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Preface

Recent Development in Postharvest Pathology

This collection of paper includes some of the presentation given at the International

congress of Plant Pathology held in Beijing in 2013 in the session of Recent

Development in Postharvest Pathology. Fruit production for human consumption

is an important part of the market economy. Any waste during spoilage and pest

infestation, in the field and the postharvest phase, results in significant economic

losses which are more pronounced as the losses occur closer to the time of produce

sale. Careful handling of perishable produce is needed for the prevention of

postharvest diseases at different stages during harvesting. Improved handling,

transport and storage are needed in order to preserve the high quality produce.

The extent of postharvest losses varies markedly depending on the commodities

and country estimated to range between 4 and 8 % in countries where postharvest

refrigeration facilities are well developed to 30 % where facilities are minimal.

Microbial decay is one of the main factors that determine losses compromising the

quality of the fresh produce. For the development of an integrated approach for

decay management, cultural, pre-harvest, harvest and postharvest practices should

be regarded as essential components that influence the complex interactions

between host, pathogen, and environmental conditions. Orchards practices includ-

ing pre-harvest fungicide applications can also directly reduce the development of

postharvest fruit decay. Among postharvest practices, postharvest fruit treatments

with fungicide are the most effective means to reduce decay. Ideally, these fungi-

cides protect the fruit from infections that occur before treatment, including path-

ogen causing quiescent infections, as well from infection that are initiated after

treatment during postharvest handling, shipment and marketing. The implementa-

tion of these alternatives techniques often requires modifying currently used

postharvest practices and development of new formulation for their applications.

The present chapters deal with the newest report related to postharvest pathology

in the world.
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Fungal Pathogenicity



Chapter 1

Function of Rab GTPases in Regulating

the Development, Protein Secretion

and Virulence of Fungi

Shiping Tian, Zhanquan Zhang, and Guozheng Qin

Abstract Rab GTPases are small guanosine triphosphatases with organelle-

specific localization, and very stable in size in fungi, ranging from 8 to 12 in

most of the sequenced fungi. Extensive studies about Rab GTPases in model

eukaryotic cells indicated that they are master regulators of membrane trafficking,

responsible for many essential processes including exocytosis, endocytosis and

cellular differentiation. However, the function of Rab GTPases in fungi, especially

in the plant pathogenic fungi, needs to be explored in recent. Here, we mainly

summarize the research advances on the function of Rab GTPases in the life

progress of fungi.

Keywords Rab GTPase • Fungi • Development • Protein secretion • Virulence

Introduction

Small GTPase family includes five subfamilies: Ras, Rho, Rab, Arf and Ran

(Novick and Zerial 1997). As the largest branch of the small GTPases family,

Rab GTPases have been considered to play a pivotal role in the secretory pathway

(Punt et al. 2001). Small GTPases usually function by cycling between active and

inactive GTP-bound states. Some protein effectors are involved in the regulation of

Rab GTPase activity during this cycling, such as a GDP/GTP exchange factor

(GEF) which catalyzes the GDP/GTP conversion, and GTPase-activating proteins

which accelerate GTP hydrolysis (Stenmark and Olkkonen 2001). Each Rab

GTPase has a specific subcellular localization and takes part in a specific step of

the secretory pathway (Novick and Zerial 1997). Rab GTPases have some

conservative domains: four GTP-interaction domains (G1–G4), five Rab-specific

functional domains (F1–F5) and four subfamily-specific domains (SF1–SF4)

(Pereira-Leal and Seabra 2000).
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Pathogenic fungi or industrially exploited fungi can secrete many kinds of

enzymes and metabolites into the extracellular environment (Kim et al. 2008).

Some of extracellular enzymes and metabolites from phytopathogens have the

ability to induce hypersensitive response of hosts (Schouten et al. 2008; Frı́as

et al. 2011; Noda et al. 2010). The cell wall degrading enzymes secreted by

phytopathogen during early stages of infection are necessary for successful estab-

lishment and proliferation in plant tissues (ten Have et al. 1998; Li et al. 2003;

Oeser et al. 2002). Extracellular proteins also play a role in the molecular dialogue

associated with host-pathogen interactions (Esquerré-Tugayé et al. 2000),

suggesting that a precise regulation of these proteins should exist during pathogen-

esis. Current evidence suggests that both exocytosis and cell growth are occurred at

the hyphal tips of filamentous fungi, although not exclusively (Read 2011). Extra-

cellular secretion is dependent on vesicle transport and Rab GTPases are well

established regulators of this process (Novick and Zerial 1997). Rab GTPases

have been shown to influence major steps in vesicle transport, such as vesicle

budding, delivery, tethering and fusion of the vesicle membrane with the target

compartment (Grosshans et al. 2006). Many studies on the functions of Rab GTPase

during vesicle transport in mammalian cells and yeast have been reported

(Walworth et al. 1989; Van den Hazel et al. 1996; Chen et al. 2001; Chanda

et al. 2009), but a few of results related to the function of Rab GTPases in

filamentous fungi, especially in plant pathogenic fungi.

Results

The Rab GTPases in Fungi

Some research results have indicated that Arabidopsis and mammals each have

roughly 60 Rab GTPases (Pereira-Leal and Seabra 2001; Rutherford and Moore

2002). The model, unicellular organism, Saccharomyces cerevisiae, has 11 Rab

family GTPases named as YPT or SEC4 (Pereira-Leal and Seabra 2001). The

number of Rab GTPases usually ranges from 8 to 12 in most of the sequenced

fungi (Pereira-Leal 2008), including some important plant pathogens. For example,

Botrytis cinerea has ten Rab GTPases, Magnaporthe grisea has 11 Rab GTPases

and Ustilago maydis has 12 Rab GTPases. Here, we summarize the numbers of Rab

GTPases in different fungi (Table 1.1). Although few genes involved in vesicle

secretion in filamentous fungi have been cloned, sequence information from these

clones can be used to search for homologues that contribute to vesicle secretion in

other organisms.

4 S. Tian et al.



Rab GTPases Affecting the Development of Fungi

Rab GTPases have very important function in the life processes of model organ-

isms. Mao et al. (1999) reported that the invalidation of Rab GTPase (SEC4) was

lethal in S. cerevisiae. Similarly, Siriputthaiwan et al. (2005) indicated Rab GTPase

CLPT1 to be essential for the differentiation of infectious structures in the bean

pathogen Colletotrichum lindemuthianum. They found that the expression of the

dominant-negative mutant mutation could impair appressorial differentiation,

suggesting Rab GTPase acts an important function in the development of phyto-

pathogens. Punt et al. (2001) also observed in Aspergillus niger to prove that the

disruption of Rab family gene srgA led to a slower growth rate of the fungus. Based

on an experimental model system of Dictyostelium discoideum, Powell and

Temesvari (2004) found that the Rab8-like protein, Sas1, could participate in the

formation of membrane extensions, and cell-cell adhesion during development.

Carvalho et al. (2011) studied the function of another Rab GTPase srgC of A. niger,
and found that deletion of the srgC gene resulted in strongly reduced growth and the

inability to form conidiospores at 37 �C and higher, which suggested that srgC has

an important role in maintaining the integrity of Golgi-like structures. In addition,

Pantazopoulou and Peñalva (2011) proved that the rabC protein of Aspergillus
nidulans was involved in the apical extension and Golgi network organization, like
the function of srgC in A. niger. Powers-Fletcher et al. (2013) pointed out that the

Rab GTPase srgA in Aspergillus fumigates contributed to the conidiation and

hyphal growth in the opportunistic human mold pathogen. They found that the

conidia released from the mutant △srgA colonies were heterogeneous in size and

shape compared to wild type. The growth of △srgA were impaired at temperatures

ranging from 30 to 40 �C, but the extent of growth inhibition was variable between

strains (Powers-Fletcher et al. 2013). Our recent results demonstrate that disruption

of a Rab8/SEC4 like gene Bcsas1 in B. cinerea, an aggressive fungal pathogen that

Table 1.1 The numbers of

Rab GTPases in some

pathogenic fungi

Name of fungi Number of Rab protein

Botrytis cinerea 10

Gibberella zeae 11

Magnaporthe grisea 11

Aspergillus fumigatus 10

Phaeosphaeria nodorum 10

Filobasidiella neoformans 11

Ustilago maydis 12

Candida glabrata 9

Candida albicans 9

1 Function of Rab GTPases in Regulating the Development, Protein Secretion and. . . 5



infects more than 200 plant species, has a striking effect on hyphal growth and

morphology on solid medium. The mutants are characterized by smaller, compact

colonies, as well as reduce sporulation on PDA plates (Zhang et al. 2014). All above

results provide the evidences to confirm the role of Rab GTPases in the develop-

ment of fungi.

Rab GTPases Regulating Protein Secretion in Fungi

Pathogenic fungi always secrete a variety of extracellular proteins which were

shown in a number of cases to contribute to pathogenicity (Novick and Zerial

1997). The secretion of these extracellular proteins should be under the control of

some precise regulation. Punt et al. (2001) considered that Rab GTPases could

regulate the secretory pathway in the model organisms. In S. cerevisiae, the

secretion pathway has been extensively studied and proved many Rab family

genes to be the key regulator of vesicular transport (Novick and Zerial 1997).

Until now, a few studies focused on the secretion regulation of extracellular

proteins in plant pathogenic fungi. Siriputthaiwan et al. (2005) indicated that

the depression of the expression of CLPT1, a Rab family GTPase in

C. lindemuthianum, resulted in the inhibition of the secretion of extracellular

polygalacturonase and block the transport of vesicles. We find that the Rab8-like

gene Bcsas1 in B. cinerea also has striking effect on secretion of extracellular

protein via regulating the vesicular transport, and prove that the deletion of Bcsas1
results in significantly reduction of polysaccharide hydrolases and proteases (Zhang

et al. 2014), some of these enzymes have close relationship with the development

and virulence of phytopathogen. Other results previously reported by Punt

et al. (2001) have shown that the Rab family gene srgA of A. niger has carbon

source dependent effect on protein secretion. They thought that secretion of protein

was strongly reduced in the △srgA strains during growth on glucose and it was

similar during growth on maltodextrin, and gave a hypothesise, that there would

exist two different secretory pathways: one depending strongly on srgA function

and one less dependent on srgA function (Punt et al. 2001). Moreover,

Pantazopoulou and Peñalva (2011) also found that rabC△ mutants of A. nidulans
showed the decrease in extracellular levels of the major secretable protease,

suggesting that it impairs secretion. The previous reports indicated YPT1 and

SEC4, two Rab GTPases from human pathogen Candida albicans, to be essential

for the protease secretion (Lee et al. 2001; Mao et al. 1999).

6 S. Tian et al.



Rab GTPases Controlling Virulence of Pathogenic Fungi

Although Rab GTPases have been proved to be important role in many life

processes of pathogenic fungi, the function of Rab GTPases regulating virulence

in fungal pathogens to plant hosts is still unclear. The interaction between pathogen

and plant is a complicated process including the formation of infectious structures,

the secretion of cell wall degrading enzymes of the pathogens and the resistant

reaction of hosts. The impact of Rab GTPases on these aspects can be reflected in

the virulence of pathogens ultimately. Some studies indicated that Rab GTPases

were the key regulator of the virulence in pathogenic fungi. Siriputthaiwan

et al. (2005) reported that CLPT1 was essential for the pathogenesis of

C. lindemuthianum by regulating the protein secretion and the differentiation of

infectious structures. Powers-Fletcher et al. (2013) demonstrated that, among the

three deletion mutants of Rab family gene srgA of human pathogen A. fumigatus,
only one mutant had attenuated virulence, making it unclear whether it is the loss

of srgA or associated compensatory mutations that contribute to reduced pathoge-

nicity. We recently find that knockout of Rab gene Bcsas1 inhibited hyphal

development and reduced sporulation of B. cinerea resulting in significantly

reduced virulence on various fruit hosts (Zhang et al. 2014). However, it is

necessary to further explore molecular mechanisms by which Rab GTPases

regulate the virulence of pathogenic fungi in the future.

Summary

Rab GTPases have an important function in regulating fungal development, such as

apical extension, differentiation of infectious structures, formation of conidiospore

and Golgi network organization. And the Rab GTPases have been proved to act key

switch during the protein secretion in fungi. Loss of function of Rab GTPases

results in the impairment of vesicular trafficking and secretion of extracellular

protein significantly. Rab GTPase serves as the critical virulence determinant in

B. cinerea, via regulating the protein secretion or the formation of infecting

structure (Fig. 1.1). In future, more sophisticated regulatory mechanisms of Rab

GTPases should be explored in the life process of plant pathogenic fungi.

