cu, 2.0%, Zn, 4.0%; watersoluble)]; 2) one plant defence stimulator
[BION® 50 WG (Syngenta; 50% AcibenzolarS-methyl; water
dispersible granules)]; 3) two basic substances [Equibasic®
(Idainature; 0.2% extract of Equisetum arvenseé.; watersoluble
liquid) and Biorend® (Bioplanet; 1.96 chitosan hydrochloride;
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watersoluble liquid)]; 4) one citrus essential oils [Pi@w Plus®
(Nufarm; 5.8% sweet orange essential oil; watersoluble liquid)]; 5)
two biological control agents [Amyl¥® 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%2@..; water
dispersible granules) and pyraclostrobin (Cabrio® WG, Basf620
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
againstC. gloeosporioide®n PDA amended with three decreasing
concentrations of products. Stock solutions were prepared in sterile
distilled water (SDW). Specifically, autoclaved PDA media, cooled at
45 50 °C, were amended with appropriate volumes of stock solutions
to obtain thefollowing final concentrations: %, 0.5%, 0.1% (w/v).

Four plates, for each concentration, were used. Mycelial plugs (0.5
cm-diameter), axenically taken from thegedof C. gloeosporioides
colonies by a sterile co#iorer, were placed centrally on amended and
solidified PDA plates. Control samples consisted of-aorended
PDA plates inoculated with the mycelial plug. PDA plates amended
with copper oxychloride (Ossiclor) and copper hydroXldeox) 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 réphtes 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, P#&wm Plus and
Amylo-X) were selected based on the results achieveid witro
assays and tested in artificially inoculated citrus fruits. Orange fruits
Orarocco Sciré were harvested at physiological maturity in a
conventional farm located in Syracuse area (seast Sicily). Fruits,
uniform in size, colour, ripeness and free of defects or injuries, were
used immediately or held at 4 °C for no long&an one week before
use. The selected fruits were washed with tap water, stsfagkzed
by dipping for 2 min in a 26 sodium hypochlorite solution, rinsed
with SDW and then left to dry at room temperature. To produce
inoculum, colony surface &. gloeosporioidesolate grown on PDA
for 10 days at 25 + 1 °C was washed with 10 mL of a 90&/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 concentratiomf 10° conidia/mL by an hemocytometer.
Citrus fruits were wounded with a sterile nail (3 mm wide x3 mm
depth) at two opposite points in the area between the peduncle and the
eqguatorial axis. Next %inEDW)werd. o f
pipetted into each wound and, after drying, the wounds were
inocul at ed wi t h dr ops (20 CelL)
gloeosporioide$10° conidia/mL). Wounds treated with SDW or with
Ossiclor or with Cabrio served as control. Fruits were incubated in
sterile plastidboxes (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 @o 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, Prédm Plus) against natural
infections caused bgolletotrichumspp. (Figurelai d). 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 @ sinensisdlarccco Scirdin an
orchard | ocated at Pedagaggi (37
altitude 307 m a.s,ISyracuse province). This experimental site had a
history of severe attacks of citrus anthracnose on high susceptible
or ange Tandcd Sci@iccirilto 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), RAew Plus (400
mL/hL), Kiram (2% 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 Fehlwary 2019 (28 December 2018; 15 January 2019; 6
February 2019) according to label instructions by motorized backpack
mist blower, approximately 1500 L Ra The first application of
products was carried out on asymptomatic fruits. All treatments were
applied early in the morning and each tree was sprayed toffun
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 plargboate,
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 il % of the fruit surface; class 2 = a few scattered
lesions coveringiGL0% of the fruit surface; class 3 = lesions covering
111 25 % of the fruit surface; class 4 = extensive lesions coveriiig 26
50 % of the fruit surface; class 5= severe lesions covering% 50

the fruit surface. From the disease rating, disease severity was
expressed in perctayge (%) and calculated according to the following
formula:

Boda dRiiQn o6 Q& dxdd o QDQi i

5T O AT AIAMBOOED AERBOEAGR D™ W

$3p
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(©) (d)
Figurel.Ant hracnose di sease symptoms on nat
fruits: severe anthracnose fruit spot (a); small to large lesions (b,c); néesatits
at the sterend 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), Sicregion.

2.2.7 Effect of Field Treatments on Postharvest Environments

The efficacy of field treatments on controlling infections of
Colletotrichumspp. 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 céd £ 1 °C and 90% RH) (cold
storage) followed by a shélife 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 abo2e2(5.

2.2.8 Statistical Analysis

All statistical analyses were performed using Minitab software
(Minitab, v. 19). Mean data were subjected to -oveey analysis of
variance (ANOVA) and tested for significant differences among
treat ments by Fi sher os | eapt Si ¢
value<0.05 was considered statistically significant. Data for disease
incidence were transformed using arcsin€ {siquare 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 significarfy0.05,
oneway ANOVA) reduced the mycelial growth &f gloeosporioides
as compared with untreated control, although with variable efficacy
depending on concentratighable 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-Rnev
Plus were the most effective alternative products, able to completely
inhibit the mycelidgrowth of C. gloeporioidesat 1% and 0.5% (94
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 betweeni®8% at1% and between 54
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. gloesporioideswhen tested at
concentration of 0.1%, with the exception of Rfem Plus and
Amylo-X which showed significantly high growth reductions even at

the lowest concentrations (0.1%).

Table 1. Colletotrichum gloeosporioideslony 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

Colony diameter (cm) +SEM*

Class ofProducts Products 1% 0.5% 0.1%

Control 85+0.0a 85+0.0a 85+0.0a

Mineral fertilizers Vitibiosap 458 Plu® 0.0+0.0h 0.0+0.0i 6.0+0.2 cd
Dentame® 0.0+0.0h 05+0.0i 6.0 +£0.3 cd
Kiram® 14+0.19 2.8+0.2fg 8.2+0.1ab
Kiram Fim® 41+0.1d 54+01d 6.2+0.1cd
Kiram AT® 45+0.0cd 71+0.1b 77+01b

Plant defence stimulator BION® 35+02e 41+02e 54+0.2d
(AcibenzolarS-methyl)

Basic substances Biorend® 49+0.1bc 6.3+x0.1c 76+02b
(Chitosan hydrochloride)
Equibasi® 51+0.1b 57+0.1d 6.7+0.1c
(Equisetum)

Essential oil PrevAm Plus® 0.1+0.0h 04+0.1i 11+04f
(Sweet orange essential oil)

Biological control agents  Amylo-X® LC 26+03f 3.0+£0.2f 3.0+£02e
(B. amyloliquefacine®747)
Botecto® 3.9+0.4de 3.9+08e 8.3+0.1ab
(A. pullulansDSM14940)

Cu fungicides Ossiclo® 05+0.0h 24+029g 25+02e
(Copper oxychloride)
Idrox® 14+0.049 1.6+0.1h 55+0.0d

(Copper hydroxide)

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

|l etter indicate no

trials.

2.3.2 Antifungal Activity of Selected Commercial Products in

di fference
significance difference test (LSD) jpdvalue < 0.05. Data are the means of two

Artificially Inoculated Fruits

among the

Several alternative products significantlg<Q.05, oneway
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ANOVA) reduced disease incidence (DI, see Section 4 for a definition
of this parameter) on orange O0Tal
with C. gloeosporioidesalthough to a modest extent (35% DI
reduction, not always significantly different among them) when
compared to untreated cont{éigure2). PrevAm 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, Vitibiosap8 Plus and Amyl&
(Figure2).

All alternative products tested significantly reduced disease
severity by 1974%, 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, Arxylnd
PrevAm Plus. On the whole, these formulations were always less
effective than Ossiclor and Cabrio (Fig)e
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Figure 2. Disease incidence (infected wounds, %) and disease severity (lesion
di ameter, ¢cm) on citrus fruits O06Tarocco
products, Ossiclor and Cabrio (1%) and artificially inoculated @ithetotrichum
gloeosporioidesWatertreated fruits were used as a control. Data were recorded
after six days of incubation at 25 + 1 °C and 38 RH. Bars represent the
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standard error of the mean (SEM). For each parameter, columns with different
|l etters are statistically different acco
test (LSD) ap-value < 0.05Data 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, PrevAm Plus) applied in open field three times from
December 2018 to February 2019, significanihxQ.05, onewvay
ANOVA) reduced thenatural infections caused kyolletotrichum
spp. in orange fruits (Figure8). 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, whas Kiram and Pref&m Plus
showed bwer efficacy (DI reduction 22% and 29%, respectively).

All treatments, with the exception of Kiram, significantly
reduced DS (44%62% DS reduction) if compared to the untreated
control, with values similar to thosserved with Ossiclor (53% DS
reduction) and Cabrio (64% DS reduction) (Figdye
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Figure 3. Time progression of natural anthracnose symptoms on citrus fruits
60 T ar o c étreate8 io 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
differentet t er s are statistically different
difference test (LSD) gi-value < 0.05.
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Figure4.Ti me progression of disease severity

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).Cobmns with different | etters are stat
least significance difference test (LSD)patalue < 0.05.

2.3.4 Climate Data

Climatic conditions favourable to anthracnose were recorded in
the 2018/2019 season. Figreeports the mean monthly values of air
temperature, relativieumidity,and rain from 1 November 2018 up to
31 March 2019. The infection process was favoured by heavy winds
and rains that occurred in Janudgbruary 2019, thus resulting in
higher disease pressures for the development of anthracnose
symptoms during the second and third monitoring.
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Figure 5. Climate data from March 2018 to March 2019, by the weather station of
FrancofonteSyracuse (IT)T = Temperature; RH = Relative humidity.

2.3.5 Efficacy of Field Treatments in Postharvest Environments

All field treatments significantlyp&0.05, oneway 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 (Figuréb) was reduced by all products,
except Kiram (DS reduction 22.6% to 48.7%).

Likewise, DI (Figure6c) was significantly reduced in fruits
field-treated three times (DI reduction 51.18 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%Jigure 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 (Figures). Notably, prehargst treatments
significantly protected the fruits from anthracnose with all tested
compounds, only exception for Kiram.
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Figure 6. Disease incidence (%) and disease severity (%) on citrus éfaitscco
Scire fieldtreated two times (a,b) and three times (c,d), after storage at 6 °C for 20
days and at 20 °C for 10 dayars represent the standard error of the mean (SEM).
Columns with different | etters are stati
significance difference test (LSD) jgtvalue<0.05.

2.4 Discussion

Citrus anthracnose is a severe disease that in recent years has
become responsible for heavy | oss
blood oranges in Sicily (Vitale et al., 2021). Only few fungicides and
Cu compounds are registered to con€olletotrichumspp. 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 progressyignit 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 maregent.

Recently, the use of nerhemical 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), wheardg 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 citecid 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., 2021Rlenodomusracheiphilusin citrus (Aiello et
al., 2022) andXanthomonasuvesicatoriapv. perforansin tomato
(Walters and Bingham, 2007). Mineral nutrients are directly involved
in plant protection since the nutritiona t at us affects
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 f6u, Mn and Zn (Cabot et al.,
2019). In addition to the weknown 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 membrangrotection against oxidative damages and in
the induction of pathogenesdislated proteins (Cabot et al., 2019; Savi
et al., 2013). In than vitro assays carried out in the present work, the
mineral fertilizers Vitibiosap 458 Plus, Dentamet and Kiram,
containing different levels of Cui{8%) Zn (1 4%) and Mn (0.1%),
showed a direct antimicrobial effect, completely inhibiting or
significantly reducig the mycelial growth of. gloesporioidesvith
efficacy higher or similar to that observed with copper caimps. In
our study, the antifungal activity of Vitibiosap 458 Plus and Kiram
was also confirmed o@. gloesporioidesnoculated 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.ptib®glon& Tar oc
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 Znand/or Mn
containing compounds has been a reported rasvdusarium
verticilloides (Luo et al., 2020)Phytophthora nicotianaéLi et al.,

2016) and_asiodiplodia theobromagPérez 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 icoffee seedlings (Kalim et al., 2003), in
cowpea roots (Raveau et al., 2020) and in olive groves (da Costa
Gongalves 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 Colletotrichumspp. (da Costa Goncalves 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 broadpectrum of plant pathogens (Bora et al., 2020;-Abd
Alla and Hang., 2013). In this study, the effectiveness of a commercial
formulation based on sweet orange essential oil, namely-Arev
Plus, was tested. This product is authorized in Italy, both in
greenhouse and in open field, to control several insets ard fungal
pathogens in a diversity of crops including olive trees, vines and citrus
fruits. In in vitro assays, Predm Plus displayed a remarkable
antifungal activity at all tested concentrations, and the rates of growth
reduction (8799% at 1, 0.5 and 0.1 % commercial product) were
significantly similar or higher than with copper compounds$ 94%6).
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Our results were in agreement with those of Até and Haggag
(2013), who reported TQ00% of C. gloeosporioidesgrowth
inhibition with pure grade orange essential oils at concentrations
ranging from 100150 pg/mL. The antifungal activity of CEOs has
also been tested agairtdt gloeosporioidesn artificially inoculated
papaya and mango fruit (Bosquklina et al., 2010; Romanazzi et
al., 2018) and showed significant reductions of both incidence and
severity. Similarly, in our studies, CE®@ssed PresAm Plus
significantly reduced DI and DS of anthracnos&bgloeosporioides

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 PresAm Plus in the control of anthracnose Gglletotrichum

spp. in orange fruits.

