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Controlling crop diseases using induced resistance:
challenges for the future

Dale R. Walters*, Jaan Ratsep and Neil D. Havis
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Fig. 2. Factors affecting the expression of induced resistance in practice. IR, induced resistance. Adapted from Reglinski et al.
Integration of induced resistance in crop production. In D Walters, A Newton, G Lyon, eds, Induced resistance for plant disease control:
a sustainable approach to crop protection. Copyright (2007), with permission from Wiley-Blackwell, Oxford, pp. 201-228.



The induction of resistance

un-primed
plant

ONSET MAINTENANCE

priming attack
treatment

defence intensity

time

Jurriaan Ton, Universita di Sheffield



MPMI Vol. 19, No. 10, 2006, pp. 1062—-1071. DOI: 10.1094/MPMI-19-1062. © 2006 The American Phytopathological Society

REVIEW

Priming: Getting Ready for Battle

Prime-A-Plant Group: Uwe Conrath,’ Gerold J. M. Beckers,' Victor Flors,? Pilar Garcia-Agustin,?
Gabor Jakab,® Felix Mauch,* Mari-Anne Newman,® Corné M. J. Pieterse,® Benoit Poinssot,’

Maria J. Pozo,® Alain Pugin,” Ulrich Schaffrath,’ Jurriaan Ton,® David Wendehenne,” Laurent Zimmerli,®
and Brigitte Mauch-Mani?®

'Department of Plant Physiology, RWTH Aachen University, 52056 Aachen, Germany; *Area de Fisiologia Vegetal,
Departamento de Ciencias Experimentales, ESTCE, Universitat Jaume |, Campus Riu Sec, 12071 Castellon, Spain;
3Institute of Biology, Faculty of Sciences, University of Pécs, H 7601 Pécs Pf.: 266. Pécs, Hungary; *Department of Biology-
Plant Biology, University of Fribourg, 3 Rue Albert Gockel, Fribourg, CH-1700, Switzerland; *Section for Plant Pathology,
Royal Veterinary and Agricultural University (KVL), Thorvaldsensvej 40, 1871 Frederiksberg, Denmark; ®Section of Phyto-
pathology, Institute of Environmental Biology, Faculty of Science, Utrecht University, PO Box 800.84, 3508 TB Utrecht,

The Netherlands; ‘UMR Plante-Microbe-Environnement INRA 1088/CNRS 5184/ Université de Bourgogne, 17 rue Sully,
BP 86510, 21065 Dijon Cédex, France; ®Departamento de Microbiologia del Suelo y Sistemas Simbidticos, Estacion
Experimental del Zaidin, CSIC, Profesor Albareda 1, 18008 Granada, Spain; and °Institute of Botany, University of Neuchatel,
Rue Emile Argand 11, PO Box 158, CH-2009 Neuchatel, Switzerland

Submitted 21 May 2006. Accepted 12 June 20086.



MPMI Vol. 19, No. 10, 2006, pp. 1062-1071. DOI: 10.1094/MPMI-19-1062. © 2006 The American Phytopathological Society

REVIEW

Priming: Getting Ready for Battle

Prime-A-Plant Group: Uwe Conrath,' Gerold J. M. Beckers,' Victor Flors,? Pilar Garcia-Agustin,?

Gabor Jakab,® Felix Mauch,* Mari-Anne Newman,® Corné M. J. Pieterse,® Benoit Poinssot,”

Maria J. Pozo,® Alain Pugin,” Ulrich Schaffrath,' Jurriaan Ton,® David Wendehenne,” Laurent Zimmerli,®
and Brigitte Mauch-Mani®

"Department of Plant Physiology, RWTH Aachen University, 52056 Aachen, Germany; Area de Fisiologia Vegetal,
Departamento de Ciencias Experimentales, ESTCE, Universitat Jaume |, Campus Riu Sec, 12071 Castellén, Spain;
SInstitute of Biology, Faculty of Sciences, University of Pécs, H 7601 Pécs Pf.: 266. Pécs, Hungary; “Department of Biology-
Plant Biology, University of Fribourg, 3 Rue Albert Gockel, Fribourg, CH-1700, Switzerland; 5Section for Plant Pathology,
Royal Veterinary and Agricultural University (KVL), Thorvaldsensvej 40, 1871 Frederiksberg, Denmark; ®Section of Phyto-
pathology, Institute of Environmental Biology, Faculty of Science, Utrecht University, PO Box 800.84, 3508 TB Utrecht,

The Netherlands; "UMR Plante-Microbe-Environnement INRA 1088/CNRS 5184/ Université de Bourgogne, 17 rue Sully,
BP 86510, 21065 Dijon Cédex, France; ®Departamento de Microbiologia del Suelo y Sistemas Simbiéticos, Estacién
Experimental del Zaidin, CSIC, Profesor Albareda 1, 18008 Granada, Spain; and °Institute of Botany, University of Neuchatel,
Rue Emile Argand 11, PO Box 158, CH-2009 Neuchatel, Switzerland

Submitted 21 May 2006. Accepted 12 June 2006.

A

Parsley:

SA-induced priming
for enhanced PAL
gene expression

pretreatment with
salicylic acid (pM)

0 50 100 250 500

- PAL mRNA
Elicitor 4 pg/L

--'. PAL mRNA

B
Arabidopsis:

P, fluorescens WCS417r-
induced priming for enhanced
LOX2 gene expression

pretreatment
water WCS417r

h after MeJA
treatment

"y

01 3 6 12 0 1

- - ~..

3 6 12

C

Arabidopsis:

BABA-induced priming

for enhanced PR-1 gene
expression (7.) and

enhanced callose deposition (2.)