1 Function of Rab GTPases in Regulating the Development, Protein Secretion and. . . 7
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Chapter 2

pH Modulation of Host Environment,

a Mechanism Modulating Fungal Attack

in Postharvest Pathogen Interactions

Dov Prusky, Shiri Barad, Neta Luria, and Dana Ment

Abstract Insidious fungal infections by postharvest pathogens that penetrate the

fruit directly or by wounds, remain quiescent during fruit growth until, at a

particular phase during fruit ripening and senescence, the pathogens switch to the

necrotrophic lifestyle and cause decay. During ripening, fruits undergo physio-

logical processes, such as activation of ethylene biosynthesis, cuticular changes and

cell-wall loosening—changes that are accompanied by a decline of antifungal

compounds, both those that are preformed and those that are inducible secondary

metabolites. Pathogen infection of the unripe host fruit initiates defensive signal-

transduction cascades, culminating in accumulation of antifungal-proteins that limit

fungal growth and development. In contrast, development of the same pathogens

during fruit ripening and storage activates a substantially different signaling net-

work, one that facilitates aggressive fungal colonization. This review discusses

responses induced by pathogens of postharvest diseases that have penetrated

directly or through wounds in unripe host fruits. New genome-scale experimental

approaches have begun to delineate the complex and multiple networks of host and

pathogen responses activated to maintain or to facilitate the transition from the

quiescent to the necrotrophic lifestyle.

This chapter will focus on modulation of postharvest host-pathogen interactions

by pH and the consequences of these changes. Host pH can be raised or lowered in

response to host signals, including alkalization by ammonification of the host tissue

as observed in Colletotrichum and Alternaria, or acidification by secretion of

organic acids as observed in Penicillium, Botrytis and Sclerotinia. These changes

sensitize the host and activate transcription and secretion of fungal hydrolases that

promote maceration of the host tissue. Several particular examples of coordinated

responses which facilitate the transition from the quiescent to the necrotrophic

lifestyle are described.
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Keywords Latent infections • Quiescent infections • Necrotrophic colonization •

Biotrophic stage • Host alkalinization • Host acidification • Pathogenicity effectors

Introduction

Fruits infected by postharvest fungal pathogens that penetrate directly or through

wounds, mostly develop disease symptoms after harvest and during shipment and

storage. Several biotic and abiotic factors may activate postharvest development of

disease symptoms. Such factors include ripening (Prusky et al. 2010), harvesting

(Kader 1985), and wounding (Bruton et al. 1998). Postharvest fungal pathogens

exploit three main routes to penetrate the host tissue: (i) through wounds caused by

biotic and/or abiotic agents during growth and storage; (ii) through natural openings

such as lenticels, stem ends and pedicel-fruit interphase, and (iii) by direct

breaching of the host cuticle, which can occur throughout the fruit growth period.

Until then, the penetrating pathogen remains unnoticed to visual external exami-

nation, awaiting the right conditions for the infection to become active and cause

the disease that impairs crop quantity, quality and appearance. The period from host

penetration to activation of fungal colonization and symptom appearance is

described as quiescence (Prusky 1996). Quiescence defines an extended sequence

of time during which pathogen activity appears to be suspended and almost no

growth is apparent. It is not limited to a hemibiotrophic or necrotrophic transition.

Infection by the same pathogen of green/unripe fruit leads to a suspended phase,

i.e., quiescence. In some hemibiotrophs such as Colletotrichum, pathogenesis may

begin biotrophically with infection of near-ripe fruits and continue uninterrupted to

the necrotrophic stage. In some necrotrophics as Botrytis, fungal signals may

activate the transition from quiescent to necrotrophic mode during fruit ripening.

After harvest, during ripening and storage, the mechanism that protects the fruit

from fungal attack becomes insufficient. This transition from a resistant to suscep-

tible state parallels physiological changes that occur during ripening to which the

pathogen senses and responds. In the present chapter, we will focus on modulation

of the host environment by the hemibiotrophic and necrotrophic pathogens

Colletotrichum and Penicillium.

The Quiescent Stage

During the colonization of plant hosts, postharvest fungal pathogens exploit two

main modes of nutrition: biotrophy, in which the nutrients are obtained from the

living host cells, and necrotrophy, in which nutrients are obtained from dead host

cells killed by the fungus (Perfect et al. 1999). Both of these nutritional modes are

exhibited by postharvest pathogens. While Colletotrichum begins as a biotrophic

pathogen, the archetypical necrotroph Botrytis cinerea has no biotrophic stage but
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typically causes a quiescent infection in fruit tissues that becomes activated as the

fruit ripens. Thus, quiescence is a state that needs to be defined for each particular

postharvest type of interaction. During the host’s transient resistance, several

tissues and/or physiological mechanisms are activated to overcome the pathogen’s

aggressive colonization. Thus, fungal quiescence is a common process that affects

diverse hosts and host tissues that employ specific host/pathogen interactions

(Luo and Michailides 2001; Bristow et al. 1986).

Colletotrichum is one of the major postharvest pathogens in which quiescence

has been studied (Muencha et al. 2008). Colletotrichum spores adhere to and

germinate on the plant surface, produce germ tubes, and the tip of the germ tube

developing from the appressorium sends an infection peg through the cuticle.

Following penetration, Colletotrichum initiates subcuticular intramural coloniza-

tion (Perfect et al. 1999) and spreads rapidly throughout the tissue with both inter-

and intracellular hyphae. After colonizing one or more host cells, the infecting

hyphae, which can be described as biotrophic (Kramer-Haimovich et al. 2006),

subsequently give rise to secondary necrotrophic hyphae.

Penicillium expansum is a destructive wound penetrating, necrotrophic phyto-

pathogen, capable of causing decay in a wide number of deciduous fruits during

postharvest handling and storage. Penicillium is a pathogen, with a short or no

quiescent period and typically causes extensive maceration of the infected tissue

(Prusky et al. 2004; Hadas et al. 2007; Prusky and Yakoby 2003).

In general, it is considered that activation of the quiescent stage is the result of

(a) induced accessibility of disassembled cell-wall substrates during fruit softening

(Cantu et al. 2008) and ethylene induction (Giovannoni 2001); (b) a decline in

preformed antifungal compounds, such as polyphenols, phytoalexins, and other

fungitoxic substances (Prusky 1996); (c) the decline of inducible host-defense

responses (Beno-Moualem and Prusky 2000); and (d) the pH conditions in the

host (Prusky et al. 2013). In the present work we will concentrate on the modulation

of host pH environment by Colletotrichum and Penicillium as mechanism of

fungal colonization.

Fungal Factors Activating Quiescent Infections in Ripening

Fruits: The Secretion of pH Modulation Molecules

Quiescence of postharvest pathogens and resistance of unripe fruits to infection are

considered as dynamic processes that switch to an active state during host matu-

ration and ripening. In light of published analyses of gene expression during

quiescence and early development stages of unripe fruits (Cantu et al. 2008;

Djami-Tchatchaou et al. 2012; O’Connell et al. 2012), we consider that quiescent

fungi should be regarded as eliciting biotrophic or active endophytic interactions

that manipulate host responses, similar to the reported endophytic interactions in

leaves. The widespread reports of fungal species, including the hemibiotrophic
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Colletotrichum and the necrotrophic Botrytis, showing quiescence in similar fruits

suggest that host responses are not specific to a fungal colonization mechanism.

Transcriptome analysis of the C. higginsianum biotrophic stage revealed a large

inventory of effectors candidates (Kleemann et al. 2012). Their presence indicates

that secreted effectors proteins manipulate the host during penetration and quies-

cence, underlying the fact that quiescence is not a passive interaction (Kleemann

et al. 2012; O’Connell et al. 2012).

However the transition from quiescence to necrotrophic colonization also

involves modulation of pH modulators, exemplified by ammonia, gluconic and

oxalic acid for C. gloeosporioides, P. expansum, and B. cinerea, respectively
(Prusky et al. 2010; Prusky and Lichter 2007; Prusky and Yakoby 2003). Similar

findings were then extended to other pathogens as Sclerotinia sclerotiorum,
Alternaria alternata, Penicillium digitatum, P. italicum, Phomopsis mangiferae,
and Fusarium oxysporum (Barad et al. 2012; Davidzon et al. 2010; Eshel

et al. 2002; Manteau et al. 2003; Miyara et al. 2010, 2012; Prusky et al. 2001,

2004; Rollins and Dickman 2001). Genes regulating the expression of fungal pH

regulators are induced during the switch from quiescence to necrotrophy, which

suggests that their toxic products may contribute to the termination of the

biotrophic phase in preparation for subsequent necrotrophic growth. The pH modu-

lation of the environment enables the pathogen the “selection” of specific virulence

factors needed for the particular host. These fungal pH modulators are plant

induced during the switch from biotrophic to necrotrophic colonization (Alkan

et al. 2013), which may indicate again that quiescence is an active process that

expresses a differential set of fungal genes (Kleemann et al. 2012; O’Connell

et al. 2012) and host responses (Djami-Tchatchou et al. 2012).

The Effect of Ammonia Secretion on Pathogenicity
of Colletotrichum

Colletotrichum gloeosporioides is a hemibiotrophic ascomycete fungus that

secretes ammonia under inductive environmental conditions during fruit coloniza-

tion as a mechanism for the induction of alkalinization during pathogenicity

(O’Connell et al. 2012; Prusky and Yakoby 2003). Ammonium accumulation has

been detected in association with host alkalinization and pathogenicity of many

Colletotrichum species, including C. gloeosporioides, C. acutatum,
C. higginsianum, C. graminicola and C. coccodes (Miyara et al. 2010; O’Connell

et al. 2012), The roles suggested for the ammonia accumulated during

Colletotrichum colonization include: (i) activation of fungal pathogenicity factors

such as pectate lyase (Prusky and Yakoby 2003); (ii) induction of host-cell death

and host response during necrotrophic development (Alkan et al. 2008, 2009,

2012), and (iii) induction of appressorium formation during host penetration

(Miyara et al. 2010).
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Macroarrays carrying C. gloeosporioides cDNA expressed during the alkalin-

ization process have been used to monitor the genes expressed during ammonia

metabolism (Miyara et al. 2010).MEPB, encoding for protein sequences homology

to methyl ammonia permease, is induced at increasing pH close to 7.0 (Miyara

et al. 2010). The importance of ammonia in pathogenicity has been studied via

modulation of ammonia production. Reduction of ammonia production elicits a

reduction in host colonization (Alkan et al. 2009; Miyara et al. 2010). Some

mutants, such as the Δgdh2 strains of C. gloeosporioides and Magnaporthe oryzae,
and the ΔmepB of C. gloeosporioides, show reduced appressorium formation as

well (Miyara et al. 2010, 2012; Oh et al. 2008).

Functional analysis of the MEPB mutant of C. gloeosporioides by Miyara

et al. (2012) indicated that the MEP genes encoding for a methylammonium

permease, regulates the influx/efflux and accumulation of ammonia in the fungal

hyphae. Analysis of the effects of MEPB on the balance between ammonia uptake

and secretion by the fungus showed a rapid decrease in ammonia concentration in

the media induced by the MEPB mutant (Fig. 2.1a, b), while a significant parallel

accumulation of ammonia occurs inside the mycelia. This suggests that the mutants

Fig. 2.1 Ammonia uptake and secretion for mycelia of C. gloeosporioides WT, ectopic,

complemented and ΔmepB strains. (a) Ammonia concentration in the growth medium

(mM ammonia per g dry weight mycelium). (b) Ammonia concentration inside the fungal

mycelium (mM ammonia per g dry weight mycelium). Spores of C. gloeosporioides were

inoculated into primary medium and 3 days later mycelium was transferred to SM amended

with 10 mM NH4Cl and analyzed at various intervals post-inoculation. Average� SD of three

technical replications of one single biological experiment out of three repeated experiments is

presented
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show a reduced selectivity to ammonia uptake and high accumulation inside the

hyphae.

Activity of the nitrogen metabolism that modulates ammonia accumulation in

germinating spores differed from that in the mycelium (Figs. 2.1a and 2.2b). In

germinating spores of the WT strain, continuous secretion of ammonia was

observed during the first 9 h of germination, in contrast to lack of secretion in the

ΔmepB strains, suggesting that the spores of the mutant strains were impaired in

ammonia-secretion capability (Fig. 2.2a). Analysis of the internal ammonia concen-

trations showed a buildup from 9 to 42 mM per 106 spores in the WT strain in the

first 9 h after initiation of germination (Fig. 2.2b). In the first 6 h of germination, the

internal ammonia level in the ΔmepB strains remained higher, 42–43 mM per 106

spores (Fig. 2.2b). When the ΔmepB strain was used to inoculate avocado pericarp,

an 87 % reduction in fruit colonization was observed (Fig. 2.3). Indicating the

importance of MEPB in pathogenesis.