Furthermore, in this work two basic substances, Biorend
(chitosan) and Equibasi&( arvensghave been studied. Chitosan, a
natural biodegradable chitterivative, is the most studied product
thanks to its welknown direct fungicidal activity and indirect activity
as elicitor of resistance to numerous -pamd postharvest fungal
diseases (Ca#tone et al., 202Fauteuxet al., 2005Kharchoufiet
al., 2018; Panebianco et al., 20Rgjestanet al., 2021; Riseh et al.,
2022), includingColletotrichumspp. (Deng et al., 2015a; 2015b;
Scortichini et al., 2018). In contrast, the potentiakhed extract of
Equisetunarvensel. (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 antifuaffatts
linked to its high concentration of flavonoids and phenols (Dagostin
et al., 2011). To date, there are some reports docingety efficacy
in the control of plant pathogens such Bkmopara viticola
(Llamazares et al., 2022; Wszelaki et al., 20@%9)ernaria solani
(Trebbi et al., 2020),Phytophthorainfestans Puccinia triticina
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(LangaLomba et al.,2021) and grapevine trunk pathogens (Ali et al.,
2010). Inin vitro assays carried out in this work, both Biorend and
Equibasic significantly inhibited the growth 6f gloeosporioidesat

all the tested concentrations, with best results observed at 1% of
commercial product. Thia vitro inhibitory effect of chitosan against
Colletotrichumspp. observed in the present study has already been
demonstrated in several previous studigk et al., 2010;Correa
Junior et al., 2018Pacheco eal., 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. Thein vitro inhibitory activity of equisetum against.
gloeosporioidess here reported for the first time.

Biorend and Equibasic tested @ngloeosporioidegnoculated
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 openfieldonnatyralli nf ect ed 6T
Scir 06, where it proved to be th
disease incidence by 71%, with values significantly higher than copper
oxychloride (47%). On the whole, Biorend seeémi@® 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-ametlysis
which summarized studies relatedhe 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 thein vitro assaysColletotrichumspp. is the least sensitive
pathogend chitosan. Instead, in-iplanta tests, chitosan showed the
highest effectiveness against anthracnose, clearly showing that the
outcome of chitosapathogens 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 acibenzotar&hyl (ASM), developed
and marketed in Europe with the label BION and in the United States
with the label ACTIGARD (Tripathi et al., 2019). ASMw 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 fdwetfirst time for its antifungal activity
in vitro and in inoculated fruits again6t gloeosporioidefn growth
chamber trialsln vitro, BION exhibited a direct antimicrobial activity
and significantly reduced the growth Gf gloeosporioidest the
highest concentration tested (58% and 52% at 1% and 0.5%,
respectively). Accordingly, previous studies demonstrated that similar
concentrations of BION directly inhibited vitro mycelial growth of
Penicillium digitatum(Panebianco et al., 2014). In contréBION
caused no significant reduction of disease incidence and only a slight
reduction of disease severity 1in
fruits. The lack of efficacy of BION again§. gloeosporioidesn
artificially inoculated citrus fruits agrees with the results previously
reported by Panebianco et al . (
artificially inoculated withP. digitatum Furthermore, plant activator
such as BION need at least a few days to induce resistance whereas in
our experiment, we to a very short time, the effect of inducing
resistance did not appear.

Among biocontrol agents (BCAs), two commercially available
products (AmyleX and Botector) showed antimicrobial activityim
vitro tests again<t. gloeosporioidefs9% and 54% growth reduction,
respectively), and the antimicrobial activity was confirmed for
Amylo-X when applied to artificialdl
fruits. There are few studies on the use of BCAs for the control of
Colletotrichum spp. in citsifruits. Bacillus subtilis showed efficacy
under field conditions in controlling post bimofruit drop (PFD)
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caused byC. abscissungpreviously reported a€. acutatum or C.
gloeosporioides(Klein et al., 2013; Kupper et al., 2012) a&d
cerevisiadgsolates showed to be effective in controlliigabscissum
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 neggav influence
survival and antagonistic behaviour. Fumtmore, 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
onthe pathogemad i ndirectly by activatin

Finally, the efficacy of field treatments in controlling
Colletotrichumspp. 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 utfens
during their storage for at least one month. The highest protection
against postharvest anthracnose was achieved withtthreg field
applications of Vitibiosap 458 Plus, Préwn 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 preharvesipplications of oligochitosan effectively enhanced
the postharvest resistance of navel orange artificially inoculated with
C. gloeosporioidesIn the same studies, the authors showed that
preharvest application of oligochitosan enhanced the activity of
defensive enzymes, increased the level of hydroxypraltteprotein
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 Phav 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. Diseas®Ico
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 liunot the incidence of the disease. Thus,
the present study underlines the importance of considering the
multiple trophic levels (bioproductpathogen hostcarpospheric
microbiome environment) involved in plant/pathogen interactions.

2.5 Conclusions

To the best obur knowledge, this study provides evidence for
the first time of the good efficacy of some commercially available
alternative products against the pend postharvest citrus disease
caused byColletotrichumspp., 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 thericidence and severity of citrusithracnose on a high
susceptible citrus cultivar such as @iiarocco Sciréboth 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 trialsto assess the effectiveness of
alternative commercial products in different soils and climatic
conditions in other citrus species.
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CHAPTER IlI

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 pand
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 dfiese pathogens is increasingly
problematic, particularly in organic citrus orchards where disease
management largely relies on the use of cofwased antimicrobials.

With limitations in the use of Cu compounds imposed b¥tirepean
Commission, due to the demonstrated noxious effects on environment,
research for alternative formulations is encouraged. In this work,
copperalternative products (basic substances, plant extract,
biocontrol agent and their combinations) weregstn sweet orange

cl ones (6Tarocco Scir 6 and 6Tar
(6Femmi nel |l o Si r athes @msecutiembing f or
seasons in three citrus orchards within one of the most representative
Italian citrus production areas to caitnatural infections on fruit
caused by Colletotrichum and Alternaria species. Results showed that,
even under different disease pressure levels, chitesamyenseand
sweet orange essential -biised products, alone and in mixture,
significantly reduced disease incidence and severity compared with
untreated controls, often showing comparable or better efficacy than
copper. The coppalternative products were alssubjected to
benefitcost analysis, that showed an increase in the costs of
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phytosanitary treatments, differirmgcording to theproducts, often
covered by a positive increase in the marketable production compared
to untreated control or coppteated fruits. The good efficacy of
copperalternative products, alone and in mixture, indicates the
potential of their sustainable andderscale use, useful for replacing

or reducing the use of copper in integrated and organic citriculture.

Keywords: Citrus sinensisC. limor Colletotrichumspp.;Alternaria
spp.;copperalternative productdjiological 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, ltaly, Spaifiunisia, 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 Europwjith a productia 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, akge 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 (Abl oodo)
bl ood oranges, 6Taroccod, with it
cultivated cultivar in eastern Sicily, in the area betwiw provinces

of Catania, Enna and Syracuse, in the south and-smghof Mount

86



CHAPTER IlI

Etna, and recognized as Protected Geographical Indication (PGI)
AArancia Rossa di Siciliaodo by th
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.

Siracusanob6, appr eci at eadidityf and i ts
extraordinary richness of juice, has obtained thereGgnition with
the denomination ALi mone di Sirac

96/2011 of 3 February 2011).

Unfortunately, a broad range of fungal species causes diseases
affecting roots, foliage, fruit and wood wheg@itrus spp. are
cultivated. Among thentColletotrichumandAlternaria 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
Colletotrichumspp. is a severe disease (Guarnaccia et al., 2017) and
the main causal agents gloeosporioide(Penz.) Penz. & Sacc. have
been treated for decades as postharvest pathaQahsrecentlyC.
gloeosporioidesindC. karstiYou L., Yang, Zuo Y. Lim, K.D. Hyde
& L. Claa r »(Yairggy ed@l., 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
6Taroccobd group, significantly c
(Aiello et al., 2015; Vitale et al., 2021Alternaria 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 omipe and unipe 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 yieldrmadketable
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fruit. ABS is mainly caused byA. alternata (Fr.) Keissl., and
occasionallyA. arborescen&.G. Simmons has been recovered from
symptomaticfruit (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 degre@ of
accessions (e Qg.o6,Tad exCR@&acncHx i6STcai raor cac
Emanuel@to preharvest anthracnose symptoms oit, fand a higher
susceptibility of | emon t o ABS
Siracusano 2 KRhe mostsusceptible 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 worldwitzably,
fludioxonil, pyraclostrobin and Cu compounds aresbkeregistered
fungicides approved in integrated citrus production in Italy (Fitogest,
2023a; 2023b)The active ingredients fludioxonil and pyraclostrobin
have been suspected to | ead har mf
et al., 2016; Lee et al., 2019). Furthermore, only Cu compounds are
allowed in organic agriculture, buhe 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
challengingin presence of favourable environmental conditions for
the pathogens (Timmer et al., 1998; Silva et al., 2017; Riolo et al.,
2021), and th@umber of needed Gweatments for the containment
of the diseasesay 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 dseasditions

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 Il 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 angitrop,
such as chitosan and sweet orange essentibhsédd products, have
been recently tested for the control of anthracnose caused by
Colletotrichums p p . on sweet osiraapendieldd Tar o
showing promising results (Lombardo et al., 2023). As well as for the
commercially available alternative product based Euisetum
arvensel. (field horsetail), authorized for its use on citrus crop, has
showed its inhibitory activity again€t gloeosporioides 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 generdy results from the formation of conjugate complexes
between chitosan and other substances of natural origin (Buz@én
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 aitdichative 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 Bacillus amyloliquefaciens
(formersubtilis) strain QST 713 has been recently registered on its use
on citrus crop. Although the potential®écillusspecies as biocontrol
agents against citrus diseases has been widely highlighted (Chen et al.,
2020), the effectiveness oB. amyloliquefaciensQST 713 in
controlling preharvest ABS and anthracaad citrus fruit have never
been tested so far.

The promising results obtained in our previous work, together
with the urge to find efficient coppaidternatives to control emerging
citrus pathogens so to support Sicilian citriculture, has encouraged to
extend the field trials in more citrus orchardsden different
conditions. Thus, in the present investigation, commercially available
products based on basic substances (chitosaftaadrensg plant
extract (sweet orange essential oil), their mixtures and on ECA (
amyloliquefacienQST 713) were tesd 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 applicatiosy, 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
copperbased products in highuality 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 byColletotrichumspp., broadening the study on differently
suscept i Hblood cbahge acoessiows; ii) to validate, for the
first time, their efficacy against ABS on fruit of lemon caused\by
alternatg i) to evaluate the economic sustainability of their
applications for a largescale adojon; iv) to identify valuable and
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readyto-use coppealternatives 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 mixturesiagtanatural
infections caused bj. alternataand Colletotrichumspp. on lemon
[C. limon(L.) Osbeck] and sweet orang€.[sinensigL.) Osbeck].
The three citrus orchards were located in one of the most
representative Italian citrus production areashia 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
KR6 (Orchard |, hakestraotimaenose amfdiitom f  pr
extremely susceptible orange O6Tar
and on moderately susceptible or:
Mineo), widely documented in a previous work (Vitale et al., 2021).
Thus, preharvest ABS y mpt oms on fruits of I
Siracusano 2 KR6 and anthracnose
6Taroccod wer e Altermagayasd Colletdtrishuma b | e
species, respectively. Specifically, the field trials were conducted in
the following three orchards: Orchard I, located at Agnone, Augusta
(37°1812p.0NN 15°05MP. I, altitude 2 ma.s.l., Syracuse province,
Sicily, I T) , on | emon O6Femminel |
Volkamerian lemon(. volkamerianden. & Pasq.), during 2020 and
2021; Orchard I, located at Mineo (ABME.6AN 14°400R. Nk,
altitude 130 m a.s.l., Catania province, Sicily, IT), on sweet orange
6Tarocco Tapi 6 gr &f daduadiumb.nduning sour
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2020 and 2021; Orchard lll, located at Pedagagdil@B0.27hjN,
14°55N37.5jE, altitude 307 m a.s.l., Syracuse province, Sicily, IT),
on sweet orange OTarocco Scir
2019/2020, 2020/2021 and 2021/2022 (Supplementary Table S1).
Orchards | and lll were managed following the integrated pest
managemenprinciples, and Orchard Il was managed according to
organic farming regulations.