Fig. 1. Priming for enhancement of defense responses in various plant species. A, Salicylic acid (SA)-induced priming for augmented phenylalanine
ammonia-lyase (PAL) gene expression in parsley cell suspensions. Pretreatment with SA results in enhanced PAL activation induced by subsequent treatment
with an oomycete cell-wall elicitor (Thulke and Conrath 1998). B, Pseudomomonas fluorescens WCS41Tr-induced priming in Arabidopsis for enhanced
induction of the LOX2 gene upon treatment with methyl jasmonate (MeJA). C, f-aminobutyric acid (BABA)-induced priming in Arabidopsis for earlier and
stronger PR-1 gene expression upon infection by Pseudomonas syringae pv. tomato DC3000 (1.) and BABA-induced priming for enhanced formation of
papillae at two days after infection with spores of Hyaloperonospora parastica WACO9 (2.). Inset shows a representative example of germinating H.
parasitica spores triggering callose depositions in epidermal cells. (J. Ton, unpublished results). D, Lipopolysaccharide (LPS)-induced priming for faster
production of the phenolic conjugates coumaroyl tyramine (CT) and feruloyl tyramine (FT) in pepper upon infection with Xanthomonas campestris pv.
campestris (Newman et al. 2002). E, Volatile-induced priming for potentiated expression of the jasmonic acid—inducible PIN gene in maize upon treatment

by wounding and caterpillar regurgitant (J. Ton and T. C. J. Turlings, unpublished results).
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Abstract

When plants recognize potential opponents, invading pathogens, wound sig-
nals, or abiotic stress, they often switch to a primed state of enhanced defense.
However, defense priming can also be induced by some natural or synthetc
chemicals. In the primed state, plants respond to biotic and abiotic stresswith
faster and stronger activation of defense, and this is often linked to immunity
and abiotic stress tolerance. This review covers recent advances in disclosing
molecular mechanisms of priming. These include elevated levels of pattern-
recognidon receptors and dormant signaling enzymes, transcription factor
HsfB1 activity, and alterations in chromatin state. They also comprise the
identification of aspartyl-tRNA synthetase as a receptor of the priming ac-
dvator p-aminobutyric acid. The ardcle also illustrates the inheritance of
priming, exemplifies the role of recently idendfied priming activators aze-
laic and pipecolic acid, elaborates on the similarity to defense priming in
mammals, and discusses the potental of defense priming in agriculture.
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The induction of resistance:s

Fig, 141 a Schematic representation of biologically induced disease resistance trigrered by
pathogen infection (SAR, red arrow) and colonization of the roots by beneficial microbes (ISR,
purplearrow), Induce dresistance involves long-distance signalsthat are transp orte dthrough the vas-
culature or as aithorne signals, and systemically propagate an enhanead defensive capacity against
a broad spectrum of attackers in still healthy plant parts. b Sche matic representation of molecular
componetts and mechanizms involved in pathogen-induce d SARK and rhizobacheria-me diated ISE.
Solid black lines indicate established interactions; dashed black lines indicate hypothetical infer-
actions. Colored arrows indicate systemic translocation of long-distance signals (indicated in the
same color atthe base of the arrows), Ac acetylation, ET ethylene, EIT effe ctor-triggered immunity,
Feiror, ISR induced syste mic resistance, 74 jasmonic acid, MAME microbe -associated molecular
pattern, Me methylation, PAMP pathogen-associated mole cular pattern, PAR pattern-recognition
receptor, PTT PAMP triggered immmnity, & protein Resistance protein, SA salieylic acid, SAR
gystemic acquired resistance, TF franscription factor

e ‘ ISR
g
7 S
o N ,

b

Rhizosphere
microbiome

PANMPs B>

o

C. M. ], Pieterse and S. C. M. Van Wees

4// A ,// SA-dependent

Q @ defensTegena
o
o 8D

\
SAR

/ SA-dependent
deferse ganes

Azh
_—»Masa
D4

G@P
PTI ETl Fp

PRAs R protein
effectars /
—
Pathogen

priming of

T-dependent

defensegenes

Beneficial microbe

SYSTEMIC




Popularity of investigations on induced resistance

10,000

Number of articles

1,000 [~

100 [

10~

[ All fields
M Article title, abstract, key words

Prusky and Romanazzi, 2023 ARP
https://doi.org/10.1146/annurev-phyto-021722-035135



https://doi.org/10.1146/annurev-phyto-021722-035135

Benzothiadiazole (BTH)
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Resistance inducers

TARGET
ELICITOR : : : : : :
Chromista | Funghi | Batteri | Virus | Fitoplasmi | Insetti
Acibenzolar-S-Methyl or X X X X X X
Benzothiadiazole (BTH)
B-aminobutyric acid (BABA) X X X
Cerevisane X X
Chitosan X X X X X X
Glutathion + oligosaccharines X X X
Isonicotinic acid (INA) X X X X
Jasmonic acid (JA, MelJA) X X
Laminarin X X
Phosetyl-Al X X X X
Potassium phosphyte X X
Prohexadione-Ca X X
Protein hydrolysates X X
Salicylic acid (SA) X X X
Yeast extracts X X
Essential oils (TO,C0O,00,G0O) X X X X X X

Romanazzi, 2014 Acta Italus
Hortus
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Postharvest Pathology and Mycotoxins
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ABSTRACT

El Ghaouth, A., Arul, J., Grenier, J., and Asselin, A. 1992. Antifungal activity of chitosan on two postharvest pathogens of strawberry fruits.

Phytopathology 82:398-402.