The effect of ammonia on the modulation of appressoria formation. Since

previous data had indicated the importance of cAMP-PKA pathways as signaling

factors for the induction of appressorium formation (Gold et al. 1997; Kronstad

1997; Lee et al. 2003; Takano et al. 2000; Taylor et al. 1990). Shnaiderman

et al. (2013) used the ΔmepB mutant strain to show that processes involving

ammonia uptake and cAMP activity occur concurrently and enhanced ammonia

Fig. 2.2 Ammonia accumulation by spores of C. gloeosporioides wild-type (WT), ectopic,

complemented and ΔmepB strains. (a) Outside the germinating spores. (b) Inside the germinating

spores. Spores were subjected to germination for 1–9 h in water on a stable hard surface and the

amounts of ammonia secreted and accumulated in the spores were analyzed after various intervals

post-germination. Average� SD of three technical replications of one single biological experi-

ment out of three repeated experiments is presented
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accumulation activated PKA subunits PKA2 and PKAR. The effect of the external
accumulation of ammonia by C. gloeosporioides germinating spores on mycelial

growth, conidial germination and appressorium formation was determined by

comparing ammonia-secreting strains—the WT and complemented strain—to the

nonsecreting strains ΔmepB3 and ΔmepB12. However, germinated ΔmepB which

strain spores showed 75 % inhibition of appressorium formation compared to the

WT and ectopic strains. Pharmacological complementation of theΔmepB strains by

addition of 5 mM volatile NH4Cl to germinated spores enhanced the percentage of

appressoria formed by 20 %. Based on early reports describing the impact of the

cAMP-PKA pathways on appressorium formation (Kojima et al. 2002; Lee and

Dean 1993, 1994; Takano et al. 2000; Taylor et al. 1990), Shnaiderman et al. (2013)

used the non-ammonium-secreting spores of the ΔmepB strains with exogenous

ammonia treatment as a tool to analyze the mechanism of appressorium formation

induction. Ammonia secretion analysis of germinating spores of the WT and

complemented strains treated with exogenous NH4Cl showed ammonia uptake

and enhanced cAMP activity in contrast to the exogenous ammonia treatment of

ΔmepB spores that did not enhance ammonia uptake or induce cAMP activity,

suggesting the importance of ammonia uptake to cAMP activation during spore

germination. To evaluate the role of ammonia on the PKA pathway of germinated

spores, transcript activation of the genes PKAR (encoding the PKA regulatory

subunit) (Kamaruddin et al. 2008) and PKA2 (encoding a PKA catalytic subunit)

(Liebmann et al. 2004) were compared in the ammonia-secreting WT strain and a

Fig. 2.3 Pathogenicity assays of C. gloeosporioideswild-type, ectopic andΔmepBmutant strains.

Decay development of wild-type (WT) and mutant strains after inoculation of the pericarp of

freshly harvested avocado cv. Fuerte fruits. Inoculation was carried out by placing spore suspen-

sion on the pericarp of unwounded fruit followed by incubation at 25 �C under high humidity.

The average colonized area for 10 infected fruits 10–15 days after inoculation is reported. Values

within averages marked with different letters at each sampling time differ significantly according

to Tukey-Kramer HSD test at P� 0.05
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nonsecreting strain, ΔmepB12. Transcript activation in both strains was compared

8 h after initiation of germination when no ammonia was produced by theΔmepB12
strain (Fig. 2.4). Analysis of the relative expressions of PKA2 and PKAR showed

20- and 30-fold upregulation, respectively, in contrast to inhibited expression in the

ΔmepB12 strain (Fig. 2.4), suggesting that ammonia uptake may activate the PKA

pathway as well. These results suggest that the balance between uptake/secretion of

ammonia by germinating spores may induce signaling pathways that enhance

appressorium formation, as compared to the developing mycelia where the secre-

tion of ammonia and host alkalinization contribute mainly to necrotrophic colon-

ization by C. gloeosporioides.

Acidifying Fungi

Other postharvest pathogens, such as P. expansum, P. digitatum, P. italicum
(Prusky et al. 2004), utilize tissue acidification to support their attack via the

secretion of organic acids (Prusky et al. 2004). In Penicillium spp., pathogenicity

has been attributed to the secretion of polygalacturonases PEPG1, which encodes a
polygalacturonase that is upregulated under the acidic conditions resulting from

gluconic acid (GLA) accumulation (Prusky et al. 2004). GLA accumulation by

P. expansum is pH-dependent and is mainly regulated by glucose oxidase (GOX2)

that catalyzed the oxidation of glucose to GLA. Barad et al. 2012 showed that the

highest GOX2 expression was under neutral and alkaline conditions (pH 7.0–9.0)

compared to acidic conditions (pH 4.0). Barad et al. (2012) also used a transgenic

Fig. 2.4 Relative expressions of PKA2 and PKAR and ammonia accumulation by germinating

C. gloeosporioides spores. Quantitative relative expression of PKA2 and PKAR 8 h after initiation

of germination, i.e., at full germination. Values of RT-PCR were normalized against 18S rRNA.

Relative expression in the different treatments was compared to the lowest value of expression in

the respective treatments, which was given a value of 1. Average� SD of three technical

replications of one single biological experiment out of three repeated experiments is presented
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approach to analyze the contribution of GOX2 to the acidification process and

pathogenicity. Functional analysis of GOX2-RNAi mutants showed that modula-

tion of GLA level strongly affects pathogen interactions with the host: the greater

the downregulation of GOX2 in the GOX2-RNAi mutants, the stronger the impair-

ment in GLA production, medium acidification, and apple fruit infection. Those

results further supported the hypothesis that P. expansum’s ability to acidify the

environment results in the expression of genes and secretion of hydrolytic enzymes

that contribute to pathogenicity (Prusky et al. 2004). However one of the factors

that was not taken in account is the secretion of the mycotoxin patulin by the

colonizing pathogen. The high accumulation of patulin in decaying tissue during

the acidification process raised the question of its biological role in P. expansum’s
pathogenicity (Barad et al. 2014).

GOX-RNAi mutants downregulate isoepoxydon dehydrogenase, one of the last

stages of patulin synthesis (IDH) (Dombrink-Kurtzman 2007). To understand the

effect of GLA accumulation on patulin production and pathogenicity, Barad

et al. (2014) used the P. expansum mutant strains GOX2-RNAi which were differ-

entially impaired in the secretion of GLA and pathogenicity (Barad et al. 2012). To

determine whether downregulation of GOX2 in the GOX2-RNAi mutants modu-

lates IDH expression and patulin production, the WT strain Pe-21 and the mutant

strains were grown on secondary medium (SM)–agar solid medium adjusted to an

initial pH of 7.0 for 48 h (Fig. 2.5). Functional characterization of GOX2-RNAi
mutants showed significantly decreased production of GLA and consequent

decrease of pH in the medium. In mutant strains TPe130 and TPe141, which showed

50 % (4.3 g DW�1) and 45 % (3.8 g DW�1) decreased production of GLA,

respectively, the pH declined from 7.0 to 4.3 and 4.45, respectively, compared to

4.12 in the WT strain with a total 8.7 g GLA DW�1. An intermediate level of GLA

and only partial decline in pH were observed for RNAi mutants TPe114 and TPe116
(Fig. 2.5a). Functional characterization of GOX2-RNAi mutants also showed sig-

nificant downregulation of IDH expression and patulin accumulation, by a factor of

approximately 10, during growth of TPe141 in SM (Fig. 2.5b, c). These findings

indicate that the downregulation by GOX2-RNAi significantly decreases GLA and

patulin production, suggesting that patulin regulation is largely dependent on the

potential for GLA production and the resulting modification in pH (Fig. 2.5).

Analysis of the colonization pattern showed that downregulation of GLA and

patulin accumulation significantly reduces the colonization of P. expansummutants

(Fig. 2.5d).

Previous reports have indicated a very low level of GLA accumulation in liquid

SM buffered with phthalate buffer to pH 4.5 (Hadas et al. 2007; Barad et al. 2012).

These findings were used to clarify the effect of pH change on GLA and patulin

accumulation. For this purpose, the WT and GOX2-RNAi strains were grown in

non-buffered SM–agar medium at an initial pH of 4.5 compared to 7.0. Growth of

the GOX2-RNAi mutants at pH 7 resulted in a significant decrease in patulin

production as the level of GLA decreased (Fig. 2.5b). In this case, the initial pH

of the medium was decreased from 7 to almost 4 by all the different mutants,

suggesting that after 72 h, differential GLA accumulation leads to differential

2 pH Modulation of Host Environment, a Mechanism Modulating Fungal Attack in. . . 19



Fig. 2.5 Relationship between GLA and patulin accumulation and relative IDH expression in

GOX2-RNAi mutants of P. expansum and their pathogenicity on cv. Golden Delicious apples.

Solid SM at an initial pH of 7.0 was inoculated with 100 μl of a spore suspension of 106 spores

ml�1 and the different parameters evaluated 48 h later by sampling five medium discs from five

independent culture plates. (a) GLA accumulation and final pH values. (b) Patulin accumulation.

(c) Relative IDH expression of GOX2-RNAi mutants compared to the WT strain. (d) Colonization

diameter. Average values of five replicates are reported for relative IDH expression (�SE), and

GLA, patulin accumulation. For colonization the average values presented were obtained from

nine independent inoculation points. Columns and symbols with different letters are significantly

different at P� 0.05 according to the Tukey-Kramer multiple comparison test. Experiments were

repeated three times and the results of a single representative experiment are shown
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patulin accumulation, even if the final pH reached by the WT and mutants is around

4.0. However, when the different strains were grown at pH 4.5, low levels of patulin

were observed in the GOX2-RNAi and WT strains with no changes in medium pH

(data not shown), suggesting that it is not the low pH but the potential for GLA

production that determines the accumulation of patulin.

Analysis of the precursors for patulin production by Grootwassink and Gaucher

(1980) indicated the importance of glucose as a carbon source on patulin accumu-

lation. Penicillium expansum’s growth in increasing concentrations of glucose from
25 to 50 mM in 0.2 M phosphate-buffered medium at pH 7.0 (Fig. 2.6a–c) showed,

in all cases, maximal accumulation of GLA by the fungus after 48 h followed by an

increase in patulin 24 h later concomitant with a decrease in GLA concentration.

This increase in patulin accumulation was accompanied by an activation of IDH.
These and previous results of Bork et al. (1998) and Ramachandra et al. (2006)

suggested that the β-gluconate, gluconic acid may be metabolized to patulin

through glycolysis. To further support this hypothesis, the WT strain was grown

in the presence of increasing GLA concentrations as sole carbon source (25–50 mM

in phosphate-buffered medium at pH 7.0). Growth of the WT for 72 h indicated that

GLA, under the afore-described conditions, is consumed (reduction in the media,

Fig. 2.6d) and metabolized to patulin (increase in the media, Fig. 2.6e) through the

activation of IDH expression (Fig. 2.6f). Interestingly, growth of the WT strain in

the presence of sucrose as sole carbon source induced almost tenfold more patulin

than that obtained with a similar concentration of glucose in culture (results not

shown). This indicates that GLA, and other sugars, induce the accumulation of

patulin with different efficiencies.

Barad et al. hypothesis, based on recent publication (Barad et al. 2012, 2014) and

the present results, that GLA production is the driving force for activation of patulin

synthesis and together, these compounds contribute to the enhanced pathogenicity

of P. expansum in fruits. Using genetics approaches: (i) P. expansum GOX2
mutants that show modulated GLA synthesis, (ii) P. expansum mutants in IDH
affecting the production of patulin. The importance of the acidification process

caused by GLA accumulation to the induction of patulin biosynthesis and accumu-

lation and its contribution to P. expansum pathogenicity in colonized fruits was

shown. The results indicate that GLA and patulin are pathogenicity factors of

P. expansum modulated pH changes during fruit colonization.

Summary

During ripening, fruits undergo physiological changes, such as activation of ethyl-

ene biosynthesis, cuticular changes, cell-wall loosening, and decline of antifungal

compounds, which release the fungus from its quiescent state and promote a

necrotrophic and pathogenic life style. In the long run, detailed knowledge about

host pathways that affect postharvest disease will enable us to design control or

monitoring measures that focus on alleviating the consequences of active infection
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or to extend the duration of quiescence in order to enhance fruit shelf life (Prusky

et al. 2006). The roles of the various branches of the plant immune-response

pathways and the transition from the quiescent to the necrotrophic phase have not

been examined, particularly in fruit tissue. The plant’s perception of PAMP mol-

ecules early in the plant-pathogen encounter and how these are activated in both

mature and unripe fruit tissues need to be examined. Further studies on host genes

and their patterns of temporal and spatial regulation relative to the quiescent or

active stages of infection and interactions with other fruit-specific developmental

processes need to be pursued. The use of genome-wide transcriptome, proteome,

and metabolome approaches will expedite the identification and evaluation of

critical factors for entry into and exit from quiescent infection as well as elucidation

of their interactions with other developmental processes. However, as the fruit

ripens and the fungal pathogen switches to active secretion of effectors and pH

modulators, the necrotrophic stage becomes active. Further clarification of the role

of putative signals (pH, nitrogen and sugar) in postharvest pathogenesis during fruit

Fig. 2.6 Accumulation of GLA, relative IDH expression and patulin in solid SM using increasing

concentrations of glucose (a, b, c) and GLA (d, e, f) as carbon sources. Spores of isolate Pe-21

were inoculated into 0.2 M phosphate-buffered solid SM–agar adjusted to pH 7.0, and disc

samples were taken 0, 24, 48 and 72 h later. Five replicates were sampled for each substrate.