3.2.2 Climate Data

The weather parameters, i.e., average temperatygerélative
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 Il, and Francofonte (Syracuse
province) for orchard Il of Servizitnformativo Agrometeorologico
Siciliano (SIAS), Sicily region. Data have been collected over the two
and threeyear 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; wasetuble liquid)] and
Naturdai EQUIBASIC® (Idainature; 0.2% extract &f arvense
watersoluble liquid)]; (2) one citrus essential oil [PREW® PLUS
(Ascenza; 5.8% sweet orange essential oil; water soluble liquid)]; (3)
one biological control agent: [Serenade Aso® (Bayer; 14.1 g/L
Bacillus amyloliguefaciens(former subtili QST 713)]. The
following products were used in mixture: (4) Chitosano Biorend® +
PrevAm® Plus (Mixture 1); (5) Chitosano Biorend® + Naturdai
Equibasic® (Mixture 2). Koprwin [ChimibergDIACHEM® (13.3%
tribasic copper sulphate and 8.9% copper hydroxide)] was used as
standard coppdrased fungicide (Table 1).
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Table 1. Treatments, products, application rates and frequencies used the in
experimental orchards.

Number of field treatments

Orchard | Orchard Il Orchard 1l
Product trade Active Supplier Application 2020 2021 2020 2021 19/20 2021 2122
name ingredients rate
1 Chitosano Chitosan Bioplanet 300 mL/hL 7 3 5 3 3 4 3
Biorend® hydrochloride S.r.l.,
Cesena,
Italy
2 Naturdai Equisetum Idainature,  400mL/hL 7 3 5 3 3 4 3
EQUIBASIC® arvense Valencia,
Spain
3 PREV-AM® Sweet orange Ascenza 400 mL/hL 7 3 5 3 3 4 3
PLUS essential oil  Italia Sir.l.,
Saronno,
Italy
4 Mixture 1 Chitosan 300+400 7 3 5 3 3 4 3
hydrochloride mL/hL
+ sweet
orange
essential oil
5 Mixture 2 Chitosan 300+400 7 3 5 3 3 4 3
hydrochloride mL/hL
+ Equisetum
arvense
6 Serenade ASo  Bacillus Bayer 400 mL/hL - 3 - 3 - - 3
amyloliquefac  Cropscienc
iensQST 713 e Surl,
Milano,
Italy
7 Kop-Twin* Tribasic Chimiberg- 350 g/hL. 7 3 5 3 3 4 3
copper DIACHEM
sulphate and  S.p.A.,
copper Caravaggio,
hydroxide Italy

1Copper formulate was used as standard cebased 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 separateddeptotsand replicates.
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Orchards were irrigatediuring 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 Jtreatments 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, tireatments were applied five times
during 2020 (28/05; 11/07; 13/0&82/09; 14/10) and three times in
2021 (9/09; 27/09; 8/10); in Orchard, lliteatments 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) atisree times in 2021/22 (7/12, 21/12;
20/01)(Table1). The number of treatments varied dependinghen
meteorological events and théi seaseds sympt oms
Treatmentsconsisted in application of Chitosano Biorefotiitosan
hydrochlorid®, PrevAm Plus(sweet orange essential giNaturdai
Equibasic (E. arvensg, Mixture 1 [(ChitosanoBiorend (chitosan
hydrochloridé + PrevAm Plus(sweet orange essential)pjlMixture

2 [ChitosanoBiorend(chitosan hydrochloride+ NaturdaiEquibasic

(E. arvensg] and Serenade As(B. amyloliquefacien®QST 713.
Products were prepared following the label instructions and applied in
the morning by a motorized backpack mist blower, axprately
2,000 ha, and each tree was spayed teatinThe testegroducs,
active ingredients, thapplication rateand the number of applications
per trial are listed in Tdé 1

3.2.5 Disease Assessments

Disease assessments were aimed to evaluate the presence of
preharvessymptomsof ABS and anthracnose on frusince in many
citrus accessions severe infectioosmpromise the marketability of
fruits, thus causing heavyield and economiclosses.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 incidencand severity werenonitored three
times from SeptembéhroughNovember in Orchard | and Orchard |l
during 2020 and 2021n Orchard Ill, disease incidenesd severity
wererecorded six times during 2019/20, five tgria 2020/21, and
four times in 2021/22

For each treatmentdisease incidence (DI) was visually
assessed by calculating the percentage (%) of infected fruits within the
four replicatesEach replicate consisted of fesix plantsfrom which
50 fruits were assessed, for a total of 200 fruit per treatrDésgase
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 symptonwdass 1= a few scattered lesions
covering 15% of the frut surface; class 2= a few scattered lesions
covering 610% of the fruit surface; class 3= lesions coverin®3%
of the fruit surface; class 4= extensive lesions coverirR§@®6 of the
fruit surface; class 5= severe lesions covering >50% of the fruit
suiface.

Moreover, thediseasenfection index (or McKinne§ $ndex,
DSI), which combines both incidence and severity of the disease, was
expressed as a percentage according to the following equation:

B

$3) pTT (1)
whered is the category of disease class scored for citrus fruit;
is the disease frequencit is the total number of examined fruit
(healthy and symptomatic); arid is the highest class of disease
intensity that occurred in the empirical scale (McKinney, 1923).
The efficacy of the alternative products on diseases symptoms
reductionwas calculated based on the equation proposed by Abbott
(1925):
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0 QUL GEHe— P (2)

wherevalC andvalTr epr esent infectiond
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 mi xtur es, Li mpel 6 swvasfapptiethas a
following:

0Q & O — (3)

whereEeis the expected effect from additive responses of two
treatmentsX andY 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 tlanthen synergism exists.

3.2.6 Cost/benefit Analysis of the AlternativeoBucts

A balance sheet has been constructed with operational and
actual accounting data, inferred using f@®st Accounting Systemn
approach (Sgroi et al., 2015; Lu et al., 2016; Berta et al., 2021). Since
the objective of the research was to evaluate the effectivendss of
alternative plant protection prodscompared tohe untreated control
and Cubased productthe economic balance only considered the
operating costs, leaving out the fixed costs, which equally affect the
alternativet r eat ment s6 cost

The analysis of the costs of the treatments and the benefits

offered by alternative product was carr@g assuming the following
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parametersbtained asverage valuefrom information provided by
commercial operators active in the aragerage production: 2000
kg/ha; average production value35 Hiro/kg; average spray volume:
2,000 L/ha. For each alternative produttte following items were
ascertained and calculated: cost of prodiair¢/L); dose ML of
producthL); applied dose (lof productha); cost ofapplied dosécost

of productx applied dose); cost of treatmédiobst ofapplied dosex

no. of applications each year).h& 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 pradtion 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 urtreated control)Threefield trialswere examined, corresponding

to the second growing season for each orchardyanelcharacterized

by different citrus accessiond@e mmi nel | o Siracus
OTarocco Tap @rarocco Scird, disease pressiwgé€low, moderate,
high), plant pathoges (A. alternataand Colletotrichumspp.) and
numberot r eat ment s@ 3&ppl i cations

3.2.7 StatisticalAnalysis

Statistical analyses were performed using Minitab software
(MinitabE , v. 20.1) The number of replicates used for statistical
analysis is consistently organized using the uniform described
methodology for each orchardy using fourreplicates for each
treatment (eachreatmentconsisting of200 fruits). All data were
checked for normal distribution by ShapMdilk normality test,
considering a significance levgb-¢alue) of 0.05. To evaluate data
homogeneity, lp-galue<Q.@5vas erhpéogetl Nota t
normalized data were transformed using arcsiné!(square rook)
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prior to statistical analysis to make their distribution nornal.
evaluate the effects of the facto
interaction on disease parameters, -imay Analysis of Variance
(ANOVA) was performed ap-value<0.05.To assess the overall

effects of the independefdactorit r eat ment 6 on mul t
variables simultaneouslyconsidered (fdisease incidence and

fidisease severity, Multivariate Analysis of Variance (MANOVA)

was conductedn the wholedataset from the seven expnental
trials. It was applied significance leveitv a |l ue) of U = 0.
the statistical significance of the MANOVA resulo analyse the

effect of treatments on single experimentgan datafor each
parameter (disease incidence, disease severity and disease severity
index) were subjected to ongay ANOVA. Differences among
treatments were analysed by Fish
(LSD) post hoc testA 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 secatstern Sicily (Agnone,

Mineo and Pedagaggi), on different citrepecies and accessions

(Il emon 6Femminell o Siracusano 2 K
6Tarocco Scir 6) and in different
Orchard 1) and anthracnose (in Orchards Il and 1ll) 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 | (lemon
OFemminell o Siracusano 2 KRO6), AB
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(32% in 2020) and low (11.7% @021) levels of disease incidence.
Ant hracnose sympt oms on 6Tarocco
Colletotrichumspp. induced low (7.5% in 2020) and intermediate
(34.5% in 2021) levels of disease incidence in Orchard Il (orange
6 Tar oc c and Mhighp45%,)69.3% and 40%, during the three
growing seasons) incidence | evel s
S c i rS@pplg¢merftary Figure $2

Two-way ANOVA confirmed these results and revealed that
Acitrus hosto comprehensively ex
disease parameters (Dl; ks = 27.68,p-value<0.001, DS, Fss =
26.21, p-value<0.001, Supplementary Table $2 Similarly,
Atreatmentso significantly i mpact
severity (DI, Fiss = 8.83, p-value<0.001, DS, fss = 9.04, p-
value<0.001Supplementary Table $2vhile the interaction between
Atreat ment 0 didna exhilutstatisticaksigfitanee -0
value>0.05). Multivariate Analysis of Variance (MANOVA),
conducted on the entire dataset, evidenced a significant influence of
t he i ndependent factor Aitreat men
fdi sease incidenceo and nAdi Yease
=0.23, F200=3.75,p-v a | u e < (*= @12,$Suppledhentary Figure
S3). Subsequent analysis for each dependent variable indicated that
each applied treatment significantly influenced both diseases
incidence and severity, being statistigatlifferent from untreated
control values $upplementary Figure $3The results were further
explored for each field experiment carried out in the Orchards I, 1l and IlI.

3.3.1 Evaluation of Alternaria Brown Spot Infectiom Fruit in
Orchard |

Brown spot symptoms on fruit were widely detected in lemon
demminello Siracusano 2KRn orchard | during the twgrowing
seasongSupplementary Figure S4g¢ven though disease incidence
progressed differently over time in the asseg®sedls, reasonably due
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to different climatic conditionsDuring 2020, inOrchard | (lemon
d~emminello Siracusano 2KJRspring temperatures below 17 °C and
abundant rainfall in ApriMay (Figure 1A) inducedextended periods
of leaf wetnessthat were also maintained due to rainfall that occurred
in July,together with optimum temperature for the infect{@h °C).
The described weather conditions were favourable for the onset of
ABS infections on immature fruits during late summer.