Effect of chitosan coating on decay of strawberry fruits held at 13
C was investigated. Strawberry fruits were inoculated with spore
suspensions of Botrytis cinerea or Rhizopus stolonifer and subsequently
coated with chitosan solutions (10 or 15 mg/ml). After 14 days of storage,
decay caused by B. cinerea or R. stolonifer was markedly reduced by
chitosan ceating. Decay was not reduced further when the concentration
of chitosan coating was increased from 10 to 15 mg/ml. Coating intact
strawberries with chitosan did not stimulate chitinase, chitosanase, or
B-1,3-glucanase activities in the tissue as revealed by polyacrylamide gel

Additional keywords: Fragaria sp., glucanohydrolase, gray mold,

assays. Chitosan, when applied on freshly cut strawberries, however,
stimulated acidic chitinase activity. Chitosan was very effective in inhib-
iting spore germination, germ tube elongation, and radial growth of B,
cinerea and R. stolonifer in culture, Furthermore, chitosan at a concen-
tration greater than 1.5 mg/ml induced morphological changes in R.
stolonifer. Mechanisms by which chitosan coating reduced the decay of
strawberries appear to be related to its fungistatic property rather than
to its ability to induce defense enzymes such as chitinase, chitosanase,
and B-1,3-glucanase.
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GRN No.
(sorted Z-A) Substance Date of closure FDA's Letter
997 Chitosan and beta-1,3-glucans from white button mushrooms (Agaricus bisporus) Feb 28, 2022 FDA has no guestions (in PDF) (140 kB)
991 Chitonase enzyme preparation produced by Bacillus subtilis Pending
443 Shrimp-derived chitosan Feb 11, 2013 At notifier's request, FDA ceased to
evaluate the notice
397 Chitosan from Aspergillus niger Dec 19, 2011 FDA has no questions
170 Shrimp-derived chitosan Oct 31, 2005 At notifier's request, FDA ceased to

evaluate the notice.

73 Shrimp-derived chitosan Jan 31, 2002 At notifier's request, FDA ceased to
evaluate the notice
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Chitin related food science today

THE DISCOVERY OF CHITIN (IN A BOTANIC
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Chitosan, a Biopolymer With Triple
Action on Postharvest Decay of Fruit
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TABLE 5 | Some chitosan-based commercial products that are available for control of postharvest diseases of fruit and vegetables.

Product trade name Company (Country) Formulation Active ingredient (%)
Chito plant ChiPro GmbH (Bremen, Germany) Powder 99.9
Chito plant ChiPro GmbH (Bremen, Germany) Liquid 2.5
Oll-YS Venture Innovations (Lafayette, LA, United States) Liquid 5.8
KaitoSol Advanced Green Nanotechnologies Sdn Bhd (Cambridge, United Kingdom) Liquid 12.5
Armour-Zen Botry-Zen Limited (Dunedin, New Zealand) Liquid 14.4
Biorend Bioagro S.A. (Chile) Liquid 1:25
Kiforce Alba Milagro (Milan, Italy) Liquid 6
FreshSeal BASF Corporation (Mount Olive, NJ, United States) Liquid 2.5
ChitoClear Primex ehf (Siglufjordur, Iceland) Powder 100
Bioshield Seafresh (Bangkok, Thailand) Powder 100
Biochikol 020 PC Gumitex (Lowics, Poland) Liquid 2
Kadozan Lytone Enterprise, Inc. (Shanghai Branch, China) Liquid 2
Kendal cops Valagro (Atessa, ltaly) Liquid 4
Chitosan 87% Korea Chengcheng Chemical Company (China) TC (Technical material) 87

Chitosan 2% Korea Chengcheng Chemical Company (China) SLX (Soluble concentrate) 2




. ‘r')fh &
s ’ ‘.‘ Y 4 %
e &
o \ ‘\\x

2:weeks after

spray

Dissolved in diluted acids



Effects of Pre- and Postharvest
Chitosan Treatments to Control
Storage Grey Mold of Table Grapes

G. ROMANAZZI, E NIGRO, A. [PPOLITO, D DM VENERE, AND M. SALERNO

ABSTRACT: The effectiveness of pre- and postharvest treatments with chitosan (0.1,0.5, and 1.0%) to control Boirytis
cinerea on table grapes was investigated. In postharvest treatments, small bunches dipped in chitosan solutions and
inoculated with the pathogen showed a reduction of incidence, severity, and nesting of grey mold, in comparison
with the control. Single berries artificially wounded, treated with the polymer, and inoculated with B. cinerea
showed a reduced percentage of infected berries and lesion dia. Higher chitosan concentrations demonstrated
greater decay reduction. All preharvest treatments significantly reduced the incidence of grey mold, as compared to
the control. Table grapes treated with 1.0% chitosan showed a significant increase of phenylalanine ammonia-lyase
(PAL) activity. Consequently, besides a direct activity against B. cinerea, chitosan produces other effects contributing

to reduce decay.

Keywords: Botryiis cinerea, postharvest decay, PAL activity, sulphur dioxide, microflora