Average values� SE of five replicates of GLA, relative IDH expression and patulin extractions are

presented. The experiments were repeated three times and the results of a single representative

experiment are shown
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ripening is clearly needed. Nevertheless, the current state of knowledge of fungal

modulation of host pH has already opened new avenues to the control of postharvest

pathogens thus studies of virulence as a result of pH-conditioning by the pathogen

support the developing of new strategies of postharvest fungal pathogen control

involve local pH changes (Prusky et al. 2006).
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Chapter 3

Mechanisms of Ambient pH Regulating

Spore Germinability and Pathogenicity

of Postharvest Fungal Pathogens

Boqiang Li, Guozheng Qin, and Shiping Tian

Abstract Postharvest fungal pathogens cause decay of fruits and vegetables, and

lead to huge economic loss worldwide. The ambient pH, as one of the most

important environmental parameters, has critical effect on the pathogenicity of

fungal pathogens. Understanding on pathogenesis of postharvest fungal pathogens

was limited as lack of molecular biological and genomic basis. While, proteomics

opens a new gate to deeply explore the infecting mechanisms of postharvest

pathogens. Here, we make a brief overview on the application of proteomic

methods in postharvest pathological studies and focused on regulatory mechanisms

of ambient pH on pathogenicity of fungal pathogens using proteomic approach.

These recent advances provide new evidences to systematically understand the

complicated infecting mechanisms of postharvest fungal pathogens on a wide range

of plant hosts, which have great help to develop the integrated control techniques of

postharvest diseases.

Keywords Ambient pH • Fruit • Postharvest pathogens • Proteome • Pathogenicity

Introduction

Fruits and vegetables are important parts of the daily diet. However, they are easily

infected by microorganisms after harvest. Losses caused by postharvest diseases

can reach to 25 % of total production in industrialized countries and more than 50 %

in developing countries (Nunes 2012). Fungi are the main agents causing

postharvest decay. Studies on the infecting mechanisms of fungal pathogens have

great significance to develop the integrated control techniques of postharvest

diseases. pH, as an important environmental factor, has a significant effect on
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physiological aspects of fungi. pH can determine the survival of living cells,

especially on mono- or multi-cellular microorganisms since their cells directly

contact with the environment (Manteau et al. 2003). Ambient pH can affect growth

of microorganism by regulating enzyme activities, nutrient availability and the

proton gradient across the plasma membrane, as well as cell wall remodeling

(Bilgrami and Verma 1981; Schmidt et al. 2008). Fungi evolve a complicated

regulatory system to sense and response to ambient pH signal within the long-

term adaption to environment (Peñalva and Arst 2002). In Aspergillus nidulans, the
system includes at least seven components: PacC, PalA, PalB, PalC, PalF, PalH and

palI (Peñalva et al. 2008). Similar regulatory modes have also been found in several

plant pathogens, such as Colletotrichum gloeosporioides (Drori et al. 2003), Fusar-
ium oxysporum (Caracuel et al. 2003), Sclerotinia sclerotiorum (Rollins and

Dickman 2001), and Alternaria alternata (Eshel et al. 2002). Evidences from

biochemistry and molecular biology indicated that ambient pH also plays a critical

role during the interaction between host and fungal pathogens (see reviews by

Alkan et al. 2013; Prusky et al. 2013).

Recently, the rapid development of ‘omic’ technologies brings new opportunity

to understand complicated biological events from a global scale. Proteomics, as a

complement to genomics and transcriptomics, show increasing importance in

elucidating the interactions among plant pathogen, host and environment. Here,

we make a brief overview on the application of proteomic methods in postharvest

fungal study and focused on regulatory mechanisms of ambient pH on pathogenic-

ity of fungal pathogens using proteomic approach. A future perspective of the

proteomic study in this field is also presented.

Results

Proteomics Used in Postharvest Fungal Pathogens

Fungal species within the genera Penicillium, Botrytis, Monilinia, Rhizopus,
Alternaria, Aspergillus, Fusarium, Geotrichum, Gloeosporium and Mucor are

responsible for many of the most important postharvest diseases (Barkai-Golan

2001). Lack of molecular biological and genomic basis limits deep understanding

on interactions between hosts and postharvest pathogens. Proteomics opens a new

gate to deeply explore the infecting mechanisms of postharvest pathogens. Qin

et al. (2007) compared the intra and extracellular proteomes of P. expansum in the

absence and presence of borate, using techniques of Two-dimensional gel electro-

phoresis (2DE) and ESI-Q-TOF-MS/MS. Due to the lack of genome sequence

information for this and related species, some proteins were not positively identi-

fied. Totally, 14 differentially expressed intracellular protein spots and
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15 extracellular protein spots were identified. Among them, expressions of two

antioxidant enzymes, catalase and glutathione S-transferase and a polygalac-

turonase were significantly repressed after the pathogen was treated with borate,

suggesting those proteins may play crucial roles in pathogenicity of P. expansum.
We also found that borate could lead ROS accumulation and enhance protein

carbonylation. Our recent study revealed that ROS might act on sensitive mito-

chondrial proteins and induce death of P. expansum by proteomic analysis (Qin

et al. 2011). Different with P. expansum, draft genome of two B. cinerea strains

were released recently, which provides great help to proteomic analysis of the

pathogen. To our knowledge, a lot of published articles using proteomic approach

have been focused on B. cinerea. Fernández-Acero et al. (2009) analyzed the

proteome of B. cinerea during cellulose degradation. They detected about 300 pro-

tein spots on the 2D gels and identified 303 proteins involving in about 20 different

biological processes based on PANTHER classification system, such as oxidore-

ductase, nucleic acid binding, and synthase and synthetase. Shah et al. (2009)

compared secretome of B. cinerea grown on a solid substrate of cellophane

membrane on media supplemented with the extract of full red tomato, ripened

strawberry or Arabidopsis leaf extract. Using a high-throughput LC-MS/MS

approach, 89 proteins were identified from all growth conditions. Among them,

seven proteins, including two pectin methyl esterases, glucan, 1–4, alpha glycosi-

dase, beta-glucanase like protein, ceratoplatanin and two hypothetical proteins,

were detected in all the growth conditions implying a constitutive nature of their

secretion. Proteins secreted at the beginning of the infection play essential roles in

the establishment of a successful infection. Espino et al. (2010) analyzed the early

secretome of B. cinerea. Secreted proteins extracted from the germinated spores

within culture of 16 h were separated and identified by 2DE+MALDI-TOF or

LC-MS/MS. They found there were a large number of the identified proteases in the

early secretome. Although proteome responses to ambient pH have been reported in

several microorganisms, such as Escherichia coli (Slonczewski and Kirkpatrick

2002), Listeria monocytogenes (Phan-Thanh and Mahouin 1999), Fusobacterium
nucleatum (Zilm et al. 2007), Candida glabrata (Schmidt et al. 2008), few studies

focused on plant fungal pathogens. Two cases about the relationship between

ambient pH and pathogenicity of postharvest pathogens were presented in follows.

Ambient pH Affecting Spore Germination of P. expansum

Spore germination is the critical step for infection of pathogens to host plants.

Environmental factors, including nutrient, temperature, relative humidity, water

activity, and pH, have important influence on spore germination (Mcquilken

et al. 1997; Estrada et al. 2000; Sautour et al. 2001; Pardo et al. 2005; Kope
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et al. 2008). It is well known, P. expansum is one of most important postharvest

pathogens, which also causes blue mould rot in 21 genera of plants (Stange

et al. 2002), and produces the carcinogenic mycotoxin patulin during the infection

progress (Andersen et al. 2004). We evaluated spore germination of P. expansum
under three different pH values (2, 5 and 8), and found that pH 5 was optimum for

spore germination. The germination rate reached about 90 % after 10 h. While, pH 2

and 8, selected as acidic and alkaline pH stresses, markedly inhibited spore germi-

nation of P. expansum (Li et al. 2010). The pH stress not only reduced the

germination rate, but also led to abnormality of germinated spores. To investigate

the inhibiting mechanism of ambient pH stress on spore germination, we extracted

total proteins of P. expansum spores after treated with above pH conditions, and

performed a comparative proteomic analysis. Extracted proteins were separated

using 2DE, and more than 700 protein spots were detected in each gel. With pH 5

treatment as control, 34 spots with significantly differential abundance at pH 2 and

8 treatments were positively identified through ESI-Q-TOF-MS/MS. Interestingly,

we found that 17 identified protein spots were related to protein synthesis (8 spots)

and folding (9 spots). Conidium is a dormant unit for fungal pathogen. During

germination and infection of dormant spores, vigorous changes happened inside the

spores. Nascent protein synthesis is one of essential processes. Protein synthesis has

been proven to be required for spore germination in Neurospora crassa, A. nidulans
and F. solani (Cochrane and Cochrane 1970; Loo 1976; Osherov and May 2000). In

P. expansum, eight differential protein spots involved to protein synthesis including
four components of ribosomal subunit, two aminoacyl tRNA synthetase, elongation

factor 2, and guanine nucleotide-binding protein beta subunit-like protein. All of

them are critical components of protein synthetic machine of cells. Under pH stress,

seven of them were down-regulated in abundance, suggesting that pH stress may

impair protein synthesis. Our data from biochemistry analysis verified the hypoth-

esis based on proteomic analysis. Protein contents of spores at pH 2 and 8 treatments

were fourfold lower than that at pH 5 after culturing for 10 h. Moreover, we also

identified 9 proteins related to protein folding. Among them, six proteins (STI1,

SSB2, BiP, PDI, PPIase, and NAC-beta-1) are related to nascent polypeptide

stability. Other three proteins, BiP, PDI and PPIase, have been proven to be the

components of BiP chaperone complex in ER, and involved in nascent polypeptide

translocation into ER and folding (Kleizen and Braakman 2004). The differential

expressions of these proteins under pH stress might cause uncorrected folding and

malfunction of nascent polypeptides. The usual fate of misfolded proteins is to form

aggregates (Jaenicke and Seckler 1999). We determined the level of aggregated

proteins under different pH conditions in P. expansum. As expected, accumulation

of aggregated proteins was enhanced under pH stress. Based on these results, we

provide the hypothesis that ambient pH value inhibits spore germination mainly via

impairing de novo synthesis of proteins and folding of nascent polypeptides

(Fig. 3.1).
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Ambient pH Regulating Secretome of B. cinerea

B. cinerea causes gray mould rot on different organs (fruits, legumes, flowers and

leaves) of over 200 plant species worldwide, particularly on many economically

important crops such as tomato, berries, chickpeas, French beans, and grapes as

well as cut flowers (Williamson et al. 2007). It is very interesting and has important

significance to explore broad host range of the pathogen. It is well known that

secreted proteins (secretome) play critical role during the infecting process in

pathogens. Some secreted hydrolytic enzymes are considered to be the “real

virulence factor”. B. cinerea is able to secrete a large set of extracellular enzymes,

such as polygalacturonases, pectin methylesterases, proteases and laccases, to

degrade host tissues (Stapples and Mayer 1995). Some secreted proteins are

encoded by gene family and differentially expressed according to various hosts

and environmental factors (Wubben et al. 2000; ten Have et al. 2001, 2010). For

example, six genes encoding endopolygalacturonase of B. cinerea, Bcpg1-6, were
differentially regulated by ambient pH both in vitro and in vivo (Wubben

et al. 2000; ten Have et al. 2001). Global analysis of secretome will be more helpful

for discovering pathogenic mechanism of B. cinerea, as a successful infection

needs the cooperation of various extracellular proteins. We researched the response

of secretome to different ambient pH (4 and 6) in B. cinerea (Li et al. 2012).

Compared with intracellular proteins, it is difficult to collect and purify proteins

secreted by fungi because the amount of secreted proteins is usually low, and other

non-protein components secreted by fungi may disturb the extraction and following
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Fig. 3.1 Mechanism by which ambient pH value regulates fungal spore germination
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separation. We extracted secreted proteins with an optimized phenol based method.

Using this method, more than 300 protein spots could be detected in each gel, which

is better than other reports on secretome analysis of B. cinerea (Espino et al. 2010;

Fernández-Acero et al. 2010). Totally, 47 differential spots, corresponding to

21 unique proteins were identified using MALDI-TOF/TOF as compared to the

protein profiles between pH 4 and 6. Multiple differential spots were identified as

the same protein by MS/MS analysis, which may lead by post-translational mod-

ifications (PTMs) of proteins, such as glycosylation and truncation.