Then, the rainfalls that occurredrom Septemberthrough
November 2020 were favourable for ABS developmentipening
fruit too. During thefirst 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 102020) before harvegFigure 2A).
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At the lastevaluation time, alireatments reducdtie incidence
and severity of ABS on fruitsvith significant differences among
products(Table 2) Specifically, Emon fruit treated withchitosan
hydrochloride E. arvense sweet orange essential ,oMixture 1
(chitosan hydrochloride + sweet orange essentialamit) Mixture 2
(chitosan hydrochloride E. arvense reduced both disease incidence
(56.3,68.8,65.6,784nd8 1. 3, according ando Abb
disease severity index52.4, 73.7, 65.5, 77and 78.8%) when
compared to untreated control, while copper only reached a reduction
of 43.8% of di sease incidence an
Noteworthy Mixture 1 and Mixture Zhowed to be the most effective
treatments, with significantly better results than those obtained by
copperstandard fungicidavhereas the remairgrtreatmentshowed
comparableresults to copper. Moreover, coppertreatmentd i d n 6 t
show a significant reduction of disease severity when compared to
untreated control
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Table2.Di sease incidence (DI), severity (D¢
Alternaria brown spot (ABS) infections recorded on lemon fiuk e mmi nel | o
Siracusano 2KR® in Orchard | on November

5, 2021 (second trial), corresponding to the last monitoring time, following the
treatments with different products during the two seasons*

Orchard | i Femminello Siracusano 2KR

First Trial 1 2020 Second Triali 2021

Treatment DI Ds DSl DI Ds Dsl

(%) (0-5) (%) (%) (0-5) (%)
Untreated ontrol 320+56a 061+0.13a 122+26a 11.7+06a 0.29+0.12a 57+08a
Chitosan 14.0+2.0b 0.29+0.03bc  5.8+0.7 bc 5.0+0.9bc 0.10 +0.10 bc 1.9+0.7 bc
hydrochloride
E. arvens 10.0+2.0bc 0.16 +0.03¢c 32+06¢c 3.7+0.6 bc 0.06 +0.06 bcd 1.3 +0.4 bed
Sweet orange essentic 11.0+1.0bc 0.21+0.04bc  4.2+0.9 bc 21+05cd 0.03+0.04cd 0.6+0.3cd
oil
Mixture 1 70+34c 0.14+0.07c 28x14c 0.8+0.5d* 0.01+0.04d 0.3+0.3d
Mixture 2 6.0x26¢C 0.13+0.05¢ 26+10c 3.7+0.6 bc 0.06 +0.04 bcd 1.2 +0.3 bed
B. amyloliquefaciens - - - 5.0+04b 0.09 +0.03 bc 1.8+0.2 bc
QST 713
Copper 18.0+2.6b 0.41+0.1ab 82+21lab 54+06b 0.10+0.03b 20+04b

* 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 (LSpYyalue< 0.05.
** jndicates a synergistic activity e

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 thewhole seasanHowever, the heavy rainfalls that
occurred from September to Novempewith highest values
intercepted in Octoberyvere more conducive for the late onset of
disease.In fact, in thelastassessmergFigure 2B), an increase in the
disease incidence on fruit was observad to 11.7%in untreded
control during the last surveyNovember 5, 2021), whileisease
incidenc® s v adrelowes in the treated fruitsranging between
0.8and5.4% (Table2). Overall, dl alternativereatments significantly
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reduced disease incidenaead severityif compared with untreated
control (Table 2).When compared to coppéingicide,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. Additiqrtaly
combination of the products in Mixture gh{tosan hydrochloride +
sweet orange essential)odlvidenced a&ynergistic activity since the
observed effect is greater than the expeeffect (Ee), according to

Li mpel 6s formula (Table 2).

3.3.2 Evaluation ofPreharvestAnthracnose Infectiown Fruit in
Orchard |l

InOrchard || ( or a nuirg thé first yearc ¢ o
(2020) the abundant rainfa#l in March July and November,
associatedvith an increase in temperatunepresented favourable
conditions for the onset of the anthracnose infeatiorctitrus fruits
(Figure 1B). Nevertheless, the low disease pressure at the end of the
growing seasoruf to7.5 % on Novembet0,2020)could reasonably
be due to the citrus pruning carried out in February, that reduced the
inoculum load in the planend sareducel the impact ofanthracnose
symptoms

During the second year (2021), rainfalls in spring and summer
periods, coincident withan increase in temperature, and abundant
rainfalls in October represented favourable climatic conditions for
disease developmennh fruits (Supplementary Figure Sthiat led to
higher incidence of anthracnosen fruit (34.5%) on Novembet8
before harvesting time.

In 2020 trial, the first symptoms @nthracnose appeared on
sweetorange fruitrarocco Tagon late July, wittavery low (< 1%)
disease incidence (data not shown). In the following assessraents
moderateincrease of disease incidencalueswas recordedFigure
2C), reaching the highest value on untreated cob&fdreharvesting
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time, on Novembet0, 2020 (DI 7.5%).

Even though dease incidenées v merelow ia all treated
fruits at the last monitoring timerandng between 1.3 and 4.8%,
statistical differences among treatmentgre recordedTable 3).
Specifically,if compared to untreated contrdisease incidence was
significantly reducedby E. arvense sweet orange essential ,oil
Mixture 1 (chitosanhydrochloride + sweet orange essentia) aitd
Mixture 2 (chitosan hydrochloride E. arvensg(82.6, 62.6, 69.3 and
73.3% respectively), whereas in fruit treated witbhitosan
hydrochlorideno significant differeseswere recordedVioreover, all
treatments significantly reducatisease severitgs well asdisease
severity index Treatments reducedisease severity indeby 44.4,
83.3, 61.1, 66.&4nd 72.2%,respectivelyfor chitosan hydrochloride
E. arvensesweet orange essential oil, Mixture 1, Mixt@eWhen
compared to coppetandard fungicidethat reached 62.6% of DI
reduction and 66.7% of DSI reductiosignificant better resultm
disease incidence reductiarere achieved bff. arvensewhereas all
the remaining alternative products showed a comparable control
efficacyof both incidence and severity.
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Table 3. Disease incidence (Dl), severity (DS) and disease severity {B&x of

citrus

ant hracnose i

nfection

recorded

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*

Orchard Il - éTarocco Tapid

First Trial - 2020 Second Triali 2021

Treatment DI DS DsSI DI Ds DsSI

(%) (0-5) (%) (%) (0-5) (%)
Untreated ontrol 75+16a 0.09+0.02 a 18+04a 345+36a 0.7+0.08a 13.0+x16a
Chitosan 48+05ab 0.05+0.01b 10+0.1b 122+14c 0.2+0.03d 39+06d
hydrochloride
E.arvense 1.3+0.8d 0.02+0.01c 03+02c 295+21a 0.5+0.06a 10.7+11a
Sweet orange 28+0.3bc 0.03+0.0 bc 0.7+0.1 bc 185+1.4b 0.3+0.03 bcd 5.1+0.6 bcd
essential oil
Mixture 1 23+03c 0.03+0.0 bc 0.6 0.1 bc 142+21c 0.2+0.04 cd 4.4+08cd
Mixture 2 20+0.4cd 0.02 +0.0 bc 0.5+0.1bc 20.8+2.1b 0.4 +0.05 bc 7.1+1.0bc
B.amyloliquefaciens - 22.7+24b 04+0.05b 75+11b
QST 713
Copper 28+03bc  0.03+0.0bc 0.6 +0.1 bc 30.8+23a 0.6 +0.06a 119+13a

* Data presented as means (x 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 (LSpYyalue< 0.05.

In the second year (2021jJirst symptoms of preharvest
anthracnosen fruit appeared in late Augyswith values below 2%
(data not shown). In the following disease assessmenig¢2D), a
significant increase in thBl levels ofanthracnose on untreated fruit

was recorded, with the highest values during the last survey on

Novemberl8 (DI up to34.5%) while the DI amongthe alternative

treatments

ranged from 12.2 to 29.5¢%able 3). Chitosan

hydrochloride sweet orange essential ,0iMixture 1 (chitosan
hydrochloride + sweet orange essential),diflixture 2 (chitosan
hydrochloride +E. arvensg and B. amyloliquefaciensQST 713
significantly reduced! compared withuntreatedcontrol by 64.7,
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46.4, 58.9, 39.6, and 34.3%, respectively (Té)|as well aglisease
severity index (70, 60.7, 66.1, 45.3 and 42.3%Wf reduction
respectively. On the opposite, in fruit treated with arvenseand
copper DI, DSandDSlwere not significantly differerftom untreated
control. Thus, #l treatments, except foE. arvense were more
effective than copgr.

3.3.3 Evaluation ofPreharvestAnthracnose Infectiown Fruit in
Orchard Il

InOrchard 111 ( or,ovemghethedygarsot c 0
trials, symptoms of anthracnose consisting in dry and rounded
depressed lesions were obsen(&lpplementary Figure S&nd
severe infections occurred with cool, moist winters and dry summers
so then high disease incidence values were recoleetifically,
during the first trial (2019/20), abundant rainsadluring theautumn
followed bya cool and moist winterRigure 1C) were favourable to
the onset and spread of the disease, leading toDiigm 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 wintbat coupled with
hailstorm damageand rainfallsn DecembetJanuary prolonged the
fruits wetness, and with high humid conditiongre favourable to a
severe anthracnose symptoms developnmntfruits and a more
severencidence(Dl 69.3%). While during the third trial (2021/22),
hotdry summer and heavy rainfall in autumn and winter were
favourable to the onset and spread of the disease, which ircttgase
to 40% (DI) at the end of February, before harvest.

In the first trial (2019/20), in the assessments carried out from
23 Decembetto 27 February(Figure 2E), an increase in the disease
incidence level of anthracnose symptoms on untreated fruit was
recorded, with the highest values @3b) at the last monitoring time
before harvest.
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In treated fruitspPl ranged between 4 and 32.586dstatistial
differences among treatmemnt®gre observe@Table4). Compared to
the untreated control, DI was significantly reducedabbytreatments
(chitosan hydrochloride by 27.8%. arvenseby 91% sweet orange
essential oil by 84.4%Mixture 1by 86.7 andVlixture 2 by 83.3%),
as well as DS values (Table. 43imilarly, the DSI values were
significantly reduced by the aforementioned treatmen®5by, 94.9,
89.5,90.6, 88.4 and 93.5%, respectivelfy compared to untreated
control Whencompared to coppestandard fungicidesll treatments
showed a comparableeffectiveness,with the only exception of
chitosarhydrochloride
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Table 4.Disease incidence (DI), severity (DS), and disease severity (B of
citrus anthracnose infections recorded o
on February 27, 2020 (first trial), March 8, 2021 (second trial) and March 7, 2022
(third trial), corresponding to the last monitoring tinfieljowing the treatments with
the different products during the three seasons*

Orchard Il i 6rarocco Sciréd
First Trial - 2019/20 Second Trial - 2020/21 Third Trial -2021/22

Treatment DI Ds DsI DI DS DsI DI Ds DsI

(%) (0-5) (%) (%) (0-5) (%) (%) 0-5) (%)
Untreated ontrol 45.0 + 14+ 277+ 69.3+ 18+ 35.2+% 39.9+ 13+ 26.8 £

43a 0.19a 39a 69a 02a 48a 59a 02a 38a
Chitosan 325+ 09+ 178+ 323% 0.7+ 134+ 169+ 04+ 76+08
hydrochloride 6.9b 0.24b 4.7b 8.7¢c 0.3c 53c 2.7 bc 00c c
E.arvense 4.0 01+ 14+ 385+ 08+ 16.6 £ 16.1+ 0.6+ 66+1c

l4c 0.03¢c 06¢c 9.5 bc 0.2¢c 4.1bc 1.6 bc 0.0 bc
Sweet orange 70 01+ 29+ 265+ 0.6+ 126 + 13+25 03+ 7404
essential oil 19c 0.05¢c llc 73c 0.2 bc 45c¢ c 00c c
Mixture 1 6.0+ 01+ 26+ 250+ 0.6+ 118+ 120+3 03+ 5409

12c 0.03¢c 06¢c 6.0c 02c 34c [ 00c c
Mixture 2 75% 0.2+ 32+ 283+ 0.6+ 12.6 19.8 + 0.6+ 114+

09c 0.04c 09c 6.7¢c 0.2c 39¢c 3.3bc 0.1bc 1.2bc
B. amyloliquefaciens - - - - - 33.0+ 1.0+ 204 +
QST 713 9.4 ab 0.2ab 4.2ab
Copper 50+ 01+ 18+ 59.8+ 14+ 281+ 16.1+ 04+ 87+23

13c 0.03¢c 0.5¢ 10.1ab  0.2ab 49 ab 4.8 bc 0.1 bc be

* Data presented as means (x 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 (LSpYyalue< 0.05.

In the second trial (2020/21), the first symptoms of anthracnose
appeared on citrus fruit on late Novembandlow levels of disease
incidence (below 1% were recorded(data not shown). In the
following assessments (Rige 2F), an increase of disease incidence
levels was recordedn untreated fruitfrom 20% during the second

110



CHAPTER IlI

survey of29 December, up to 6% at the last survef@ March) with
apercentage increasé +245%. Although at high disease pressure in
untreated fruits at the last monitoring timesedse incidenaaf treated
fruits ranged between 25 and 38.5(%able 4). Citrus treated with
chitosan hydrochloride E. arvense sweet orange essential oil,
Mixture 1 (chitosanhydrochloride+ sweet orange essential adipd
Mixture 2 (chitosanhydrochloridet E. arvensg showed a significant
reduction in anthrachose symptorng 53.4, 44.4, 61.7, 63.9, and
59.2%, respectivelyas well asdisease severity was significantly
reduced by all treatment3able 4). Disease severitindex showed
similar trends and a reduction of 61.9, 52.8, 64.2, 66.4 and%4.2
respectivelyto the previously mentioned treatmeridsiring this trial,
coppershowed 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,the third year
(2021/22), first anthracnose symptoms appeared on fruit in late
November, with disease incidence values of approximatedy(data
not shown)and an increase on disease incidence values was recorded
in the following assessmentd-igure 2G. Even undera more
moderataliseaseressuraup 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 inciden was
significantly reduced byhitosanhydrochlorideand E. arvenseby
57.7%, sweetorange essential oil l§7.2%, Mixture 1by 69.3% and
Mixture 2by 48.2% (Table4). Disease severitndexwasreduced as
well, when compared to untreated contogl71.6, 75.3, 72.3, 79.8,
57.4 and 67.80, respectivelyOn the oppositeB. amyloliquefaciens
QST 713was not effective on reducing natural infection caused by
Colletotrichums p p . on oranges 6Tarocco
alternative treatments showed to be as effective as copper treatments
(Table 4).