Introduction

REY MOLD, INDUCED BY BOTRYTIS CINEREA PERS., CAUSES HEAVY
losses of table grapes in the fleld and (s a major obstacle to
thelr long-distance transport and storage. The pathogen 1s able
to develop at low temperature, shortening the length of storage
and marketing (Ippolito and others 1998). In Italy, no synthetic
fungicides are licensed to conirol decay of table grapes after har-
vest; sulphur dioxide s permitted as an adjuvant and Is effective
in reducing grey mold development during storage. However, al-
ternatives to S0, are required in view of damage to bunches due
to temperatire increase, of hazards for human health, and of the
difficulties In using 50, with colored grapes (Nelson and Richard-
son 1967). Considerable progress has recently been made in de-
veloping alternatives to synthetic fungicldes for the control of
postharvest diseases of fruit and vegetables {Wilson and Wis-
niewskl 1994; Schena and others 1999 [ppolito and Nigro 2000;
Romanazzl and others 2001a). The use of a natural substance
such as chiltosan, a high molecular welght catlonic polysaccha-
ride present in fungal cell walls and arthropod exoskeletons, has
been considered as a valid alternative. In fact, chitosan is an ide-
al preservative coating for fresh frult and vegetables because of
{is film-forming and blochemical properties { Muzzarelll 1986); 1t
prolongs storage Hfe and controls decay of strawberries (El Gha-
outh and others 1991; Romanazzl and others 2000a), litchi
{Zhang and (Quantick 1997}, and apples {Du and others 1593).
Chitosan reduces the growth of many phytopathogenic bacteria
and fungl (Allan and Hadwliger 1973). Moreover, 1t elicits phytoal -
exdn formation (Reddy and others 1999) and induces the produc-
tlon of antifungal hydrolases (Fajardo and others 1958: Zhang
and Quantick 1998; Hirano 1999). Chitosan has generally been
applied In postharvest treatments (Baldwin and others 1995;
Cheah and others 1987}, and there are very few examples of pre-
harvest application (Reddy and others 2000; Romanazzl and oth-

ers 20004, 2000b).
The objective of this study was to Investigate the effective-
ness of pre- and postharvest chitosan treatments in controlling
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grey mold storage rot of table grapes. In additlon, the influence
of chitosan on the namrally-occurming microflora and on pheny-
lalanine ammaonta-lyase (PAL) activity of the treated berrles was
evaluated.

Materials and Methods

Fruits

Trials were carrled out on table grapes (Vitis vinifera L., ov Ital-
1a) grown in commercial groves located at Rutigliano (Province of
Barl), Southern ltaly. Vines, cultivated according to standard cul-
tural practices, were covered with plastic sheets in the 2nd half of
August to protect bunches from rainfall and to delay the harvest.

Pathogens

B. cinerea, straln 68, had been Isolated from a cold-stored ta-
ble grape berry and maintalned on potato dextrose agar (PDA)
slants at 5 + 1 *C, with annual inoculation and re-isolation from
berries to maintain virulence. In the drop-inoculation experl-
ments, the iInoculum consisted of aqueous spore suspension ( 104
spores ml-1); in the spray-application experiments, concentrated
stock suspension was added to achleve a final concentration of
105 spores ml-1. The spore suspension was prepared by flooding
a 12-d old culture of B. cinerea, grown at 20 + 2 °C, with 10 ml of
sterile distilled water containing 0.1% (v/v) Tween 20 (Eastman
Chemical, Kingsport, Tenn., U.5.A.) gently agltated to remove
the spores.

Chitosan

Crab-shell chitosan, purchased from Sigma Chemieal Co. (St.
Louts, Mo., U.5.AL), was ground to a fine powder (particle size
smaller than 1 mm) by extensive grinding in a mortar, washed 3
times in distilled water (20 ml of water per g of chitosan). pel-
leted by low-speed centrifugation and alr-drled at room temper-
ature. The purified chitosan was prepared as described by Ben-
hamou and others (1994). For experimental use the stock