Compared with proteins at pH 6, 23 spots showed differential accumulation

under pH 4 condition. It is noteworthy that functions of 17 protein spots were

related to proteolysis. Proteases by fungal pathogens directly take part in host-

pathogen interactions, and degrade structural proteins of cell wall and/or antifungal

proteins produced by the host (ten Have et al. 2004). Within these differential spots,

we also observed that 13 spots were matched to one protein, aspartic protease

BcAP8. Aspartic protease (AP) has been considered to be one of the most important

proteases in fungal pathogens (Clark et al. 1997; Farley and Sullivan 1998;

Poussereau et al. 2001). There are 14 genes (Bcap1-14) in AP family of

B. cinerea. Among them, product encoded by Bcap8 is the most abundant one,

which was constituted up to 23 % of the total secreted protein, and contribute to

about 70 % of total AP activity (ten Have et al. 2004, 2010). Meanwhile, our data

indicated that AP activity of secreted proteins in B. cinerea cultured at pH 4 was

30-fold higher than that at pH 6 (Li et al. 2012), indicating that acidic ambient pH

induced accumulation of BcAP8. However, ten Have et al. (2010) found that loss

function of Bcap8 did not affect the virulence of the pathogen. We propose that

BcAP8 may have other important function in the life cycle of the pathogen.

Totally, we identified 24 differential protein spots under pH 6 condition. Differ-

ent with that in pH 4, most identified proteins (18 out of 24 spots) at pH 6 was

related to carbohydrate metabolism (Li et al. 2012). Most of them are cell wall-

degrading enzymes (CWDEs), including exocellulase (gene ID: BC1G_06035),

arabinogalactan endo-1, 4-beta-galactosidase (BC1G_03991, BC1G_16209),

rhamnogalacturonan acetyl esterase (BC1G_14009) and exo-arabinanase

(BC1G_13938). These proteins involves in the degradation of main components

of plant cell wall, such as cellulose and pectin (Searle-van Leeuwen et al. 1992;

Espino et al. 2005; Wong et al. 2008; Vanholme et al. 2009). We detected that

BcSpl1, a proven pathogenicity factor, was accumulated for 7.7 folds under pH 6

condition, indicating that BcSpl1 is regulated by ambient pH. Other reports dem-

onstrated that BcSpl1 caused a fast and strong hypersensitive response (HR) in

tomato, tobacco and Arabidopsis leaves (Frı́as et al. 2011), and was induced by

ethylene in B. cinerea (Chagué et al. 2006).

Through the comparative proteomic analysis on secretome of B. cinerea, we
found that most of differential proteins were CWDEs or proteases, suggesting the

importance of the two categories of proteins. Further, we noticed that more proteins

related to proteolysis were induced at pH 4, whereas, more CWDEs were induced at

pH 6. Our results are accordant with a hypothesis suggested by Manteau

et al. (2003), who thought that all pathogenic factors should be secreted where
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they are expected to be most needed in B. cinerea. Ripe fruits generally have lower
tissue pH and weakened cell walls, and accumulate large quantities of PR proteins

as a major line of defence, so inducing secretion of proteins with the function of

proteolysis is more important than that of CWDEs. In contrast, for leaves and stem,

which have higher tissue pH and stiffer cell walls, CWDEs are more urgently

required.

Summary

Along with the fast development of proteomics, today, researchers pay more

attention to specific subset of whole proteome, or better qualitative and quantitative

analysis on proteins. So, in the future study, proteomic analysis on postharvest

fungal pathogens may focus on the following aspects: (a) Subcellular proteome,

such as nucleus, plasma membrane proteome and secretome; (b) Modification

specific proteome, such as phosphoproteome and glycoproteome; (c) Application

of high effective and sensitive mass-spectrometric technique. Now, nano-LC-MS/

MS has been widely used for protein separation and identification, which will

replace the traditional 2D-gel. At the same time, accurate quantity based on label

and label free methods is more and more important for comparative proteomic

study.
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Chapter 4

The Role of Reactive Oxygen Species in ASM-

Induced Disease Resistance in Apple Fruit

Yonghong Ge, Huiwen Deng, Yang Bi, Canying Li, and Yaoyao Liu

Abstract Blue mould caused by Penicillium expansum is one of the most impor-

tant postharvest diseases of apple fruit. The present study was to evaluate how

disease resistance in apple fruit (cv. Fuji) was affected by the dipping of

acibenzolar-S-methyl (ASM) and diphenylene iodonium (DPI), a NADPH oxidase

specific inhibitor. Lesion diameter on the fruit inoculated with P. expansum was

significantly (P� 0.05) decreased by dipping with 0.1 g/L ASM. Decreased lesion

development was associated with the accumulation of hydrogen peroxide (H2O2),

release of superoxide anion (O2
�), enhancement activities of NADPH oxidase

(NOX), superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione

reductase (GR). Antioxidants content including ascorbic acid (AsA) and reduce

glutathione (GSH) was also induced by ASM treatment. While catalase (CAT)

activity was inhibited by ASM dipping. Compared with ASM treated fruit, fruit

treated with DPI prior to ASM treatment exhibited bigger lesion diameter. More-

over, DPI treatment inhibited ASM-induced H2O2 and O2
� accumulation, the

increase of the activities of NOX, SOD, APX, GR and content of AsA and GSH.

These results suggest that pretreatment with DPI prevented accumulation of ROS

induced by ASM and showed serious disease symptoms, which showed the impor-

tant role of ROS in ASM-induced resistance in apple fruit.

Keywords Fruit • Reactive oxygen species • DPI • Induced resistance

Introduction

Apple fruit (Malus domestica Borkh) is one of the most important fruit produced in

China. Postharvest losses caused by pathogens attack are the major factor limiting

the storage life of apple fruit (He et al. 2003; Spadaro et al. 2013). Blue mould
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caused by Penicillium expansum is one of the most destructive postharvest diseases

in apple fruit (Li et al. 2011). Disease control is achieved traditionally by

postharvest application of synthetic fungicides such as thiabendazole,

thiophanate-methyl, pyrimethanil and iprodione (Spadaro et al. 2002; Calvo

et al. 2007). However, because of problems related to fungicide toxicity, develop-

ment of fungicide-resistant strains of pathogens (Li and Xiao 2007), together with

potential adverse effects on the environment and human health have stimulated the

search for alternative strategies (Terry and Joyce 2004; Droby et al. 2009).

Induction of disease resistance in fruit and vegetables using physical, biological,

and chemical elicitors has emerged as a promising alternative approach for con-

trolling postharvest diseases to reduce synthetic fungicide usage (Terry and Joyce

2004). It has been previously reported that chemical elicitors including

β-aminobutyric acid (Quaglia et al. 2011; Zhang et al. 2011), methyl jasmonate

(Quaglia et al. 2011), biological agents such as Pseudomonas syringae pv. syringae
(Quaglia et al. 2011), Rhodotorula mucilaginosa (Li et al. 2011), Metschnikowia
fructicola (Spadaro et al. 2013), Pichia caribbica (Cao et al. 2013) using alone or

combination effectively provide the protection against blue mould of apple fruit.

Acibenzolar-S-methyl (ASM, commercial as Bion® or Actigard), a functional

analogue of SA, has been developed for systemic induction of disease resistance

from fungi, bacteria and virus (Friedrich et al. 1996; Lawton et al. 1996). Recent

studies have documented the effectiveness of ASM in inducing resistance against a

wide range of postharvest diseases in apple (Sklodowskaa et al. 2010; Quaglia

et al. 2011), strawberry (Cao et al. 2011), peach (Liu et al. 2005), pear (Cao

et al. 2005), muskmelon (Ge et al. 2008; Ren et al. 2012), mango (Zhu

et al. 2008), and potato (Bokshi et al. 2003) when applied pre-harvest or after

harvest. The resistance is not based on direct inhibition of the pathogens, but on

faster and stronger activation of defense responses including generation of reactive

oxygen species (ROS) (Bokshi et al. 2003; Cao et al. 2005; Liu et al. 2005; Cao and

Jiang 2006; Ren et al. 2012), activation of phenylpropanoid pathway to accumulate

phenolics, lignin and flavonoids (Cao et al. 2005; Zhu et al. 2008), accumulation of

pathogenesis-related proteins (PRs) and PR genes expression (Cao and Jiang 2006;

Zhu et al. 2008; Quaglia et al. 2011). Possible roles of ROS including direct

antimicrobial activity and mediate other defense responses, such as the oxidative

cross-linking of plant cell walls (Shetty et al. 2008), callose deposition (Luna

et al. 2011) and hypersensitive cell death (Lam 2004). A variety of enzymes have

been implicated in ROS generation including NADPH oxidase (NOX),

lipoxygenases and oxalate oxidases (Shetty et al. 2008). ROS generation affects

many cell signaling and regulatory functions through interactions with enzymatic

antioxidants and the non-enzymatic antioxidants including superoxide dismutase

(SOD), catalase (CAT), ascorbate peroxidase (APX), glutathione reductase (GR),

ascorbic acid (AsA) and reduced glutathione (GSH) (Foyer and Noctor 2009; Apel

and Hirt 2004). However, to the best of our knowledge, no information is available

on the role of ROS in ASM-induced resistance in apple fruit using diphenylene

iodonium (DPI), a NADPH oxidase specific inhibitor, to inhibit ROS generation.

The objectives of this study were to investigate the effects of postharvest

treatment with ASM and DPI on the inhibition of blue mould caused by
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P. expansum in apple fruit during storage at room temperature to evaluate the

effects of DPI and ASM on ROS metabolism (O2
�, H2O2, NOX, SOD, CAT,

APX, GR, AsA and GSH), in order to determine the potential role of ROS in

ASM-induced disease resistance in apple fruit.

Materials and Methods

Fruit and Chemicals

Apple fruit were harvested commercially at Tiaoshan Farm in Jingtai County,

Gansu, China, and were immediately transported to Gansu Agricultural University.

The fruit were sorted based on size without physical injuries or diseases and washed

in a 2 % (v/v) sodium hypochlorite solution for 5 min, rinsed with tap water and

air-dried prior to use.

ASM was kindly provided by Syngenta Company at wet table granule formula-

tion (ai. 50 %). DPI purchased from Sigma-Aldrich.

Treatment

Uniformity of size, ripeness and absence of defects fruit were selected and washed

with tap water, air-dried, then disinfected with 2 % (v/v) sodium hypochlorite for

2 min. Subsequently, fruit were dipped with 0.1 g/LASM (containing 0.05 %

Tween-80) for 10 min. Fruit were pre-treated with 10 μM DPI 2 h prior to dipping

with ASM solution for 10 min. Fruit treated with distilled water were considered as

the control. All fruits were air-dried, kept in cartons and stored at room temperature

(22� 2 �C, RH 55–60 %) for following experiments. Three replicates per treatment

were made, each replicate containing 15 fruits, and the whole experiment was

performed twice.

Pathogen Preparation and Inoculation

P. expansum was isolated from naturally infected apple fruit and cultured on potato

dextrose agar (PDA) at 25 �C for 7 days. Spore suspensions were prepared by

flooding the culture plates with 4–5 mL of sterile distilled water containing 0.01 %

(v/v) Tween 20. The inoculums was diluted to 106 spore ·mL�1 and confirmed

using a haemocytometer.

Inoculation was carried out 24 h after treatment (Ge et al. 2008). The fruit were

surface-sterilized with 75 % ethanol, and then four wounds were made with a

sterilized needle (3 mm deep� 2 mm wide) around the equator of each fruit.
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Twenty microlitre of the spore suspension was injected into each wound. After

drying in air, the fruit were put in cartons and incubated at room temperature

(22� 2 �C, RH 55–60 %). The lesion diameter was recorded 3 days after

inoculation.

Sample Collection

Three grams of tissues were detached from 4 to 8 mm below the skin around the

equator of the fruit in 0, 6, 12, 24, 48, 72, 96, 120 h after treatment. Each sample

was packed in aluminum foil individually and frozen in liquid nitrogen immedi-

ately, and then kept at – 80 �C for biochemical analysis.

Determination of the Production Rate of O2
� and H2O2

Content

Production rate of O2
� was determined according to the method of Wang and Luo

(1990) with some modifications. 3.0 g of frozen tissue was homogenized in 3 mL of

100 mM phosphate buffer (pH 7.8) amended with 0.1 % polyvinylpolypyrrolidone

(PVPP), then centrifuged at 12,000�g for 15 min at 4 �C. For each sample, 2 mL of

the supernatant was incubated with 1 mL of phosphate buffer (pH 7.8) and 0.5 mL

of 10 mM hydroxylamine hydrochloride solution for 30 min at 25 �C.
4-aminobenzene sulfonic acid (1 mL, 17 mM) and 1 mL, 7 mM α-naphthylamine

was added for a further 40 min. Four milliliters of n-butanol was added into the

reaction mixture, and then n-butanol phase was used for the determination of O2
�.