111



CHAPTER IlI

3.3.4 Cost/benefit Analysis of the Alternative Products

Three of the seven field trialshosen for different variables
(disease pressure, growing season, accesplant pathogens and
number of tr ea) weenstubfeded @ postibenelit i o n
analysis of the alternative produ

In the three examinedrials (Table 5) the efficacy of the
treatmentsin reducinganthracnose an@éBS influenced the total
marketable productiorof lemon &~emminello Siracusano2 K R 6
(Orchard ) and orangs drarocco Taph (Orchard 1) and éTrarocco
Sciré (Orchard Il). Specifically, underconditions of highdisease
pressurdéDIl 69.3%in Orchard Il during the second growing segson
on high susceptiblerange 6Tarocco Sciré the total marketable
production obtainetteating withalternativeproductsangel between
12,300 and 1®00 kg/ha, almost double than in untreated control
(6,150 kg/ha) anth copper treatment (850 kg/ha). Moreover, all the
treatment®btainedanincrease of net economic valuBsompared to
the untreatedcontrol, variable from 21.6 (Mixture 2) to 100%

(sweet orange essential-bihsedPrevAm Plus), largely higher than

that obtained with copper (14.%30). 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 productiomhencompared tdothuntreated control and
copper.Evenunder arintermediate (DI 34.86 in Orchard Il during

the second growing seag@andalow pressureondition (DI 11.67%6

in Orchard | during the second growing segstme total marketable
productionsin treated plotsvere higher than untreated control and
copper, andhen,their economic values were similar or higher than
those ofcoppertreated plotgTable5). Under anintermediate disease
pressure on moderately susceptible oradigeocco Tagh ( Or c har
II), Chitosano Biorend, Pre&m Plus andB. amyloliquefacien®ST
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713showed a gootkvel of protection, a good net economic value of

the marketable production and a higher increase of net economic
values (21.2, 10.and9.1 %, respectively) compared to copper (0.1

%). Finally, in low pressure conditions of the disease caused. by
alternata(Orchard)on | emon OFemmi neltheo Sir
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 recordeddits.
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Table 5. Cost of treatmentsnarketable 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 | and Il during 2021 fruits has been treated three times,
in Orchard Il during 2020/2021 fruits has been treated four times.

" Commercial products are listed as trade name.

@Applied dosedose x 2,000 L.

bCost of applied dose=cost of produchpplied dose; values of mixtures are
the sum of the cost of the single treatment.

Cost of treatment=cost of applied dose x no. of applications each year.
dDamaged production= mean production (20,000 kg/ha) x DI (%)/100.
®Marketable productionmean production damaged production.

fEconomic value of marketable production= marketable produetior85
(mean value of 1 kg of citrus).

9Net economic value of marketable producti&ecenomic value of the
marketable productioncost of treatment.

"Net economic value vs controlNet economic value of the marketable
production- Economic value of the marketable production of the control.
Increase of net economic value vs control=Net economic value vs control/
Economic value of the marketable production of the comtff0.

3.4 Discussion

To the best obur 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@xlletotrichumspp. and ABS caused
by A. alternataon 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 examinead different citrus
species (Il emon and oranges) and
2KROG, 6Tarocco Tapi 6 and 6Tarocco
orchards located in soutrast Sicily (Italy) Overall, all the alternative
products showed to reduce disease valudifferent scenarios, often
showing similar efficacy to Gbased compound.

Specifically, our results proved for the first time the field
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efficacy of chitosan hydrochlorida, natural biodegradable polymer
obtained from chitinalone and in mixture, towards. alternataon
lemon fruits, widening the limited available information on its control
effects in situ (open field). Our previous results were also confirmed
on bl ood or an g €olldofrichunsmpcrorierhg thea i n s t
direct fungicidal activityof chitosan against the causal agents of
anthracnose and ABS has been mostly documented on laboratory
screening (Deng et al, 2015a; Deepgal. 2015b;Garganese et al.,
2019;Zhao et al., 2018; Zhou et al., 2016; Zivkovic et al., 2008}y
occasionally its efficacy has been reported in open field conditions
against ABS and anthracnose, considering other plant hosts (Feliziani
et al., 205; Lutz et al.,, 2022; Toffolatti et al., 2023). However,
Garganese et al., 2019 was the sole documentation in literature for
citrus crop, applied in mandarifhe great potential of chitosan as an
antifungal preservative is attributable not only to theatlifengicidal
activity, but to an indirect activity too, acting as elicitor of response
mechanisms in plants, and fifarming properties (Ali et al., 2010;
2013; Romanazzi et al., 2018), and its mechanisms on orange navel
has been elucidated (Deng et aD15a; Deng et al., 2015b; Zhao et
al., 2018).

Similarly, results revealed that sweet orange essential oil, a
complex mixture of volatle and nerolatile compounds,
significantly reduced disease parameters, often resulting in a better
disease control compared to copptndard 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.,, 201#&cluding C.
gloeoporioides and A. alternata (AlmadaRuiz et al., 2003;;
BosquezMolina 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 semicommercial conditions so far. Importantly, thatifungal
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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; Bedikét al., 2008, da Costa
Goncalves et al.,, 2021), avoiding critical side effects typically
associated with the use of chemical compounds (Gama et al., 2020;
Dewdney, 2023; Chitolina et al., 202Tpaken together, these findings
suggested that sweet orangssential 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, thalirect antifungal efficacy ofE.
arvensesvas provedgainsiC. gloeosporioides bothin vitro andin
vivo trials, and thisstudy represent the first opéield report of E.
arvenseagainst citrus fungal pathogens, and more specifically against
Colletotrichum and Alternaria diseasé€s.arvensenas been recently
studied foiits preventive effect on fungphthogens attributable to the
high percentage of silica (Marchand, 201®arciaGaytanet al.,
2019),commonly knowrto strengthen plant cell tissues as so acting
as a physical barrier that prevents the penetration of the fungal
appressorium into the plafifauteux et al. 2005; Marchand, 2016). In
addition, the direct antifungal efficacy Bf arvensanay 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 interestDégostin et al.,, 2011;
Marchand, 2016; Llamazares De Miguel et al., 2022; Trebbi et al.,
202]). E. arvensesvas also recently confirmed as a suitable Cu
alternative to manage tomato late blight, confirming its effitadke
field over a threg/ear period experiment (Trebbi et al., 2021). Several
commercial products containing field horsetail are already
commercially available and registered for the control of plant
pathogensin accordance with SANCO/12386/2013 in Appendix I,
thereby positioningE. arvensesa potentially suitable alternative.
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Moreover,its costeffectiveness, compared to the other alternatives,
along with the current registration on citrus crop as active substance,
strengtheng&. arvenseas a potential copper substitute.

In addition, data indicated that the combination of chitosan with
sweet orange essential oil (Mixture 1) and vidtrarvenséMixture 2)
as commercial formulations could potentially provide a better
effective pathogensd control comp
fact, in some trials, products in mixture achieved the best disease
reduction values, comprehensively due tghler rate of application
than the product applied alone and then the total effect could be simply
additive. In this regard, to claithat 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, insteadeof th
standalone basic substance, in reducing the anthracnose of fruit has
been evidenced (Grand®var et al., 2018; Lima Oliveira et al., 2018;
PeraltaRuiz et al., 2020). It has been suggested that chitosan and
essential oils can synergistically act tohance 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 oftheessantal oi | 6s constituents on
fungal cell structure (Elsabee and Abdou, 2013). Still, the disturbing
effects of chitosan on fungal cell structure may increase the partition
of the essential oi | s6 etheyrcantagt t u e n
on target structures (Athayde et al., 2016, Santos et al., 2012).
Moreover, the enhanced effect of chitoganarvensemixtures was
evidenced by Langhomba 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 ofBotryosphaeriaceaespp., 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 containingB.
amyloliquefaciensQST 713 towards anthracnose on orange fruit
6Taroccod and ABS on | emon fruit
demonstrated under low and intermediate disease pressure, whereas
was ineffective under high disease pressure. Those results further
highlighted themportance of including multiple years and hosts when
testing the efficacy of Cu alternatives under field condit{dteset 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., 2033 acting by producing secondary
metabolites that disrupt germ tube formatiopathogens, creating an
inhibition zone, competing for space and nutrients and thus preventing
pathogens spores from germinatign extensive literature reported
the biocontrol activities d8. amyloliquefacienstrains 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
Colletotrichumspp. orA. alternata(Agostini et al., 2003)In fact,
Bacillusbasedbiocontrol 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 8facillus species (Ahmed et al.,
2003; Arrebola et al.,, 2010b), and that sormBacillusbased
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, sincecopperompoundsd® treat ments ar
effect, an integrated pest management system with altgrnat
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 treatmentsd applicatdi
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 condextt it is
necessary to recall other useful elements to positively reinforce the
economic assessment: the average production, the average production
value and the price systeadopted (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; theassessment can be extended to include social aspects (direct
and indirect activities) and f ooc¢
market of alternative products can be expected, as their use will
increase in the next future and the possibility of cdllecpurchase
through the defence consortia active at territorial leSeidh 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 IBpolletotrichumspp., and ABS caused i#y.
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 éiternative treatments, even
under different disease gBsure, 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. limonandC. sinensis and accessions (6Fem
2KRO, 6Tarocco Tapi 6 and 6Tar o
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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 regarddévelopment 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 seful.

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-lizsed atimicrobials in
integrated and organic citriculture in the near future.
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Supplementary Information

Table S1.Characteristics of orchards used in this study to validate the eopper
alternative products.

Orchard |

Orchard I

Orchard I

Location
Coordinates

Crop

Cultivar or clone
Rootstock

Planting pattern (m)
Altitude

Year of trial

Agnone (Syracuse)
37°18'26.0"N 15°05'09.1"E

Lemon

Mineo (Catania)
37°18'44.6"N 14°40'02.9"E

Sweet orange

Femminello Siracusano 2KR Tarocco Tapi

Volkamer lemon
5x2.7
2mas.l.

2020; 2021

Sour orange
3.3x4
130 ma.s.l.

2020; 2021

Pedagaggi (Syracuse)
37°1826.0"N 15°05'09.1"E
Sweet orange

Tarocco Sciré

Sour orange

5x5

307 mas.l

2019/20; 2020/21; 2021/22
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Table S2.Effects of single factors and their interactions in-tway ANOVA on
disease incidence amsdverity data.

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 xCitrus host 14 1.0644 0.3926ns 14 2.0354 0.0673 ns

Twoway ANOVA analysis conducted consideri
chitosan, sweet orange essential &, arvense Mixture 1, Mixture 2,Bacillus
amyloliquefaciens Copper ) and #fAcitrus hosto (Lemo
orange O0Tarocco Tapi 6, orange O0Tarocco S
effect on disease incidence (DI) and severity (DS) values. Data are the means of seven
trials. *Df = degees of freedom; F test of fixed effeqgtsvalue associated to F, ns =

not signifcant.
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Figure S1.Geographic distribution of citrus experimental fields in Sicily. Colored
pointers represent the experimental orchards. Red pointer, Orchard | (Agnone,
Syracuse); black pointer, Orchard Il (Mineo, Catania); phiater, Orchard IlI
(Pedagaggi, Syracuse). The main product:i
and fALimone di Siracusa0 are |l ocated

Caltanissetta ®

® Ragusa
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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 | (Agnone): incidence of Alternaria brown spot

(ABS) disease on lemon fruit O0Femminello
incidenceofat hracnose symptoms on orange frui
(Pedagaggi): incidence of anthracnose on

represent the standard error of the mean (SEM).

O Low
B Intermediate

@ High

Disease incidence (%)

Orchard | QOrchard Il Orchard IlI
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Figure S3 Oneway multivariate analysis of variance (MANOVA) of independent
variable 6treatmentd on dependent variab
fruits, %) and 6di s e-8)orecitrgsdrviteForiedacly 6 ( seve
parameter, columns wittiifferent letters are statistically different. Statistically
differences were conducted for each significant dependent parameter usiugyone
ANOVA foll owed by Fisherodos | egpwduesi gni fi
0.05. Data are the raas of seven trials. Bars represent the standard error of the
mean (SEM).