@ 2002 Institute of Food Technologists
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1% chitosan Control
Study of Mean Difference Mean Difference
Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 Botrytis cinerea
Feliziani 2013. 10 132288 7 70 132288 7  24% -60.00 [-73.86, -46.14] ——
Flores 2018 1 122474 6 58 122474 6 24% -57.00(-70.86, -43.14) ——
Kanetis 2017 524 122474 6 90 122474 6 24% -37.60[-51.46,-23.74) —
Kanetis 2017. 67.3 12.2474 6 90 122474 6 24% -22.70(-36.56, -8.84) —
Munhuweyi 2017. 1122474 6 100 122474 6 24% -99.00 [-112.86, -85.14]
Xu 2007 60 122474 6 80 122474 6 24%  -20.00[-33.86, -6.14] =
Subtotal (95% CI) 37 37  14.6% -49.38 [-72.98, -25.79] -
Heterogeneity: Tau? = 819.36; Chi* = 86.94, df = 5 (P < 0.00001); I = 94%
Test for overall effect: Z = 4.10 (P < 0.0001)
1.1.2 Penicillium spp.
Abdel-Kader 2011 083 111803 5 90 11.1803 5 24% -89.17[-103.03,-7531) ~——
Abdel-Kader 2011. 073 111803 5 90 111803 5 24% -89.27[-103.13,-7541]
Madanipour 2019 25 122474 6 100 122474 6 24% -75.00-88.86, -61.14) —
Munhuweyi 2017 1122474 6 100 122474 6 2.4% -99.00 [-112.86, -85.14]
Nisia ce 2012 10 86603 3 100 86603 3 24% -90.00(-103.86,-76.14]
Shao 2015 30 25 25 100 25 25 24% -70.00[-83.86,-56.14) -
Waewthongrak 2015 11 86603 3 222 86603 3 24%  -21.10(-34.96,-7.24] -
Wang 2014 58 15 9 100 15 9  24% -42.00-55.86, -28.14] —
Xing 2011 185 86603 3 100 86603 3 24% -81.50(-95.36,-67.64) ——
Subtotal (95% CI) 65 65 22.0% -73.00 [-89.71, -56.30] -
Heterogeneity: Tau® = 603.88; Chi* = 104.62, df = 8 (P < 0.00001); I* = 92%
Test for overall effect: Z = 8.56 (P < 0.00001)
1.1.3 Colletotrichum spp.
Ali 2014 541 632456 160 88.8 63.2456 160 24% -34.70 [-48.56, -20.84] —
AIi 2015 44 111803 5 5 111803 5 24%  -0.60[-14.46, 13.26) s
Bill 2014 168 7.0711 2 822 70711 2 24% -6540(-79.26, -51.54] —
de Oliveira 2017. 1 15 9 90 15 9  24% -89.00(-102.86,-75.14]
de Oliveria 2017, 1 15 9 90 15 9 24% -89.00(-102.86,-75.14]
de Oliveria 2017, 1 15 9 90 15 9 24% -89.00[-102.86,-75.14)
de Oliveria 2017., 1 15 9 90 15 9 24% -89.00[-102.86,-75.14) ——
de Oliveria 2017... 1 15 9 90 15 9 24% -89.00(-102.86,-75.14]
Edirisinghe 2014 83 632456 160 5 632456 160 24%  3.30[-10.56, 17.16]
Gutierrez-Martinez 2017 55 111803 5 64 111803 5 24%  -0.90(-14.76, 12.96]
Gutierrez-Martinez 2017, 14 111803 5 64 111803 5 24% -5.00 [-18.86, 8.86)
Gutibrrez-Martinez 2017. 21 111803 5 53 111803 5 24%  -3.20(-17.06, 10.66)
Jitareerat 2007 333 158114 10 666 158114 10 24% -33.30 [47.16,-19.44] g
Magbool 2010 1 223607 20 83 223607 20 24% ~7.30 [-21.16, 6.56) -1
Mohamed 2013 15 86603 3 90 86603 3 24% -75.00(-88.86, -61.14] i
Munoz 2009 50.3 27.3861 30 58.08 27.3861 30 24% -7.78 [-21.64, 6.08) -
Ramos-Guerrero 2018 1 122474 6 100 122474 6 24% -99.00[-112.86,-85.14]
Rehman 2008 18 158114 10 100 158114 10 24% -82.00 [-95.86, -68.14] -
Varela 2015 311 122474 6 644 122474 6  24% -33.30 [47.16,-19.44] =
Xoca-orozco 2018 166 86603 3 755 86603 3 24% -58.90 [-72.76, -45.04) —
Zahid 2012 42 632456 160 100 632456 160 24% -58.00 [-71.86, -44.14] okt
Zahid 2012, 48 632456 160 100 632456 160 24% -52.00 [-65.86, -38.14] ==
Zahid 2012. 50 632456 160 100 632456 160 24% -50.00 [-63.86, -36.14] -
Subtotal (95% CI) 955 56.1% -48.18 [-62.83,-33.53] -
Heterogeneity: Tau? = 1234.91; Chi* = 565.36, df = 22 (P < 0.00001); I* = 96%
Test for overall effect: Z = 6.45 (P < 0.00001)
1.1.4 Alternaria spp.
Feliziani 2013, 31 132288 7 80 132288 7 24% -49.00[-62.86,-35.14] =
Lopez 2013 22 111803 5 388 111803 5 24% -36.60[-50.46,-22.74] ——
Yan 2011 10 86603 3 90 86603 3 24% -80.00 [-93.86, -66.14] s
Subtotal (95% CI) 15 15 7.3% -55.20 [-80.50, -29.90] g
Heterogeneity: Tau? = 449.72; Chi = 19.99, df = 2 (P < 0.0001); I = 90%
Test for overall effect: Z = 4.28 (P < 0.0001)
Total (95% Cl) 1072 1072 100.0% -54.32 [-64.35, -44.28] >
Heterogeneity: Tau? = 1025.09; Chi* = 860.07, df = 40 (P < 0.00001); I* = 95%
Test for overall effect: Z = 10.61 (P < 0.00001) 0" %0 % 100
Test for subaroup differences: Chi* = 5.34, df = 3 (P = 0.15), I* = 43.8% 1% chitosan Control

FIGURE 3 Forest plot using the RavMan 5.3 software for random effects analysis related to the effectiveness of 1% chitosan on in vitro
mycelium growth. Botrytis cinerea, Penicillium spp., Colletotrichum spp. and Alternaria spp. were considered as subgroups. For Kanetis (2017),
Kader (2011), de Oliveria (2017), Gutiérrez-Martinez (2017) and Zahid (2012), several studies were included from each article into the subgroups.
1V, inverse variance; CI, confidence interval. The figure shows only the name of the first author and publication year. For complete citation see
the manuscript

1% chitosan  Control

Study of Mean Difference Mean Difference

Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 Gray mold
Feliziani 2013, 23 519615 108 39 519615 108 20%  -1.60(-15.46, 12.26] ——
Feliziani 2013, 16 474342 90 25 474342 90 2.0% -9.00 [-22.86, 4.86) g
Feliziani 2013 15 474342 90 23 474342 90 20% -8.00 [-21.86, 5.86] 1
Foliziani 2015 65 474342 90 92 474342 90 20% -27.00 [40.86, -13.14) ——
Gao 2013 4 193649 15 25 193649 15 20%  -21.00(-34.86,-7.14) —
Gramisci 2018 70 387298 60 90 387298 60 20%  -20.00(-33.86,-6.14) ———
Hajji 2018 50 273861 30 80 27.3861 30 20% -30.00 [43.86,-16.14] —
Kanetis 2017, 32 67.082 180 55 67.082 180 20% -23.00 (-36.86, -9.14) —
Kanetis 2017. 18 67.082 180 39 67.082 180 20% ~21.00 [-34.86, -7.14) e
Romanazzi 2013, 20 866025 300 63 866025 300 20% -43.00 [-56.86, -29.14) ———
Shao 2012, 70 3872908 60 100 387298 60 20% -30.00 [-43.86, -16.14] —