The production rate of O2
� was expressed as ΔOD530/min/g FW.

H2O2 content was determined according to Prochazkova et al. (2001) with some

modifications. 3.0 g of frozen tissues was homogenized in 3 mL of cold acetone and

then centrifuged at 12,000�g for 15 min at 4 �C. For each sample, 1 mL of the

supernatant was re-centrifuged followed by the addition of 200 μL of 20 % titanium

tetrachloride, and 200 μL of concentrated ammonia solution to precipitate the

titanium-hydro peroxide complex. Precipitate was washed repeatedly by cold

acetone and then dissolved in 3 mL of 1 M H2SO4 and then re-centrifuged. The

H2O2 content was monitored by taking the absorbance at 410 nm and expressed as

mg/g FW.

Enzyme Extraction

All enzyme extraction procedures were conducted at 4 �C. For NOX, 3 g of frozen

tissue was homogenized with 5 mL of 25 mMMES-Tris buffer (pH 7.8) containing
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0.25 M sucrose, 3 mM ethylene diamine tetraacetic acid (EDTA), 5 mM

dithiothreitol (DTT), 0.9 % PVPP, and 1 mM PMSF. The homogenates were

centrifuged at 20,000�g for 40 min at 4 �C, then the pellet was suspended in

1 mL of 5 mM 17 MES-Tris buffer (pH 7.8) containing 0.25 M sucrose, 5 mM

potassium chloride, 5 mM DTT and 1 mM PMSF, the supernatant was used as the

source of crude enzyme extract.

Three grams of frozen tissue was ground in a mortar on ice, using the following

extraction solutions: 5 mL of ice-cold 50 mM sodium phosphate buffer (pH 7.8),

containing 5 mM DTT, 1 %PVPP for SOD and CAT, 5 mL of 100 mM phosphate

buffer (pH 7.5) containing 1 mM EDTA for APX, 5 mL of 0.1 M Tris-HCl buffer

(pH 7.8) containing 2 mMEDTA and 2 mMDTT for the GR. The homogenate were

then centrifuged at 13,000�g for 30 min at 4 �C. The supernatants were used for

enzyme assays.

Enzymatic Activity Assays

NOX activity was measured by the method of Sagi and Fluhr (2001) with some

modifications. The reaction mixture consisted of 0.5 mM XTT, 50 mM Tris-HCl

buffer (2 mL, pH 7.5), 100 μM NADPH, and 200 μL of crude enzyme extract. The

reaction was initiated by adding NADPH, and the NOX activity was expressed as

△OD470/min/mg protein.

SOD activity was assayed according to Prochazkova et al. (2001) with some

modifications. Reaction mixture contained 1.5 mL of 50 mM phosphate buffer

(pH 7.8), 0.3 mL of 130 mM methionine, 100 μM EDTA-Na2, 750 μM nitro blue

tetrazolium (NBT), 0.4 mL of crude enzyme extract, and 0.3 mL of 20 μM
riboflavin. The formation of blue formazan was monitored by taking the absorbance

at 560 nm. One unit of SOD activity was defined as the amount of enzyme that

caused a 50 % inhibition of NBT, and the SOD activity was expressed as U/mg

protein.

CAT activity was assayed according to Wang et al. (2005) following the

disappearance of H2O2 at 240 nm. CAT activity was expressed as

△OD240 ·min�1 · mg�1 protein.

APX activity was determined as described by Nakano and Asada (1981) with

some modifications. The reaction mixture included 2 mL phosphate buffer (0.1 M,

pH 7.5), 150 μL 5 mM ascorbic acid, 100 μL crude enzymes and 200 μL 10 mM

H2O2. Absorbance of the solution was measured at 290 nm. APX activity was

expressed as μmol AsA ·min�1 · mg�1 protein.

GR activity was assayed according to Foyer and Halliwell (1976) with some

modifications. The reaction mixture included 2 mL phosphate buffer (0.1 M,

pH 7.5), 200 μL 5 mM GSH, 100 μL crude enzymes and 30 μL 4 mM NADPH.

Absorbance of the solution was measured at 340 nm. GR activity was expressed as

μmol NADPH ·min�1 · mg�1 protein.
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The protein content of the extract was determined according to the method of

Bradford (1976) with bovine serum albumin (BSA) as a standard. The experiments

were repeated twice, with three replicates for each experiment.

Analysis of AsA and GSH Contents

Tissues were prepared for AsA and GSH analysis by homogenizing 3 g leaf tissues

in 10 mL of pre-chilled 5 % meta-phosphoric acid. Then the homogenate was

centrifuged at 4 �C for 10 min at 12,000�g, and the supernatant was collected for

analysis of AsA and GSH.

AsA andGSH contents were measured according to Zhang and Kirkham (1996) and

Griffiths (1996). Absorbance of the reactions were measured at 525 and 412 nm, and

the content of AsA and GSHwas expressed as μg AsA · g�1 FW and μg GSH · g�1 FW.

Data Analysis

Data from three replicates were analyzed by one-way analysis of variance

(ANOVA) using SPSS 18.0 statistical software. Fisher’s least significant differ-

ences (LSD, P� 0.05) were determined to compare differences between means.

Data are presented as the mean� standard error of means.

Results

Effects of ASM and DPI Treatment on Lesion Diameter
of Apple Fruit Inoculated with P. expansum

Lesion diameter developed with storage time, postharvest ASM dipping signifi-

cantly (P� 0.05) decreased the lesion diameter of blue mould in apple fruit caused

by P. expansum compared to the control treatment. However, DPI treatment prior to

ASM dipping increased lesion diameter compared to ASM treatment, but still lower

than the control (Fig. 4.1).

Suppressive Effects of DPI on the Generation of O2
� and H2O2

ASM treatment increased the production rate of O2
� during the first 12 h but

decreased afterwards, while DPI pre-treatment inhibited the production of O2
�

during the first 24 h (Fig. 4.2a). The content of H2O2 in ASM-treated fruit showed
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a rapid increase during the first 12 h but decreased afterwards, another peak was

determined at 48 h after treatment. DPI pre-treatment decreased the content of

H2O2 compared with the ASM-treated fruit (Fig. 4.2b).

Effects of ASM and DPI Treatment on the Activity of NOX,
SOD, and CAT

ASM induced a significant increase in NOX activity compared with the control

fruit, and peaked at 12 and 72 h after treatment, while the highest level of NOX was

observed at 24 h after treatment in the control fruit. DPI treatment prior to ASM

treatment significantly inhibited the activity of NOX in apple fruit during the first

48 h (Fig. 4.3a). SOD activity was significantly activated by ASM at 12 and 48 h

after treatment compared with the control fruit. DPI pre-treatment increased the

SOD activity in the first 24 h, but decreased afterwards (Fig. 4.3b). The activity of

CAT was inhibited by ASM treatment, and lower CAT activity was determined in

the DPI pre-treatment fruit (Fig. 4.3c).

Effects of ASM and DPI Treatment on the Activity of APX,
GR, Content of AsA and GSH

The activity of APX increased in both ASM-treated and control fruit at all the assay

time, but increased in the first 6 h in DPI treatment prior to ASM dipping, and then

decreased in the following 6 h, gradually increased in the other assay times. ASM

treatment significantly increased the activity of APX, and peaked at 48 and 96 h.

DPI pre-treatment inhibited the increase of APX activity (Fig. 4.4a). AsA level

increased in the ASM-induced fruit at all assay time, DPI pre-treatment did not

affect AsA level dramatically (Fig. 4.4b).

ASM treatment significantly increased the activity of GR, and peaked at 12 and

96 h. DPI pre-treatment inhibited GR activity (Fig. 4.5a). GSH level increased in

the ASM-induced fruit at all assay time, DPI pre-treatment did not affect GSH level

dramatically (Fig. 4.5b).

Discussion

Induced disease resistance by ASM has been reported in tomato, strawberry, peach,

pear and muskmelon fruit (Iriti et al. 2007; Cao et al. 2005, 2011; Liu et al. 2005;

Ren et al. 2012). Results from the present study indicated that postharvest ASM

dipping significantly reduced lesion diameter on the apple fruit inoculated with
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P. expansum during storage at room temperature. In this study, we also demon-

strated DPI pre-treatment increased lesion diameter in apple fruit inoculated with

P. expansum. Study in Japanese pear indicated that DPI treatment inhibited the

penetration of Alternaria alternata in the leaves (Hyon et al. 2010). This suggests

that the inhibition of ROS generation by DPI was associated with lesion develop-

ment in apple fruit. It has been reported that enhancing O2
� and H2O2 level are

related to increasing host disease resistance of peach, pear and apple to the infection

by P. expansum (Liu et al. 2005; Cao et al. 2005; Torres et al. 2003). The present

study indicated that the generation of O2
� and H2O2 in fruit was significantly

induced by ASM treatment at early storage time, but inhibited in DPI pre-treated

fruit. This indicates that the DPI treatment inhibited ROS generation of apple fruit

and resulted in the failure of induced resistance by ASM treatment.
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NOX has recently received wide attention as a source of O2
�. It has been

documented that blocking NOX activity with DPI inhibits the generation of H2O2

(Levine et al. 1994; Hyon et al. 2010). Our results indicated that postharvest ASM

treatment significantly enhanced NOX activity, while DPI pre-treatment inhibited

the activity of NOX. Similar result was reported in muskmelon fruit treated with

ASM (Ren et al. 2012). The present study indicated the increase in SOD activity

after treating with ASM is correlated with strong accumulation of H2O2. However,

ASM treatment inhibited the activity of CAT in fruit. Both SOD and CAT activities

were inhibited by DPI pre-treatment. This result indicates that the elimination of

H2O2 was independent on CAT activity; maybe depend on the ascorbate–glutathi-

one (AsA-GSH) cycle in apple fruit. APX and GR are two important enzymes

involved in AsA-GSH cycle and play an essential role in defense system against

ROS (Gill and Tuteja 2010). Increased activities of APX and GR by ASM treatment
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Fig. 4.5 Changes in the activity of GR (a) and GSH content (b) in apple fruit treated with ASM

and DPI. Bars represent standard error of the means. The fruit were treated with 10 μM DPI and

then treated with ASM at 0.1g/L for 10 min and kept at room temperature. Bars represent standard
error of the means
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appear to be antioxidant responses that will scavenge excess H2O2 to protect cells

from oxidative damage. These results are supported by the researches in peach, pear

and strawberry fruit (Cao et al. 2005, 2011; Liu et al. 2005). DPI pre-treatment

inhibited the activities of APX and GR which support the result that DPI

pre-treatment inhibited the accumulation of ROS. However, despite significant

changes in APX and GR activities in DPI pre-treated fruit, AsA and GSH levels

did not change significantly following DPI pre-treatment. This may reflect increases

in the rate of regeneration of AsA and GSH that could be investigated in

future work.

Summary

ASM dipping significantly decreased lesion diameter on the fruit inoculated with

P. expansum, increased the production of ROS, activities of NOX, SOD and

enzymes in AsA-GSH cycle. Pretreated with DPI prevented accumulation of ROS

and showed bigger lesions which indicated the important role of ROS in

ASM-induced resistance in apple fruit.

Acknowledgement This work was supported by the National Natural Science Foundation of

China (31160405), Doctoral Initial Funding of Bohai University (bsqd201405) and Funding of

Food Safety Key Lab of Liaoning Province (LNSAKF2013021).

References

Apel K, Hirt H (2004) Reactive oxygen species: metabolism, oxidative stress, and signal trans-

duction. Annu Rev Plant Biol 55:373–399

Bokshi AI, Morris SC, Deverall BJ (2003) Effects of benzothiadiazole and acetylsalicylic acid on

β-1,3-glucanase activity and disease resistance in potato. Plant Pathol 52:22–27

Bradford MN (1976) A rapid and sensitive method for the quantitation of microgram quantities of

protein using the principle of protein–dye binding. Anal Biochem 72:248–254

Calvo J, Calvente V, Edith de Orellano M, Benuzzi D, Sanz de Tosetti MI (2007) Biological

control of postharvest spoilage caused by Penicillium expansum and Botrytis cinerea in apple

by using the bacterium Rhonella aquatilis. Int J Food Microbiol 113:251–257

Cao JK, Jiang WB (2006) Induction of resistance in Yali pear (Pyrus bretschneideri Rehd.) fruit
against postharvest diseases by acibenzolar-S-methyl sprays on trees during fruit growth. Sci

Hortic 110:181–186

Cao J, Jiang W, He H (2005) Induced resistance in Yali pear (Pyrus bretschneideri Rehd.) fruit
against infection by Penicillium expensum by postharvest infiltration of acibenzolar-S-methyl.