Pillai’s V= 0.23196

p<0.0001
oDl mbs F7.200=3.7484

1.0

Disease incidence (%)
Disease severity (0-5)
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Figure S4Al t ernaria brown spot (ABS) on | emon
unripe fruit in September (A) and on ripening fruits in November 2020 (B).
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Figure S5, Ant hracnose di sease sympseverms on or
anthracnose fruit spot (A), sunked black lesion surrounded by chlorotic haloes (B).
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Figure S6.Ant hracnose symptoms on orange O6Tar ¢
lesion at the sterand of fruit that can cause preharvest fruit drop and irregular,
sunked lesions that can turn black to form acervuli (A), irregular anthracnose fruit
spots surroundebly chlorotic haloes (B).

139



CHAPTER IV

CHAPTER IV

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

This chapter is based on theicle in preparation for submission to
the Journal oPostharvest Biology and Technology

Lombardo, M.F., Cirvilleri G.* et al, Exploring the Carpospheric
Microbiome Composition in Diverse Citrus Accessions: Implications
of Field Treatments on Community Structure and Selection of
Biological Control Agents Associated with Core Members

Aut hor s o6 ddpértmént aoft iAgrioulture, Food and
Environment, University of Catania, Via Santa Sofia 198123

Catania, Italy

* Corresponding author: Gabriel@irvilleri (gcirvil@unict.if)

140


mailto:gcirvil@unict.it

CHAPTER IV

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 compreltezid impact on
beneficial microbiota. Here we report a comprehensive analysis of the
structural compaosition of citrus carposphere microbiome across three
citrus hosts and its modification accordingly to different phytosanitary
treatments (biological andpperantimicrobials) 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 coreitrus members comprised 51 bacterial and
27 fungal Amplicon Sequence Variants (ASVs), encompassing genera
widely reported as plant beneficials. Changes in fruit microbiome
composition indaed by phytosanitary treatments (chitosan, sweet
orange essential oil, their mixture and coppased products) were
subsequently analysed. While culturomics did not show relatable
changes in microbial community, amplicon sequencing revealed
substantial réuctions in composition and abundance of bacterial
community with coppebased 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 exged
from the 16S rRNA gene amplification of 120 bacterial antagonistic
strains, as 7% of them matched with the core members. This study
contributes to the understanding of the citrus fruit microbiome,
emphasizing that biological products do not disrilfe 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 tocklate microbiome
potential in disease management strategies.

Keywords: agricultural management; amplicon sequencing;
culturomics, beneficial microorganismsgopper alternativescitrus
carposphere microbiome.

4.1 Introduction

Citrus holds acentral 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 tolletotrichum
gloeosporioidesand C. karsti (as 'karstii'), as well as of Alternaria
Brown Spot (ABS), caused MAdternaria alternata(Fr.) Keissl. and
occasionally byA. arborescen€.G. Simmons (Aiello et al., 2G;

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 qualitultivars in the
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Mediterranean area (Vitale et al., 202oreover, 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
(Katsoulaset al., 2020La Torre et al., 2008 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 apprbas(Lamichhane et al., 2018;
Toffolatti et al., 2023).

In our previous works(Lombardo et al., 2023a; 2023b),
ecofriendly alternative products (i.e., plant extracts, badistances,
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 crdwalth, 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 frorhe t recognition that plant
microbiomes can perform a variety of functions on plaimisiuding
enhancing plant tolerance against biotic stressors and disease
resistance Trivedi et al., 202 The establishmenbf a beneficial
microbiome in the plant hosan be influenced by numerous external
factors (e.g., climate, plant management, agricultural practices, soil,
etc.) Those factormay leadto variations in composition dimit the
beneficial effectof microbes(Schlechter et al., 2019). For example,
phytosanitary treatments, such as coggp#imicrobials, were
demonstrated tamportantly disturb the presence of beneficial
microbiotain the phyllosphere of citrus or grapevif@arvalho et al.,
2020; Gobbi et al., 2020), potentially nullifying théenefcial role.
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Consequently, the concept of presearal promotethe 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 shatédt from
ficoreodo member skey tdaxd establisbed thougk tost o f
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 (Risely2020). 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, ilinge
the core members of specific plant host is crucial for developing
effective microbiomébased strategies (Lemanceau et al., 20M7).
this direction previous researchers have primarily focusedthomn
microbiota ofroot 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 bedause o
challenges associated with condngti highquality 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, thepospheric
microbial compositiorand core membeis citrus fruit has received
limited attention. However, ecent advancements in laboratory
protocols, which suggest methods for optimizing genetic material
concentration, have now made it feasible to investigate the
microbiome of the fruit suaice(Hamilton et al., 2020).

Thus, in order to obtain information related to the composition,
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role andmodificationsof microbiomemembersand to translate this
information into concrete solutions for biocontrsirategies the
integration of cultivation-dependent(culturomics) and cultivation
independenie.g., amplicon sequencing)techniques was suggested
(Blacutt et al., 2020; Penyalver et al., 2RZthis integratd approach

is particularly promising for the development of micratmived
formulations for commercial purposes in the field of biocontasl,
recently demonstrated in the field gstharvest citrus disease
management (Jing et al., 2028).this senario, culturomics remain
essential for isolating culturable organisms from a given microbiome
and to conduct laboratory tests to assess the antagonistic traits
(Mapelli et al., 203).

In this study, we investigated the carpospheric microbiome of
three citrus hosts with regards to different treatments applied in the
field, with the aims) to elucidate the microbial composition of citrus
carposphere; ii) to assess the impact of antifungal treatmepdf
and biological alternativgson 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 treatrteeimpact on fruit microbiome,
allowing for the informed selection of effective, but minimally
disruptive, methods that promotes beneficial communities.
Furthermore, the core membéisreselected from the treated fruit
itself can potentially serve, solely or in consortia, as bioinoculants to
enhance overall treatment effectiveness &uoé health. We also
propose the concurrent use of both cultivaddpended and
independent techniques as a key approach to obtain a valuable
collection of hosspecialized microorganisms with significant
potential for cuttingedge agriculture.
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4.2 Materials and Methods
4.2.1 StudyStesand 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 samplscluded lemon 'Femminello
Siracusano 2KR' from Orchard |, orange 'Tarocco Tapi' from Orchard
Il and orange 'Tarocco Sciré' from Orchard Ill (Table S1).

The three orchards were treafedtwo (Orchard | and Il) and
three (Orchard lll)consecutivegrowing seasons to control natural
infection of anthracnosecaused byColletotrichumspp., or ABS,
caused byA. alternatg on fruits. As integralpart 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 effectieepper alternatives and copper
treatments from thé&ast growing season2021 for Orchard | and II;
20212022 for Orchard I). Thus, samples included in this study
comprised: (1) untreated fruit (Control), fruit sprayed with a standard
copperbased fungicide K@ Twin (Copper), fruit sprayed with basic
substancédased product, Chitosano Biorend® (Chitosan), fruit
sprayed with a plant extrabtised product, PREXM® PLUS
[Sweet orange essential oil (SOEO)] and fruit sprayed with a mixture,
Chitosan + SOEO (Mixtude The experimental block desigtested
formulation, active ingredients and application rates are list€dbte
S2.

4.2.2 SampleCollection andProcessing

Citrus fruits samples were collected from the three orchards,
associated to three different citrus accessions or clones (citrus host)
(Table S3). Br 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 orclzadh
fruit samplewas aseptically transferred irgmglepolyethylene sterile
bags androcessed to obtain washing solutimmtaining epiphytic
microorganisms of fruit surfac8pecifically, fruit weresubmergedh

200 mL sterile buffered peptone water (BPW, pH = 7.0 £ 8r)
supplemented witB.02% (v/v) Tween 80 (Gomba et al., 201The
submerged fruit samplegere thershakerfor 1h at 150 rpm, at 20 °C
and sonicated at room temperature anwater bath (L & H
Manufacturing Company, Kearny, NJ) for 8 min at 200 W and 50 Hz.
From each washing solutia@btained aliquots of 1 mL were usdd
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 Treatmens in Carpospheric Cultivable
Microbial Population

To isolate and quantify the cultivable microbial population,
serialtenfold dilutions of the washing solutisnvere 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 pepe, 20 g/L of
dextrose, 20 g/L of bacteriological agasihd 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/ctand expressed as Le@FU/cnt. All data were
checked for normal distribution by ShapMdilk normality test,
considering a significance levgb-¢alue) of 0.05. To evaluate data
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homogeneity, L e-vatue<6.@5s wast engployed.a t
Significant differences among the counts of cultivable microbial
population (fungi, yeast and bacteria) between differently treated
fruits were determined with ongay analysis of variance (ANOVA)
and Tukey HSD post hoc testmvalue<0.05 using Minitab software
(MinitabE , v. 20).

4.2.4 DNA Extraction andAmpliconSequencing

The washing solutions, prepared according 2@ were
processed to obtain pellet for DNA extraction and amplicon
sequencingSpecifically, 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 x 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 obtahrieg
samples per treatment and storee2@t°C until useEach sample was
subjected to DNA extraction using a MoBio Powersoil DNA
extraction kit (MoBio Laboratories Inc. Carlsbad, CA, USA)
according to the manufacturer6s i
The DNA quality and quantity were investigated by usitdanoDrop
device (Thermo Scientific, Wilmington, DE) and by running the
extracted DNA on a 1.% agarose gel. 16S and ITS amplicon library
preparation and sequencing were performed by IGA Taobp
Services (Udine, Italy). Primergere selected according to Earth
Microbiome Project protocolmww.earthmicrobiome.orgThompson et
al., 2017). For bacterial community profiling, the 163NA V4

region was amplified wi-t h ;
GTGYCAGCMGCCGCGGTAA3 06 ) and 806R
GACTACNVGGGTWTCTAAT-3 0 ) . Peptide nucl ei

clamping was applied during the first 16S rRNA amplification step to
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block amplification of host chloroplast and mitochondrial 16S rRNA
gene sequences. For fungal eommun
TCCGTAGGTGAACCTGCGG3 0 ) and | TS2
GCTGCGTTCTTCATCGATGE3 6) wer e used t o amy
ITS1 region of fungal rRNA aogron. After quality control,
guantification and normalization of the DNA libraries, 25 paired

end reads were generated from the NovaSeq6000 sequencing platform
(111 umina, San Di ego, CA) accor
instructions. All sequences werembsited in the NCBI Short Read

Archive BioProjecPRIJNA1014910.

4.2.5 Bioinformatics andData Processing

Bioinformatics analyses were performed importing the raw data
into R software (v.4.2.Il5unnyLooking Kid. The FASTQ files were
processed using the DADAZ2 pipeline (R packdgdaZ v.1.24)
(Callahan et al., 2016), which is designed to obtain sequences with a
singlenucleotide difference, resulting in an amplicon sequence
variant (ASVs), rather than clustering similar sequences into
operational taxonomic units (OTUs). Sequence readse first
filtered using DADA2 recommended parameters. Filtered reads were
then dereplicated and deoised using DADA2 default parameters.
Pairedend sequences were merged, and chimeras were removed. To
obtain the taxonomic information, ASVs tables were compared
against SILVAdatabase for 16S and UNITE databBse TS, using
the RDP Naive Bayesian Classifier algorithm, throughout
assignTaxonomyjunction (Wang et al., 2007). To generate a clean
dataset and feature tables, the ASVs merged sequences, defined as
AUnknowno at tahddCphhypytlroml aané, A Mi
andukKi&r yot ado were r emovedmiariyom t h
AUnknowno at the phylum rank, fi Ba
ASVs tablevere removedASVs with no kingdorvevel 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 totabum scaling (TSS) method (Weiss et al., 2017).