2017. 46 821584 270 100 821584 270 20% -54.00 [-67.86, -40.14) P
Subtotal (95% CI) 1473 1473 24.5% -23.97 [-32.25, -15.68) L 3
Heterogeneity: Tau® = 164.52; Ch” = 47.19, df = 11 (P < 0.00001); I = 77%

Test for overall effect: Z = 5.67 (P < 0.00001)

1.1.2 Blue /Green mold

E1 Guilli 2016 25 50 100 100 50 100 20% -7500(-88.86,-61.14] ——

Feliziani 2013, 33 519615 108 48 519615 108 20%  -1.50[-15.36, 12.36] o T
Gramisci 2018, 75 387298 60 90 387298 60 20%  -15.00 [-28.86,-1.14] ==t
Kharchoufi 2018 88 173205 12 100 17.3205 12 20%  -12.00(-25.86, 1.86) —v—i
Liu 2018, 1 948683 360 27.5 94.8683 360 20% -26.50 -40.36, -12.64 —

Lu 2014 30 0 3% 75 30 36 20% -45.00(-58.86,-31.14) T

Lu 2014, 18 30 36 58 30 36 20% -40.00(-53.86,-26.14) —

Lu2014, 2 30 36 58 30 36 20% -34.00(-47.86,-20.14) ——
Romanazzi 2013 4 866025 300 48 866025 300 20% -44.00 [-57.86, -30.14) ———

Chéfer 2012 80 223607 20 90 223607 20 20%  -10.00(-23.86, 3.86] = i
Shao 2012, 77 387298 60 90 387298 60 20%  -13.00(-26.86,0.86) —
Shao 2015 40 27.3861 30 100 27.3861 30 20% -60.00 [-73.86, -46.14] S——

Shi 2018 80 547723 120 85 547723 120 20% -5.00 [-18.86, 8.86)] =l
Wang 2014 10 821584 270 23 821584 270 20%  -13.00(-26.86,0.86) —
Xing 2011 276 612372 150 922 612372 150 20% -64.60(-78.46,-50.74) —_—

2017, 65 821584 270 100 821584 270 2.0% -35.00 [48.86, -21.14) —
Subtotal (95% CI) 1968 1968  32.7% -30.85[41.91,-19.79] <>
Heterogeneity: Tau® = 459.94; Chi® = 152.98, df = 15 (P < 0.00001); I = 90%

Test for overall effect: Z = 5.46 (P < 0.00001)
1.1.3 Rhizopus rot
Cia 2010 66 316228 40 86 316228 40 20%  -20.00(-33.86,-6.14] i
Ramos-Garcia 2012, 33 50 100 91 50 100 20% -58.00(-71.86, -44.14) —
Ramos-Garcia 2012. 51 50 100 62 50 100 20%  -11.00[-24.86, 2.86) —
Romanazzi 2013.. 8 866025 300 48 866025 300 20% -40.00[-53.86, -26.14) .
Xing 2015 30 1732051 1200 45 1732051 1200 20%  -15.00(-28.86, -1.14) =1
Subtotal (95% CI) 1740 1740  10.2% -28.80 [46.13,-11.47) g
ity: Tau® = 340.70; Chi* = 31.26, df = 4 (P < 0.00001); I* = 87%

Test for overall effect: Z = 3.26 (P = 0.001)
1.1.4 Anthracnose
NI 2015 20 212132 18 70 212132 18 20% -50.00 [-63.86, -36.14) ——
Bil 2014 65 316228 40 90 316228 40 20% -25.00-38.86,-11.14) —_—
Edirsinghe 2014 20 894427 320 70 894427 320 20% -50.00 [-63.86, -36.14] i
Gutierrez-Martinez 2017 20 83666 280 100 83666 280 20% -80.00(-93.86,-66.14) ——
Gutierrez-Martinez 2017, 1 83666 280 100 83666 280 20% -99.00(-112.86,-85.14] +—
Gutierrez-Martinez 2017. 1 83666 280 20 83666 280 20%  -19.00(-32.86,-5.14] —
Magbool 2010 5 67082 180 65 67.082 180 20% -60.00 [-73.86, -46.14) s——
Obianom 2019 40 80 25 70 80 256 20% -30.00 (-43.86, -16.14] =
Zahid 2012, 40 632456 160 60 632456 160 20%  -20.00(-33.86, -6.14] —
Zahid 2012 20 632456 160 60 632456 160 2.0% -40.00 [-53.86, -26.14) ——
Zahid 2012., 20 632456 160 60 632456 160 2.0% -40.00 [-53.86, -26.14] —
Subtotal (95% CI) 2134 2134  224% -46.64 [-61.54,-31.73) ’

neity: Tau® = 586.25; Chi* = 127.25, df = 10 (P < 0.00001); I* = 92%
Test for overall effect: Z = 6.13 (P < 0.00001)
1.1.5 Alternaria rot
Feliziani 2013, 33 519615 108 48 519615 108 20%  -1.50(-15.36, 12.36] ——
Guo 2017 6 1224745 600 7 1224745 600 20%  -1.00(-14.86, 12.86] —
Lopez-Mora 2013 80 50 100 100 50 100 20%  -20.00(-33.86,-6.14] ——
Meng 2010 86 387208 60 100 387298 60 20%  -14.00[-27.86,-0.14) —
Yan 2011 81 948683 360 87 948683 360 2.0% -6.00 [-19.86, 7.86] —
Subtotal (95% Cl) 1228 1228 10.2%  -8.50 [-15.75, -1.25] L 4
Heterogeneity: Tau® = 18.50; Chi* = 5,48, df = 4 (P = 0.24); I* = 27%
Test for overall effect: Z = 2.30 (P = 0.02)
Total (95% CI) 8543 8543 100.0% -30.22 [-36.48, -23.96] <>
Heterogeneity: Tau® = 450.36; Chi* = 480.34, df = 48 (P < 0.00001); I* = 90% o0 35 2% 50