J Phytopathol 153:640–646

Cao SF, Hu ZC, Zheng YH, Yang ZF, Lu BH (2011) Effect of BTH on antioxidant enzymes,

radical-scavenging activity and decay in strawberry fruit. Food Chem 125:145–149

Cao J, Zhang HY, Yang QY, Ren R (2013) Efficacy of Pichia caribbica in controlling blue mold

rot and patulin degradation in apples. Int J Food Microbiol 162:167–173

50 Y. Ge et al.



Droby S, Wisniewski M, Macarisin D, Wilson C (2009) Twenty years of postharvest biocontrol

research: it is time for a new paradigm? Postharvest Biol Technol 52:137–145

Foyer CH, Halliwell B (1976) The presence of glutathione and glutathione reductase in chloro-

plasts: a proposed role in ascorbic acid metabolism. Planta 133:21–25

Foyer CH, Noctor G (2009) Redox regulation in photosynthetic organisms: signaling, acclimation,

and practical implications. Antioxid Redox Signal 11(8):61–905

Friedrich L, Lawton K, RuessW,Masner P, Specker N, Gut-Rella M, Meier B, Dincher S, Staub T,
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Chapter 5

Anthracnose and Stem-End Rots of Tropical

and Subtropical Fruit – New Names for Old

Foes

Kerry R. Everett

Abstract Until relatively recently the naming of plant pathogenic fungi relied

exclusively on morphological characteristics. Within the past decade, the use of

molecular techniques to sequence various gene regions has revolutionised fungal

systematics. DNA sequence analysis has usually aligned with conventional taxon-

omy and has simplified the identification of some closely related species that were

difficult using conventional techniques. Of concern to applied plant pathologists

and biosecurity scientists is the propensity to use phylogeny trees based on DNA

analysis to over-enthusiastically ‘split’ fungal genera into an increasing number of

species. An overview will be made of this issue with particular emphasis on

Colletotrichum species.

Keywords Colletotrichum • Fungi • ‘Splitting’ • Systematics • Taxonomy

Introduction

Names of some fungal groups have been extensively revised based on sequencing

information. Confounding this process is the recent decision at the International

Botanical Congress in Melbourne to adopt the ‘one fungus one name’ concept

(McNeill et al. 2013), and to abandon the teleomorph/anamorph naming conven-

tions that have been used over the past 100 years (Wingfield et al. 2012). This is not

a problem to plant pathologists because names that are used often are those that will

be retained (Hawksworth et al. 2013; Rossman et al. 2013). However, of concern is

the extensive ‘splitting’ of taxa based solely on polymorphisms in DNA sequence

differences.
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Although ‘splitting’ has been a feature of several fungal groups this review will

be restricted to a discussion of the speciation of those groups of Colletotrichum
containing isolates that cause anthracnose and stem-end rots of tropical,

sub-tropical and temperate fruit, and its relevance to plant pathologists.

The name Colletotrichum was assigned in 1831 (Corda 1831). Subsequently, an

assumption was made that Colletotrichum species were restricted to the host from

which they were isolated, and species names were assigned accordingly (Cannon

et al. 2012). This ‘host-based’ proliferation of species names continued until, by

1957, there were over 750 named species (von Arx 1957). Von Arx revised these

names based on morphological characteristics, and proposed revisions that reduced

the total number of species from 750 to 11. Subsequent revisions that combined

both morphological and pathological criteria resulted in 22 accepted species names

(Sutton 1980). Some species were found to produce ascospores in perithecia, to

which the name Glomerella was assigned.

There is much debate about what constitutes a fungal species. Ainsworth and

Bisby’s Dictionary of the Fungi (Kirk et al. 2008) defines five types of species: a

morpho-species (based on morphological characteristics), a biological species (the

classical Darwinian concept of reproductively isolated inter-breeding populations),

the more modern phylogenetic species (defined by cladistic analysis of molecular

characters), an ecological species (defined by adaptation to particular niches), and

polythetic species which are a combination of characters. Clearly, fungi such as

Colletotrichum spp., some of which have obscure or unknown sexual reproduction,

cannot easily be accommodated in the classical Darwinian species concept. Cur-

rently the Colletotrichum systematicists are dismissing species concepts based

solely on morphological characteristics as unreliable and not particularly useful,

and are instead relying on multi-locus DNA sequence typing to define species.

DNA Sequencing in Fungal Taxonomy – History

and Current Status

DNA Sequencing Supports and Clarifies Identifications Based
on Morphology

DNA sequencing has proven to be useful in clarifying taxonomic issues in mycol-

ogy and plant pathology. For example, two closely related fungi are able to be

isolated from citrus; one, Guignardia citricarpa, is a pathogen causing the disease

black spot on fruit, and the other, G. mangiferae, is not. They were not able to be

identified reliably on the basis of morphological features (Frean 1966; Wang and

Tsai 1974; Moran Lemir et al. 2000). Since the publication of criteria for using

sequence of the inter-transcribed spacer region of ribosomal DNA to distinguish

reliably these two species (Baayen et al. 2002), their correct identification has

allowed market access for citrus fruit from New Zealand into Europe (Everett
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and Rees-George 2006), and has allowed area freedom to be declared in three

provinces of South Africa (Carstens et al. 2012).

Molecular sequencing techniques were once used to support taxonomy of

Colletotrichum species based on morphology (Mills et al. 1992; Sreenivasaprasad

et al. 1992). The conclusion made from work of Freeman et al. (1993) conducted

during 1992–1993 was that ‘in general, the grouping of Colletotrichum isolates by

these molecular approaches corresponded to that done by classical taxonomic

identification’.

Molecular Sequencing Generates New Species Names

However, this status quo was not maintained. By 1994, the number of species had

increased to 14 (Sherriff et al. 1994); and by 1996, to 18 (Sreenivasaprasad

et al. 1996). In 1997 Colletotrichum species were assigned to 28 groups (Johnston

and Jones 1997), and by 2009 there were 66 ‘accepted’ species of Colletotrichum
(Hyde et al. 2009) (Fig. 5.1).

The Exponential Phase of Speciation

During the next phase of speciation of the Colletotrichum genus, assumptions were

made regarding the requirements of plant pathologists and how the new systems

would be accepted by those working with this fungal group. In particular,

Phoulivong et al. (2010) stated that ‘lumping taxa into species complexes is of

little practical use for plant pathologists because the complexes confer little

Fig. 5.1 Number of new

species names generated for

Colletotrichum from 1992

to 2009
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information concerning pathogenicity, host range or other features’. On the basis of

that assumption, those authors dismissed the traditional split of Colletotrichum
isolates from tropical fruits into two species, Colletotrichum acutatum and

C. gloeosporioides. They showed that although the identification of these two

species based on spore type, growth rate on potato dextrose agar (with one excep-

tion) and ITS sequence was quick, reliable and easy the division was unreliable

because of variability in spore morphology, in particular within the

C. gloeosporioides group. Instead, these authors sequenced the partial actin

(ACT), β tubulin-2 (TUB2), glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) and the complete rDNA-ITS (ITS) gene regions. On the basis of a

phylogenetic analysis of concatenated sequences, the fungi isolated from chilli,

guava, jujube, mango, papaya, rose apple, longan and banana were distributed

amongst six known species (C. asianum, C. fructicola, C. horii, C. kahawae and

C. gloeosporioides). Isolates from coffee, jujube, mango and papaya were deter-

mined to be in several different clades.

Following the Phoulivong et al. (2010) study, Cannon et al. (2012) split

Colletotrichum into 119 species based in nine major clades (C. acutatum,
C. graminicola, C. spaethianum, C. destructivum, C. dematium,
C. gloeosporioides, C. boninense, C. truncatum, C. orbiculare). Four gene regions
were used in this phylogenetic analysis: chitin synthase I (CHS-1), ACT, TUB2 and

ITS. When the ITS sequence alone was used, four major clades resulted: the

C. acutatum, C. graminicola, C. gloeosporioides and C. boninense clades. The

rate of increase in determination of species numbers within Colletotrichum was

now exponential (Fig. 5.2).

Other authors examined the three clades containing the fruit rotting pathogens in

more detail. These were C. acutatum (Damm et al. 2012a), C. boninense (Damm

et al. 2012b) and C. gloeosporioides (Weir et al. 2012). Six, seven and five gene

regions were used for speciation of, respectively, C. acutatum (ITS, ACT, TUB2,

CHS-1, GAPDH, histone3 (HIS3)), C. boninense (ITS, ACT, TUB2, CHS-1,

Fig. 5.2 Number of new

species names generated for

Colletotrichum from 1992

to 2012
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GAPDH, HIS3, calmodulin (CAL)) and C. gloeosporioides (ACT, CAL, CHS-1,
GAPDH, ITS). The resultant species numbers were, again respectively, 29, 18, and

23. However, further delineation was required for the musae and the kahawae

groups of C. gloeosporioides, and for these groups a further three gene regions

were included in the concatenated sequence (glutamine synthetase (GS), superox-

ide dismutase (SOD2) and TUB2). After this analysis, a further species was erected

for the musae clade, and a subspecies level was erected for C. kahawae (C. kahawae
subsp. kahawae and C. kahawae subsp. ciggaro). The species numbers were

consistent between the four studies, except that Damm et al. (2012a) synonymised

C. chrysanthemi and C. carthami, and Weir et al. (2012) erected a new species

(Glomerella cingulata “f.sp. camelliae” ) thus retaining the total number of

119 species.

Larger Sample Size Results in More Speciation

Immediately after these studies (Cannon et al. 2012; Damm et al. 2012a, b; Weir

et al. 2012) were published, several other authors (Peng et al. 2012, 2013; Huang

et al. 2013; Lima et al. 2013; Udayanga et al. 2013) analysed large numbers of

isolates of Colletotrichum from three different hosts using multilocus sequence

typing of six gene regions (ACT, GAPDH, ITS, TUB2, GS and CAL). Three

species were identified as C. fructicola, C. gloeosporioides, and a new species

C. viniferum, following examination of isolates from grape anthracnose (Peng

et al. 2013). All were pathogenic on wounded grape fruit (Vitis vinifera).
Similarly, two studies were conducted on citrus, the first on isolates from

diseased citrus leaves only (Peng et al. 2012), and the second on isolates from

both diseased and asymptomatic citrus leaves and branches (Huang et al. 2013).

The isolates obtained in the first study were identified as six known species:

C. boninense, C. brevispora, C. fructicola, C. gloeosporioides, C. karstii,
C. simmondsii and one new species, Colletotrichum murrayae. The isolates

obtained in the second study were identified as six species: C. gloeosporioides,
C. fructicola, C. karstii, C. citricola, C. truncatum, C. citri, two of which were new
species (C. citricola, C. citri). When tested for pathogenicity on wounded Citrus
reticulata fruit C. gloeosporioides, C. fructicola and C. truncatum were pathogenic,

but C. citri was not. C. citricola was considered to be a saprotroph.

Five species of Colletotrichum have been identified from mango (Lima

et al. 2013) (C. karstii, C. dianesei, C. tropicale, C. fructicola, C. asianum) one
of which, C. dianesei, was new. All were pathogenic on wounded mango fruit.

Multi-locus sequence typing of isolations of Colletotrichum rots from water

apple (Syzygium samarangense) using these same six gene regions resolved another

new species, C. syzygicola (Udayanga et al. 2013).
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Greater Resolution by Using Different Gene Regions

Doyle et al. (2013) used ITS, TUB2, DNA lyase (APN2) and APN2mat/IGS

(APMAT) gene regions in a multilocus sequence typing study of isolates of

Colletotrichum from Vaccinium macrocarpon and sympatric species. Three new

species, C. fructivorum, C. melanocaulon, and C. temperatum, and two known

species, C. fructicola and C. nupharicola, were isolated from commercial cran-

berries. Another known species (C. rhexiae) and several isolates in an undescribed

clade, which may constitute a new species, were isolated from sympatric hosts. In

total, seven species were isolated from cranberries and sympatric hosts.

Sharma et al. (2013) examined 207 Colletotrichum isolates from mango for

which they used the translation elongation factor 1-α gene region to select isolates

for multi-gene analysis. Of these, 15 isolates were included in a six gene phylogeny

tree (ACT, CAL, CHS1, GAPDH, ITS and TUB2) that also included sequences

from other hosts already available and compared with an APMAT based phylog-

eny. The six gene phylogeny tree resolved the mango isolates into four species:

C. theobromicola, C. asianum, C. siamense and C. fructicola. A finer resolution

was possible with the APMAT markers as used by Doyle et al. (2013), and with this
gene region C. siamense was resolved into a species complex that included

C. siamense, C. jasmini-sambac, C. melanocaulon, C. hymenocallidis and three

un-designated clades which could potentially represent new species of

Colletotrichum. There was sufficient variation to again split two species

(C. fragariae and C. theobromicola) that were synonymised by Weir et al.
(2012). The APMAT phylogeny resolved the 39 included mango isolates into

nine clades, of which four contained the type strains of C. fragariae,
C. fructicola, C. jasmini-sambac and C. melanocaulon. C. asianum (¼clade K),

C. fructicola, C. siamense (¼C. melanocaulon) and C. fragariae were all patho-

genic on mango fruits, but symptoms produced by inoculation with C. fructicola
and C. fragariae were less severe.