4.2.6 MicrobiomeData 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., 201 Ayegan(v. 2.2.6) (Oksanen
et al., 2019)ggplot2(v.3.3.6) (Wickham, 2016 DESeq2v. 1.36.0)

(Love et al., 2014) packages inR4.2.)]. Al pha (U) diver
calculated for each sample in terms of Observed, Shannon, Inverse
Simpson, Chaol, Fisher, Pielou and Simpson indices and displayed

using Shannon and | nthpotrarefiedfatamp s o n
(McMurdie and Hol mes, 2014). The
h o s(arainard) itr eamndnenth&i r i nteraction

been performed usingtwway ANOVA. Di fferences
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 Tuke
withp-value<0.05wer consi dered significant
performed on the Principal Coordinates Analysis (PCoA) method with
BrayCurtis dissimilarity index, anpf
dispersion, to validate the homogeneity of group dispersion, hare bee
performed using théetadisper()function on vegan package. A
Permutational Multivariate Analysis of Variance (PERMANOVA)
statistical test was performed tAdonig) function (Anderson, 2001)
in veganpackage, with a permutation number of 999 availabk® a
both #Acitrus hosto and. Aitreat ment
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 WBEgeq2ool
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(McMurdie and Holmes, 2014jitting the negative binomial model
and testing the significance witWald 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) usingore function in microbiomeR
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 th
+ MApathogeno [/ iBi ol oagtiat,a2D23).Cont r
Meanwhi |l e, Acitrusd has been adde

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
Colletotrichumgloeosporioides andl#&rnaria alternata

An extensive bacterial culturing approach was carried out from
the same carpospheric washing solutions usesiudy the citrus
cultivable bacterial microbiota. Distinct, n@verlapping 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 usitige 3% KOH test (Schaad et al.,
2001) and streaked on Kingbés medi
to check for fluorescent isolates under UV illumination (365 nm).
Colonies were longerm stored in Nutrient Broth (NB, Oxoid)
supplemented with 1% (v/v) glycerol at-20 °C until further use. The
antifungal activity of the isolated strains was tested agdihst
gloeorporioidesandA. alternatabelonging 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 °Cin the dark for 15 and 10 days €rgloeosporioidegandA.
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 diameteRemafrom

the edge of actively growingultures 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 @loeosporioidesand A.
alternatathroughout a double Pedtilish assay, according to Parafati

et al., 2015. The measurement of fungal growth (cm) was performed
five days after inoculation. PDA dishes with oi@ygloeosporioides

or A. alternataserved as control. The experiments were paréat
twice. The mycelial growth reduction (M.G.R.) was calculated
according to the following formula (Panebianco et al., 2022):

- 888pb — pPTUW )

whereM.G.R.is the percentage ofiycelial growth reduction.
R1 stands for the mean radius of the patho@¢@&ngloeosporioidesr
A. alternatg and R2 indicates the mean radius of the pathogens in the
presence of inoculated bacteriuftne antagonistic activities for each
strain were evaluated and scored according to an arbitrary scale of
inhibition ranging from 0O to 4, categorized as follows: class 0 = no
antagonism; class 1 =8.mm (<25%); class 2 = 6.0 mm (2650 %);
class 3 = 1115 mm (5175 %); class4 > 15 mm (>7%%0).

4.2.9 Molecular Identification of Bacterial Isolatesand
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 g@me®ding region was
PCRampl i fied wusing the wuniversal
AGAGTTTGATCMTGGCTCAG3 6) and reve+t se 1
TACGGYTACCTTGTTACGACTT36) (Lane, 1991, F
al., 2022). The DNA amplicons were sequenced by BMR Genomics
(Padova, kly). 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 MEGAL11 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 wasedre

with the 120 isolates. The 16S rRNA gene sequences of the bacteria
were used to intercept %dimlaiy bact
to the ASV core members (Jing et al., 2023). Each ASV reference
sequence assigned to the same genus from the defineditcase

mi crobi ome compri sed t he Aquery
nucleotide sequences of 117 antagonistic bacterialnstraiere
deposited in the GenBank database under accession numbers
OR3944350R394551

4.3 Results

4.3.1 DNA sequencin@atasetDescription

The dataset obtained from citrus carposphere samples
comprised a total ofi5 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 nottarget sequences, a total of 14,223,727
for 16S and 7,055,852 for ITS of higjuality reads was retained, with

an average of 948,248 and 470,390 reads per samples (Table S4 and
S5). ASVs assigned to nontarget sequences [Protargiataset:
Eukaryota (n=1; 0.01 %), Chloroplast (=71, 1.68 %),
Mitochondria (n= 344; 5.6%), unknownbacterial kingdom (i 27;
0.44%), unknown phylum (n147; 2.42%); Eukaryotic dataset:
unknown fungal phylum (& 1.63; 35.09%)] were removedThe

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 déferASVs (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 ofCitrus Carposphere

The epiphytic microbial community of the carposphere, lemon
OFemmi nell o Siracusano 2KR®& (Orch
(Orchard 11) and 6Tarocco Scir®6
diagrams illustrate the bacterial (Big 1A) and fungal Figure 1B)

ASVs shared between the three orchards. Out frond BEL ASVs
found on the bacterial community, 1,258 were shared between the
three orchard$22.8 %). Orchard Il showed the higher number of
detected (3,205) and unique (1,344) ASVs, followed by Orchard Il
(2,984 shared; 1,333 unique) and Orchard | (2,497 shared; 917
unique).In the fungal community, out from the total 3,013 ASVs
found, 531 ASVs (17.80) were shared between the three orchards,
while 637, 841 and 546vere unique of Orchard I, Il and Il
respectively. Also in the fungal community, Orchard 1l showed the
higher number of retained ASVs (1,778), followed by Orchard |
(1,511) and Orchard Il (244).The predominant bacterial and fungal
phyla, whose relative abundance exceeded #henleach citrus host,
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are displayed ifrigure1C and D. The citrus carpospheric microbiome
between the three citrus hostshowed similar taxonomical
composition with different relative abundance. The dominant bacterial
phyla were Proteobacteria (Orchard |, 4%;10rchard Il, 64.%%6 and
Orchard Ill, 83.9 %), Firmicutes (41.2, 19.7 and 8.%0),
Actinobacteriota (9.3, 7.9 and 34) and Bacteroidota (&.6and2.1
%) (FigurelC), together accounting for more than 98% of all the total
phyla in each orchardhe fungal community imainly composed by
Ascomycota (78.5, 74.4 and 83.8%dllowed 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 802 and Bacteroidia
(2.7, 5.2 and 2.1%)Hjgure 1E). Further classification of the fungal
ASVs at the class level vealed the presence of 30 classes,
predominated by Dothideomycetes (72.4, 45.1 and %Y
Cystobasidiomycetes (12.7, 7.3 and%)Q Tremellomycetes (5.7, 7.1
and 6.4%), Eurotiomycetes (5.5, 3.7 and %), Agaricostilbomycetes
(1.2, 1.9 and <®). Orchard Il revealed a more diverse taxonomical
composition in which Taphrinomycetes (¥8) Exobasidiomycetes
(1.12 %) and Lecanoromycetes (198), and Leotiomycetes (%)
reached the % (FigurelF).

The highesta diversity values were detected in orchard Il,
followed by orchard | and orchard lll, in both bacterfigure 1G)
and fungal communities={gure1H). The effect of two single factors,
Aitreat ment o, Acitrus host o and
significant for both 16S and ITS data of Shannon ingexa{ue<0.05,
two-way ANOVA with interaction, Table B, thus further evaluated.

Inbdiversity, tvariable éxerted a sirengeh 0 s t ¢
influence than the fAtreatmento va
communities -value<0.001 PERMANOVA, Table 8). The
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influence was confirmed since differently treated samples cluster
distinctly, according to their citrus host, accounting for%8&nd 40

% of the variation in the overall bacterial and fungal community
composition, respectively={gure1ll and L). Notably, an exception is
observed for coppdreated samples within the bacterial community

of orchards | and Il, as well as within the fungal community of orchard

Il. These samples exhibited dissimilarity from their respective
orchardqFigurelland ). Moreovet t he vari abitse #fAtr
interaction with #fAcitrus hosto we
PERMANOVA analysis on both bacterial and fungal communipes (
value<0.001, PERMANOVA, Table8x
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PCoA based on Bray-Curtis distance
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Induced Modification byField Treatmentsin 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 figuiriggi(eS1 and
S2).

In the taxonomic composition, results revealed pronounced
differences in the relative abundance distributiacross fruits
subjected to different treatmentSpecifically, coppetreated fruits
notably reduced the taxonomic diversity, being almost exclusively
composed of Proteobacteria in orchards | and Il and Firmicutes in
orchard Il Figure2A). In contrast, alternative treatments did not seem
to significantly affect the taxonomic composition and distribution at
phylum rank. The fungal taxonomic distriilan was not importantly
affected by treatments applicatiofdgure2B).

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 wayze|
revealing taxa that were either enriched or depleted by treatments in
each orchardompared to the untreated cont®acterial community
showed to be more sensitive to treatments application than fungal
community, showing a higher number of diffetgnenriched or
depleted phyla within each orchard (Supplementary Data 1). Among
treatments, copper always induced major changes in microbial
composition.Specifically, in orchard |, significant differences were
observed in the relative abundance of multiple bacterial phyla in
coppertreated fruit, showing a lower relative abundanceteri
bacterial phyla (adp-v a | u e DESeq2@Gdpplementary Data 1).

No significant depletion of bacterial or fungal phyla was observed in
the remaining treated fruitsexaept for the bacterial phylum
Cyanobacteria that exhibited lower relative abundance in fruit treated
with mixture(adjp-v a | u e DESeg2GUpplementary Data 1). In
orchard Il, copper samples resulted in the depletion of sixteen bacterial
phylaand in the enrichment of two phylahile chitosan treatments
depleted four phylaand enriched two phyléadj p-val ue< 0.
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DESe)2, Supplementary Data 1). SOEO and mixture treatments did
not deplete any bacterial phyla but led to enrichroétitree and one
bacterial phyla respectivelyfhe 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 treatm@alip-v a | u e DES®eq20 5 ,
Supplementary Data 1). In orchard Ill, the relative abundance of seven
bacterial phyla was reduced in coppeated fruit, six phyla by
mixture, four by SOEO, and chitosan treatments depksteghyla
while enriching Cyanobacteria. The fungal community in this orchard
exhibited fewer modifications compared to the bacterial community.

In summary across the orchards, a totatiéfbacterial andwo
fungal phyla were found to be depleted by copper treatmgaten
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 respectivébdj p-value<0.05 DESeq?2
Supplementary Data 1).

The differences in community structure were further
investigated at the genus lev€lomprehensively, the main notable
difference was between untreated control samples and three&tad
fruits that importantly depletedoth bacterial (Figure 2C) and fungal
(Figure 2D) genergadj p-value<0.05DESeq?2 Supplementary Data
2). Specifically, copper treatments have resulted in the depletion of a
total of 120 (Orchard I), 164 (Orchard II) and 99 (Orchard Ill) bacterial
and genera, 23 (Orchard 1) and 34 fungaic{@rd Il) genera (Figure
2C and D). Acrosshe three orchards, only a total of 9 bacterial and
32 fungal genera were enriched by coppg@en the contrary, hte
influence of alternative products on the depletion of bacterial or fungal
genera is minimal, as they primarily contribdite their enrichment,
except for SOEO, which has demonstrated a significant impact on
depleting the bacterial community in orchard(ddj p-value<0.05,
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DESeq2 Supplementary Data 2).
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4.3.4 Effect ofField Treatments oiversity 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 exhibadower bacterial
diversity, when comparing to the untreated contfajjire 3A). The
reduction induced by copperr e at ments in U diver
as significant in orchard | and Ih contrast, no significant differences
in the r eduemsityimetrics veefe oddervediin samples
treated with alternative products compared to the untreated control.
The fungal U diversity, Figue3Bral cul
did not show significant differences between treatments in both
Orchard | and Orchard Ill. However, in Orchard I, a significant
decrease in diversity was observed in fruits treated with copper.
Detailed alpha diversity metrics are reported in T&f8eand Table
S10.

The effect of treatments was further investigatel diversity
index. As showed in the PCoA plot based on BEaytisdissimilarity
(Figure 3C and D), treatmenitsfluencel on b diversity distribution
across various orchards as evidenced by signifigasaiues (<0.05,
PERMANOVA). An exception is observed in the fungal community
of orchard Ill, where treatmesitio not show a significant influence
(R?=0.24,p-value = 0.78, PERMANOVA).
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statistically compared between treatments within the same orchard. Asterisks
indicate significant differenceg{/alue<0.05) computed with Ofveay ANOVA,
ns= not significant. Centre valuepresents the median of index; Principal
Coordinates Analysis (PCoA) based on the Btaytis distance between differently
treated samples for each orchard. Points are colored by treatments and represent a
complete community from a single treated samgdga are showed using 165) (
and ITS D). Statistical analyses were conducted separately for each orchard
considering preharvest treatments as main source of varipti@iyes and R
values were obtained using a permutational multivariate analysisiafive
(PERMANOVA) (Adonig. Untreated Control, Copper, Chitosan, Sweet orange
essential oil (SOEO) and Mixture; Orcha
2KR6é), Orchard |1 (orange 6Tarocco Tapi 6)

4.3.5 Distribution and Characterization of Colletotrichum and
Alternariagenera

Considering the emerging economic importance of
Colletotrichumand 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 spevigs
investigation, resuig in the discrimination of distinct species. For
ASVs that did not attain specid=vel classification on features tables,

a blast analysis was further conducted. Consequethity analysis
revealed the presence of six unique ASVs affiliated with the
Colletotrichum genus, corresponding to the identification of four
speciesC. acutatumC. gloeosporioidegboth species represented by
two distinct ASVs),C. karstiiandC. novaezelandiag(Figure S3A).
Notably, among the identified speci€3, gloeosporioidegxhibited
the highest abundance, present across all examined orchanghand
an occurrence of association of 190within each sample of orchard
Il and Ill. Statistical analysis using ngrarametric analysis of
variance indicated no significant alterations (p = OpB@alue= 0.97,
p-value= 0.84, KruskalVallis) in the relative abundance of this genus
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as a consequence of treatments across all three orchayaleS3B).
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,
namelyA. alternataandA. metachromaticéeach represented by three
distinct ASVs),A. infectoria(represented by five distinct ASVS),
chlamydosporigena. nepalensisA. rosae(each represented by two
distinct ASVs)A. brassicicolaA. hordeicolaA. japonicaA. lolii, A.
multiformis A. sorghj and A. tumida Among theseAlternaria
speciesA. alternataexhibited the highest abundance across all three
orchards Figure S3C). Notablyone ASV associateth A. alternata

and one td\. infectoriawere detected in all samples from each orchard
(100 %). Also for Alternaria genus statistical analysis revealed no
significantchangedetween treatmen(p-value=0.68p-value=0.23,
p-value= 0.21, KruskalVvallis) in the relative abundance resulting
from the treatments across all three orcharéfgufe S3D).
Additionally, pairwise comparisons confirmed no differences among
treated samples$-igureS3D).