Test for overall effect: Z = 9.46 (P < 0.00001)

Test for subgroup differences: Chi* = 27.02, df = 4 (P < 0.0001), I = 85.2% 1% chitosan Control

FIGURE 2 Forest plots using the RavMan 5.3 software for random effects analysis related to the effectiveness of 1% chitosan on disease
incidence. Gray mold, blue/green mold, Rhizopus rot., anthracnose and Alternaria rot were considered as subgroups. For Feliziani (2013),
Kanetis (2017), Lu (2014), Shao (2012), Ramos-Garcia (2012), Gutiérrez-Martinez (2017) and Zahid (2012), several studies were included from
each article into the subgroups. IV, inverse variance; CI, confidence interval. The figure shows only the name of the first author and publication
year. For complete citation see the manuscript
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Chitosan and postharvest decay of fresh fruit: Meta-analysis 1% chitosan Control
of disease control and antimicrobial and eliciting activities Study of Mean Difference Mean Difference
Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Razieh Rajestary” | LuciaLandi’® | Gianfranco Romanazzi® i) MLERTNRIPAE S
Silva 2018 104 774597 240 96.15 77.4597 240 3.7% 7.85[-6.01, 21.71) ™
Bill 2014 186.31 31.6228 40 1286 31.6228 40 3.7% 173.45(159.59, 187.31) ot
Jongsri 2017 96.29 19.3649 15 103.84 19.3649 15 3.7% -7.55[-21.41,6.31) E
Landi 2014 200 31.6228 40 50 31.6228 40 3.7% 150.00 [136.14, 163.86) =
Shao 2015 61 19.3649 15 163 19.3649 15 3.7% -102.00 [-115.86, -88.14] i
Shen 2017 115.38 47.4342 90 86.66 47.4342 90 3.7% 28.72 (14.86, 42.58) i
Song 2016 100 43.3013 75 100 43.3013 75 3.7% 0.00 [-13.86, 13.86] x
Waewthongrak 2015  130.76 27.3861 30 7647 27.3861 30 3.7% 54.29 [40.43, 68.15) -
Zahid 2015 115.38 27.3861 30 86.6 27.3861 30 3.7% 28.78 [14.92, 42.64) T
Subtotal (95% CI) 575 575 33.3% 37.06 [-17.28, 91.40] ’

Heterogeneity: Tau? = 6868.38; Chi* = 1106.94, df = 8 (P < 0.00001); I* = 99%
Test for overall effect: Z = 1.34 (P = 0.18)

1.1.2 Chitinase

Ali 2014 2222 387298 60 45 387298 60 3.7% 177.20[163.34, 191.06] i
Bill 2014 19506 31.6228 40 51 316228 40 3.7% 144.06[130.20, 157.92] -
Feliziani 2013 1233 474342 90 81.06 474342 90 3.7% 42.24 (28.38, 56.10) -

Feliziani 2013, 124.81 474342 90 8011 474342 90 3.7% 44.70 (30.84, 58.56) -

Feliziani 2013. 1138 474342 90 87.26 474342 90 3.7% 26.54 [12.68, 40.40) e
Hewaijulige 2009 17391 27.3861 30 57.5 27.3861 30 3.7% 116.41[102.55, 130.27] -
Jongsri 2017 100 12.2474 6 100 122474 6 3.7% 0.00 [-13.86, 13.86) G

Landi 2014 200 31.6228 40 50 316228 40 3.7% 150.00 [136.14, 163.86) -
Shao 2015 108.23 19.3649 15 92.39 193649 15 3.7% 15.84 [1.98, 29.70) i

Shen 2017 1235 27.3861 30 80.95 27.3861 30 3.7% 42,55 (28.69, 56.41] -

Subtotal (95% Cl) 491 491 37.0%  75.95[36.18, 115.73) -
Heterogeneity: Tau® = 4068.05; Chi* = 741.25, df = 9 (P < 0.00001); I* = 99%

Test for overall effect: Z = 3.74 (P = 0.0002)

1.1.3p-1,3-Glucanase

Ali 2014 325 387298 60 3076 38.7298 60 3.7% 294.24 [280.38, 308.10) -
Bill 2014 2288 316228 40 437 316228 40 3.7% 185.10[171.24, 198.96) e
Hewaijulige 2009 250 27.3861 30 40 27.3861 30 3.7% 210.00 [196.14, 223.86) -
Jongsri 2017 100 12.2474 6 100 122474 6 37% 0.00 [-13.86, 13.86) .

Landi 2014 200 316228 40 50 316228 40 3.7% 150.00 [136.14, 163.86) -
Shao 2015 100 19.3649 15 100 19.3649 15 3.7% 0.00 [-13.86, 13.86) - &

Shen 2017 1083 27.3861 30 923 27.3861 30 3.7% 16.00 [2.14, 29.86) I~

Wang 2013 137.73 33541 45 726 33541 45 3.7% 65.13 [51.27, 78.99) =
Subtotal (95% Cl) 266 266 29.6% 115.06 [38.24, 191.88] - =

Heterogeneity: Tau? = 12239.86; Chi? = 1720.58, df = 7 (P < 0.00001); I = 100%
Test for overall effect: Z = 2.94 (P = 0.003)

Total (95% CI) 1332 1332 100.0%  74.58 [41.15, 108.01) 2
Heterogeneity: Tau? = 7805.21; Chi* = 4084.71, df = 26 (P < 0.00001); I* = 99% = + i t + +
Test for overall effect: Z = 4.37 (P < 0.0001) et e s
Test for subaroup differences: Chi? = 2.82, df = 2 (P = 0.24), I? = 29.1% Control 1% chitosan

FIGURE 4 Forest plots using the RavMan 5.3 software for random effects analysis related to the effectiveness of 1% chitosan on plant
defense mechanism enzyme activities. Phenylalanine ammonia-lyase (PAL), chitinase and $-1,3-glucanase were considerd as subgroups. For
Feliziani (2013) several studies were included from each article into the subgroups. IV, inverse variance; CI, confidence interval. The figure
shows only the name of the first author and publication year. For complete citation see the manuscript



Contenuto In trans-resveratrolo e catechina
dell’epidermide di bacche trattate con chitosano e UV-C

Autumn Black

Trattamento -
Trans- Catechina
resveratrolo

Chitosano ND* ND

UV-C 1756 b 1.37b

Chitosano + [23.35a 2.55 a
UV-C

Testimone ND ND

*ND = Inferiore al limite di determinazione (0.2 pg/g peso fresco della buccia)
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ABSTRACT

Tanisiewicz, W. I, Takeda, E, Glenn, D. M., Camp, M. I, and Jurick,
W. M., II. 2016. Dark period following UV-C weatment enhances killing
of Botrytis cinerea conidia and controls gray mold of strawberries.
Phytopathology 106:386-394.

Strawberries are available throughout the year either from production in
the field or from high and low tunnel culture. Diversity of production
conditions results in new challenges in controlling diseases before and after
harvest. Fungicides have traditionally been used to control these diseases;
however, their limitations necessitate a search for new approaches. We
found that UV-C iradiation of Botrytis cinerea, a major pathogen of
strawberry, can effectively kill this fungus if a dark period follows the
treatment. The inclusion of a 4-h dark period resulted in almost complete
kill of B. cinerea conidia on agar media at a dose of 12.36 J/m?. The UV-C
dose did not cause a reduction in photosynthesis in strawberry leaves or

discoloration of sepals, even after exposing plants repeatedly (twice a week)
for 7 weeks. Although irradiation of dry conidia of B. cinerea with this dose
resulted in some survival, the conidia were not infective and not able to
cause decay even when inoculated onto a highly susceptible mature apple
fruit. Irradiation of strawberry pollen at 12.36 J/m? did not affect pollen
germination, tube growth and length in vitro, or germinaron and tube
growth in the style of hand-pollinated emasculated strawberry flowers. No
negative effect of the UV-C treatmnent was observed on fruit yield and
quality in high tunnel culture. In the fruit and flower petal inoculation tests,
the UV-C treatment was highly effective in reducing fruit decay and petal
infection. This UV-C treatment with an exposure time of 60 s may be useful
in controlling gray mold in tunnel production of strawberries and may also
have the potential for use in intensive field and indoar production of other
fruits and vegetables providing that a 4-h dark period follows the
irradiation.




TABLE 6. Incidence of gray mold on strawberry fruit that were wounded and
inoculated with either sterile tap water (STW) or suspension of Botrytis cin-
erea and irradiated with UV-C {254 nm) for various times followed by a 4-h
dark mcubation

Incidence of gray mold {%)

Treatment 3 days 5 days 7 days
STW 0.0 b 0.0b 00b
STW +60sUV-C  00%b 0.0b 00b
B. cinerea 25.0 a (x16.0¥ 75.0a(+8.3) 1000 a
B. cinerea + 60 s
Uv-C 0.0b 41.77 ab {160 50.0 ab {+9.6)
B. cinerea + 90 s
Uv-C 0.0k 0.0k 00b
B. cinerea + 120 s
Uv-C 0.0k 0.0b 00b

¥ Values followed by the same letter in the same column are not sigmficantly
different according to Sidak adjusted P values so that the experiment-wise
error was (.05,

Z Standard error of the mean of four replicates.

B. cinerea + UV-C (60 sec)

Fig. 2. Example of control of fruit decay on wounded fruit inoculated with Botrytis cinerea using UV-C irradiation for 60 s followed by 4 h of dark period and
incubation for 5 days at 22°C.



Supplementary Figure S1. Self-propelled UV-C irradiation apparatus with four irradiation
units covering four raised beds with strawberry plants in high tunnel at the USDA-ARS
Appalachian Fruit Research Station in Kearneysville, WV.
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Keep high and eventually increase the resistance of plant tissues

Induced resistance needs to be applied at proper time

- Fruit constitutive resistance
------ Induced resistance

Fruit response/reactivity

Preharvest Postharvest

Time

Prusky and Romanazzi, 2023 ARP
https://doi.org/10.1146/annurev-phyto-021722-035135
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Keep high and eventually increase the resistance of plant tissues

Harvested fruit and vegetables are in a delicate dynamic equilibrium

How long will the
induced resistance

protect me from the

pathogen(s)?
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Induced resistance to control postharvest decay of fruit and vegetables @

Gianfranco Romanazzi**, Simona Marianna Sanzani®, Yang Bi, Shiping Tian®,
Porfirio Gutiérrez Martinez®, Noam Alkan'

Considerations

Table 5
Aspects related to the induction of resistance to postharvest diseases of fruit and vegetables.
Negative sides Positive sides
Complete effect is not always reproeducible Long-lasting effects
Deoes not provide a complete control of decay Broad range of targets
Not easy to implement as part of farmer and packinghouse De not cause appearance of resistant isclates of the pathogen
practices
Investigation methods are not standardized Increasing number of biostimulants on the market

Low side effects

Reduction of pesticide use

Promoted by EU Directive n. 128/2009 «Sustainable Use of Pesticides» and following National Action
Plans

Increased amounts of beneficial antiexidant compoeunds
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