4.3.6 Core Members of Citrus Carposphere Microbiome

The carpospheric core microbiome shared between the three
citrus accessions has been identified by usingadd®urrence of
associ at% across @lotige. sAmples as the criterion. Since
coppertreatments affected the microbial composition to a great
extent, coppetreated samples were excluded from the datbs#tg
the aforementioned criteri®1 bacterial and 27 fungal ASVs were
identified as part of the core microbioni®upplementary Data 3).
Initially, a total of 45 bacterial ASVs were associatét @3 different
genera.The reminingsix ASVs that did not receive gentigvel
associations when analysed using the SILVA databssee NCBI
blasted, thusbtaining three more generbhus, a total of 2genera
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were associated to core members, and 26 memBFereported as
BCAs. Among themwidely recognized BCAsvere identified, such
asBacillus Pseudomona$antoea Among themonly three genera
were associated with plant pathogé€nable 1)
The fungal ASVs werénitially found to be associated to 13
different genera, while three ASVs lacked a geleus| association in
the UNITE database. Subsequently, the three ASVs were subjected to
BLAST analysis, resulting in the assignmentwd moregerera As
a result, a total of 16 different genera were identifiredssociation
with core membersWithin the core fungal ASVs, several genera
included Penicillium  Alternaria, Cladosporium Taphring
Protomyces PhaeosphaeriaRamularig and Stemphylium widely
recognized as plant pathogens, whileéSporobolomyces
AureobasidiunandSymmetrosporahave been documented as BCAs
Thus,the results suggestdidiata majority of the core bacteria can be
classified as BCAs, whereas many of the core fungi predominantly
proved to be plant pathoge®airthermore, a significant proportion of
the core ASVs has been previously documented in association with
the citrus microbioméTable 1)in different plant compartments
Crossreferencing the results with those obtained uBE&eq2
tool, multiple coregenerashown to balepleted by copper treatments
(Figure 4A and B, Supplementary Dat2), mostly impacting on
bacterial members, including those associtdeBICAs. 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
Acinetobactershowing enrichment. In orchard Il, 18 core members
are depleted by copper, while ofdacillusis enriched. In orchard lll,
8 core members are depleted by copper, whdPsaadomonaand
Klebsiellawere enrichedConversely alternativetreatments mokt
enriched the core memberand determineda 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 BCA/ Reference Associated to
Core Pathogen citrus
ASV* microbiome
Bacteri TrotelAziz et al., Soylu et al,
a(27) Acinetobacter 2328 BCA 2008 2022
Jannah et al.,
Bacillus 1,2 BCA Chen et al., 2020 2018
Penyalver et al.,
Chryseobacterium 51 BCA Yang etal., 2012 2022
Cupriavidus 7 BCA Ye et al., 2019 Xu et al., 2018
Pathogen/  Evseen et al.,, 202z Garrido et al.,
Curtobacterium 18 BCA Azevedo et al., 2016 2016
Wang et al.,
Delftia 9 BCA Han et al., 2005 2023
Jannah et al,
Enterobacter 12 BCA Xue et al., 2009 2018
KazemiPour et al.,
Pathogen/ 2004; Goto et al.,
Erwinia 14 BCA 1979 Jing et al., 2023
Exiguobacterium 15 BCA Kasana et al., 2018  /
VegaCeledon et al.,
Frondihabitans 19, 20 BCA 2021 /
Wasserman et al. Ginnan et al.,
Hymenobacter 16, 17 BCA 2019 2020
Penyalver et al.,
Janthinobacterium 34 BCA Yin et al., 2020 2022
Penyalver et al.,
Klebsiella 10, 11 BCA Kim et al., 2022 2022
Munir et al.,
Massilia 31-36 BCA Ofek et al., 2012 2020
Blaustein et al.,
Methylobacterium 36 BCA Poveda et al.,, 2021 2017
Neorhizobium a4 BCA Das et al., 2017 Xu et al., 2018
EstebarHerrero et Penyalver et al.,
Paenarthrobacter 21 BCA al., 2023 2022
Jannah et al.,
Pantoea 29, 30 BCA Poveda et al.,, 2021 2018
Planococcus 38 BCA Essghaier et al., 201C /
Polaromonas 8 Unknown / /
Pseudarthrobacter 22 BCA Yan et al., 2023 Xi et al., 2023
Gomila et al.,2017;
Pathogen/ De Oliveira et al., Caicedo et al.,
Pseudomonas 3943 BCA 2011 2016
Sanguibacter Lobna and Zawam,
Flavimobilis 45 BCA 2010 /
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Penyalver et al.,

Siccibacter 13 BCA Sayahi et al., 2022 2022
Solibacillus 37 BCA Agarwal et al., 2020 /
Blaustein et al.,
Sphingomonas 46-49 BCA Legein et al., 2020 2017
Munir et al.,
Staphylococcus 50 BCA Nugroho et al., 2022 2020
Fungi
(16) Alternaria 5,18 Pathogen Aiello et al., 2020 Jing et al., 2023
Klein et al.,
Aureobasidium 3 BCA Parafati et al., 2015 2018
Begerowomyces 21 Unknown / /
1,2,10,11, Pathogen/ Thomma et al., 2005; Ginnan et al.,
Cladosporium 14,17, 19 BCA Blacutt et al., 2020 2018
Kondoa 24 Unknown / /
Pseudoconiothyriu
m 9 Unknown / /
Neopyrenochaeta 8 Unknown / /
Kumar et al.,
Penicillium 7 Pathogen Palou, 2014 2021
Phaeosphaeria 12 Pathogen El-Demerdash, 2018 /
Khan and Parveen
Protomyces 6 Pathogen 2018 /
- Kumar et al,
Ramularia 13 Pathogen Videira et al., 2015 2021
Ginnan et al.,
Sporobolomyces 26 BCA Fatemi et al., 2022 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/
Kumar et al,
Vishniacozyma 23, 20 BCA Gramisci et al., 2018 2021

*ASVs identification number associated in this study as core citrus microbiome
using the occurr e9%aceossalfthe sasnples as tte critcdon 09 9 .
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 thos e%amssallthe samples and n t

considered as core members. Thourfrom 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 logo CFU/cn?), followed by yeast (118.6 logo CFU/cn?), and
fungi (1.8 3.2 logo CFU/cn?). On averagethe highestvalues of
microbial counts were detected from orchanghilethe lowest values
were counted from orchard Ill.Platecounts were performed to
quantify changes in culturable microbial populationstween
differently treated fruits (untreated control, copper, chitosan, SOEO
and mixture treated samplesh | emon O6Femmi nel | o ¢
(orchard 1), oranges O6Tarocco Tap
(orchard 1l1) (Figure 5) Compared to the corresponding untreated
control, the bacterial cultivable population was redusigdificantly
by coppergchitosanand mixture in orchard I, and by all treatments in
orchard Il (Figire5A). Yeast and fungal populations were decreased
only by copper treatments in orcharqRigure5B and C). In orchard
lll, 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 differerp-&alue>0.05, onevay ANOVA

foll owed by Tukeyds multiple comparison
Orchard |, | emon 6Femminell o Siracusano
Orchard 111, orange &édTarocco Sc
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4.3.8 Screeningof Cultivable Bacterial Community Composition
Diversity and Antagonistic £&tivity against ©lletotrichum
gloeosporioides andlfernaria alternata

A total of 447 bacteriadtrains (101 from Orchard I, 217 from
Orchard Il and 129 from Orchard IDaturally present on the surface
of citrus fruits were isolated andanalysed(Table S11) Overall, a
higher fraction of Grammegative bacteria was identifiedrigure
S4A), with a higher percentage in orchards | (82)4nd Il (56.7%),
while the majority of bacteria isolated from orchard Ill were Gram
positive (57.4 %). A total of 42 bacteria (9.4%) exhibited
fluorescene.

All the 447 isolateswere then screened for antimicrobial
activity againstC. gloeosporioide¢Cg) and A. alternata(Aa) and
ranked according teéhe growth inhibition scores (classesAp A
higher percentage of bacteria exhibiting greater effectiveness against
CgandAahas been isolated from the lemon carpospfterehard I)
(Figure S4B). In fact, the percentage of antagonistic bacteria
belonging to class 4 from lemon carposphere are 3.9 artd 8f3he
total, respectively again§lg andAa. In orchard I, the percentages
associated to the higher class reached the 2.8 afd. 5\N® bacterial
strains isolated from orchard 1ll 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 bogra@dAa. Overall, it
can be confirmed that the highest enof effective antagonists have
been isolated from I emonds carpos
data on the number of antagonists tested against the two target
pathogens indicates that there are more antagdmkiaging to class
3 and 4againstAa(4.8%in class 4 and 19%in class 3) than against
to Cg(2%in class 4 and 17.% in class 3)Figure S4C)However,
the largest number of antagonists is found in the intermeldwate
classes, with percentages of 520&nd 27.04%6 respectively for @ss
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2 and 1 againstg, and 35.4%6 and 30.26 respectively for class 2 and

1 againstAa (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, 3.8lemonstrated
VOCs producti on, by i nducing a
different extends. The highest percentage of antagonistic strains were
isolated from orchard I, accountirfgr 56 % of VOCs-producing
strains in the total collection, followed by orchard Il (384} and
orchard Il (25.8%). Specifically, 47 bacteria from across all orchards
were found to reduc€g growth diameter within the range oPAto

25% (Class 1), while only one strain fell into Class 2 (5fB%) and

one into Class 3 (>5%). Consistently with direct antagonistic results,

a higher number of bacteria able of volatile production was observed
when tested againgta, with 107 bacteria in Class 1, 52 badn

Class 2, and 1 bacterium in Class 3 (Table S11).

4.3.9 Molecular Identification of Bacterial StrainShowing
Antagonistic Activity and Association to Core Member

A total of 120 carpospheric bacterial isolates (40 from each
citrus accessionkelected for theinigherantagonistic activity (direct
antagonistic activity and VOCs production), were further identified by
partial 16S rRNA gene sequence analysis (Table S12). Fourteen
different families were encountere®seudomonadaceae (12:26.7
%), Erwiniaceae (n=& 23.3 %), Burkholderiaceae (n=21, 5/0),
Bacillales (n45, 12.5 %), Microbacteriaceae (n= 6, %),
Staphylococcaceae (n=5, 498), Oxalobacteraceae (n=3, 2%),
Enterobacteriaceae (n=3, 2%), Xanthomonadaceae (n=1, 0.8
%), Micrococcaceae (n=1, 0.8%), Paracoccaceae (n=1, 0.8
%), Sphingomonadaceae (n=1, 04}, Alcaligenaceae (n=1, 0%)
and Sanguibacteraceae (n=1, 08 (Figure 6A). In Figure 6B a
dendrogram showing the phylogenetic relationships of bacterial
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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 idaatthe bacterial strains that

e x hi bi % sirdilariy ®o8he core ASVs members present in the
99.9 % of all samples obtained from amplicon sequencing data.
Among these bacteria, P4 (89 out from120 strains) were found to

be part of the defined comitrus carposphere microbiome based on
the assigned ASVs (Table S1Bpcterialstrainscorresponding to the
ASVs found in the recognized core microbiome at the genus level
included the generdacillus, StaphylococcysCupriavidus Massilia,
Enterobacter Erwinia, Pantoea Curtobacterium Sanguibacter
Frigoribacterium PaenarthrobacterPseudomonasSphingomonas

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
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