Number of New Species After 12 Months

If those clades that have not yet been named are accepted, in less than 12 months

after publication of the latest taxonomic revisions of Colletotrichum, a further

19 species will have been erected resulting from the analyses of more samples,

and by using gene regions with more polymorphisms than those used originally.

The rise of species numbers thus continues to follow an exponential growth curve.
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Problems with the Current Speciation

Although the multi-locus sequence typing phylogenies are generated relatively

quickly and easily when compared with standard morphology based taxonomy,

there are a few problems and issues with the use, and sometimes the misuse, of

these tools.

Misuse of Phylogeny Trees

Species names are being assigned to clades of the phylogeny tree, sometimes even

when the branches are not robust. For example, a recent revision of Colletotrichum
acutatum erected the species C. simmondsii and C. fioriniae based on a branch from
a β tubulin phylogeny tree with 48 % probability of occurring, and a branch from an

ITS phylogeny tree with 46 % probability of occurring (Shivas and Tan 2009). That

means that there was a 52 and a 54 % probability of those particular branches not

occurring, and probabilities of that level cast doubt on the decision to erect species

names based on these two branches. These names have been accepted because later,

more thorough analyses using multilocus sequence typing of six gene regions (ITS,

GAPDH, CHS-1, ACT, HIS3 and TUB2) showed that the branches associated with

these species were well supported (86, 99 and 100 % probability) (Damm et al.
2012a). When the APMAT gene was used to analyse the kahawae clade, the species

branch for C. fructivorum and C. rehexiae was only 56 % likely, and the C. salsolae
and clade D species branch was only 51 % likely. The likelihood of the branching

for the species C. salsolae was 100 % based on the eight gene phylogeny of Weir

et al. (2012), supposedly at a lesser resolution than the APMAT gene.

It is disturbing that speciation based on phylogeny trees that were not well

supported was able to be published in journals following peer review by other

systematicists, and it does not encourage confidence amongst plant pathologists in

the criteria upon which the current speciation decisions have been made.

Lack of Standardisation

Altogether, 12 gene regions have been used for multilocus sequence typing of the

Colletotrichum group (Table 5.1), of which the only region used consistently was

ITS. The recent revisions, published in 2012, of the Colletotrichum species com-

plexes containing those fungi causing anthracnose and stem-end rots

(C. gloeosporioides, C. boninense and C. acutatum) were based on different gene

regions. For the initial analysis of the C. gloeosporioides species complex, five gene

regions (ITS, ACT, CHS-1, GAPDH and CAL) were used, and for further discrim-

ination of the musae and the kahawae clades a further three gene regions were
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included (TUB2, GS and SOD2) (Weir et al. 2012). In contrast, multilocus typing of

the C. boninense species complex used seven gene regions (ITS, ACT, CHS-1,

GAPDH, CAL, TUB2 and HIS3) (Damm et al. 2012b), and for the C. acutatum
species complex, six gene regions were used (ITS, ACT, CHS-1, GAPDH, TUB2

and HIS3) (Damm et al. 2012a). Subsequent examination of further isolates from

fruit rots used four of these gene regions (ACT, GPDH, ITS, TUB2) plus a further

two different loci, (GS and CAL) (Peng et al. 2012, 2013; Huang et al. 2013; Lima

et al. 2013). Udayanga et al. (2013) used a different combination of loci again for a

six gene multi-locus analysis (ITS, ACT, TUB2, CAL, GS, GAPDH). Doyle et al.
(2013) used additional gene regions, the DNA lyase (APN2) and an intergenic

spacer between the 30 end of the DNA lyase and the mating type locus MAT1-2

(APMAT) as well as the commonly used ITS region and TUB2. Sharma et al.
(2013) used a six gene phylogeny (ITS, ACT, CAL, CHS1, GAPDH, TUB2) but

also the translation elongation factor 1-α (TEF1α) and the APMAT gene alone.

These authors agreed with Doyle et al. (2013) that the APMAT gene region was

superior because its use was able to support finer phylogenetic resolution in many of

the previously described species of the C. gloeosporioides species complex. How-

ever, if DNA sequencing of housekeeping genes is the new basis for speciation of

the Colletotrichum species complexes, standardisation of the genes that are used

would ensure that a similar degree of discrimination is achieved in each complex,

which presumably all had a common ancestor.

Lack of Congruence with Biological Characteristics of Interest
to Pathologists

Plant pathologists are concerned with the study of plant diseases and their manage-

ment. If a fungus isolated from diseased plant tissue is obviously different from

another fungus based on classical diagnostic tools (morphology), and causes dis-

tinctly different symptoms when inoculated back to the plant, then it is useful to

confer on it a different name (genus, species or sub-species). If, however, the only

way that several isolates causing the same disease can be identified to species level

is through the use of multilocus sequence typing (which may indeed identify them

as several different species), this is not useful or relevant to the needs of the

pathologist.

This is in direct contrast to the assumptions made by fungal taxonomists of what

is useful for plant pathologists. That is ‘lumping taxa into species complexes is of

little practical use for plant pathologists because the complexes confer little infor-

mation concerning pathogenicity, host range or other features’ (Phoulivong et al.
2010). If Colletotrichum isolates have a wide host range, as has been shown for

isolates from several hosts (Freeman et al. 1996; Freeman and Shabi 1996; de Souza

et al. 2013; Falconi et al. 2013), and differences in virulence can be explained by a

normal distribution of this characteristic in a population, then creating several
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species names within the population is not helpful for assigning a name to a

Colletotrichum isolate obtained from a fruit rot.

The definition of a clade from the phylocode (Cantino and de Queiroz 2010) – ‘a

clade is an ancestor (an organism, population, or species) and all of its descendants’

– does not always apply to the speciation of Colletotrichum. For example,

C. kahawae is resolved as a species by the five gene analysis of Weir et al.
(2012). However, using the five gene analysis, the ‘strains’ causing coffee berry

disease were not different from several isolates from other hosts. When an eight

gene region phylogeny tree was used, coffee berry disease isolates were able to be

separated from the other isolates in this clade, and a subspecies was erected. The

name C. kahawae subsp. kahawae was assigned to those isolates that cause coffee

berry disease, and C. kahawae subsp. ciggaro was the name assigned for the other

isolates. However, the isolates that remain in subsp. ciggaro differ biologically. For
instance, one isolate was from diseased leaves on a sub-canopy tree (Kunzea spp.)

in New Zealand, and another from leaf spots on a small alpine shrub (Dryas spp.) in
Switzerland. The indigenous distribution of Kunzea spp. is limited to New Zealand,

Australia and Papua New Guinea in the Southern Hemisphere, and Dryas is limited

to Northern Hemisphere alpine environments. Estimates are that the separation of

Gondwanaland and Laurasia occurred 120 M years ago (Moncalvo and Buchanan

2008), sufficient time for substitutions of some sequences. These isolates are in the

same phylogenetic clade, and thus there was no genetic drift for the gene regions

that were examined. It seems unlikely that a gene region with high numbers of

polymorphisms has been conserved without change for 120 M years, unless the

gene region codes for a function that is found only in these isolates. Because of the

differences between the two hosts, this function is not likely to be related to

anything of concern to a plant pathologist.

A hypothesis of interest to plant pathologists that could explain the similarity

between these isolates is adaptation to the same alternate host(s) during the non-

pathogenic phase of their life cycle (Freeman et al. 2001). However, the hypothet-
ical alternate host(s) will also have been geographically separated for 120 M years,

with consequent genetic changes, so this is also an unlikely explanation. There is

also the possibility that these two populations of Colletotrichum have co-evolved,

but both the host tissue and the environments that they inhabit are disparate, which

makes co-evolution unlikely.

In the latest analysis of the kahawae clade (Sharma et al. 2013), another

Laurasian isolate from Germany (Hypericum) is in the same clade as the isolate

from the Gondwanaland host (Kunzea). The isolates from Dryas were not included.
Hypericum does have a world-wide distribution, and there are four indigenous

species in New Zealand as well as 12 established introduced species (Heenan

2010). However, it is probable that the isolate from Germany has also been

geographically separated from the isolate from Kunzea for 120 M years.
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Discussion and Conclusions

The reliance solely on multilocus sequence typing of housekeeping genes for

speciation decisions of the Colletotrichum group has not provided a naming system

that is useful to plant pathologists. The recent revisions should be considered as an

exploration of the usefulness of this system for providing names, an examination of

the results from a plant pathology perspective has identified several important

deficiencies. For example, several different species of Colletotrichum have been

isolated from similar symptoms on the same hosts (Peng et al. 2012, 2013; Huang
et al. 2013; Lima et al. 2013; Sharma et al. 2013; Udayanga et al. 2013), the naming

system does not adequately describe evolutionary relationships (e.g. C. kahawae
group), most Colletotrichum isolates are not host specific (Freeman et al. 1996;
Freeman and Shabi 1996; Freeman 2008; Giblin et al. 2010), and there is a lack of

standardisation of the genes that are used for speciation studies.

Colletotrichum species that are clearly different based on pathogenicity tests,

such as C. kahawae (Silva et al. 2012), are not adequately delimited by the five

house-keeping genes used by Weir et al. (2012) for the C. gloeosporioides species
complex. Even after inclusion of additional genes capable of finer resolution (such

as separating the coffee berry isolates into a separate clade) (Weir et al. 2012;
Sharma et al. 2013), the C. kahawae subsp. ciggaro group contains isolates from

disparate hosts and geographic locations. Silva et al. (2012) showed by analysis of

gene regions Apn25L, MAT1-2-1 and MAT5L, as well as ITS, APMAT, and

BTUB2, that C. kahawae could not be separated from the isolates described as

C. kahawae subsp. ciggaro by Weir et al. (2012) following genealogical concor-

dance criteria alone. The decision was made to consider C. kahawae isolates

causing coffee berry disease a separate species based on the results of pathogenicity

tests, and on the results from analysis of two gene regions not used by Weir et al.
(2012) (Apm25L and MAT1-2-1).

One explanation for difficulties of delimiting species in this group could be that

these particular house-keeping genes are linked to adaptation to an environmental

factor which is common to all isolates in this clade. Coffee berry disease, although

occurring in Africa, generally a tropical to sub-tropical environment, is more severe

at altitudes exceeding 1,400 m (Silva et al. 2012), which experience much cooler

conditions. Other isolates of Colletotrichum in the kahawae group are from hosts

growing in sub-alpine or temperate climates. Therefore adaptation to a cooler

temperature could be common to all isolates explaining their inclusion in the

same clade. However, this does not explain why other isolates of

C. gloeosporioides that are also adapted to cooler temperatures are not in this clade.

Further examination of the phylogeny trees generated by Phoulivong et al.
(2010) shows that ITS sequence, spore morphology and culture growth rate can

be used to simplify the list of pathogens isolated from tropical fruit from eight

named species and several unnamed clades to two species, C. acutatum and

C. gloeosporioides. These two species can be identified rapidly using these standard
methods, and this ease of identification facilitates identifying many isolates from
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the same host, a task often conducted by pathologists. Similarly, the isolates from

anthracnose lesions of tropical fruits can be easily divided into four species by ITS

parsimony and morphological features, rather than 24 species by a five gene region

parsimony (Udayanga et al. 2013).
The complications and evolutionary perplexity of the current speciation with

regard to the kahawae group could be resolved by re-naming those isolates in the

subsp. ciggaro group as C. gloeosporioides, and dismissing the current speciation

as simply defining biological diversity within this cosmopolitan species of

Colletotrichum. The coffee berry disease pathogen could simply be named

C. kahawae, based primarily on biological factors. Identity could be confirmed by

analysis of the APMAT, or similar, gene region.

Rules have been developed regarding the use of phylogenetics for taxonomic

purposes (Cantino and de Queiroz 2010). In particular, the authors state that it is not

necessary that all clades be named (Article 2. Clades). The place in the phylogeny

tree that is selected for naming can alter the numbers of species names from 2 to

20 in the hypothetical phylogeny tree of Fig. 5.3, dependent on how far to the right

the line is moved. For the examples quoted above (Peng et al. 2012, 2013; Huang
et al. 2013; Lima et al. 2013; Sharma et al. 2013; Udayanga et al. 2013), the number

of species of Colletotrichum that cause indistinguishable disease symptoms can be

reduced to a more manageable two or three by moving the ‘naming line’ towards

the left of the phylogeny tree (e.g. Fig. 5.3). The advantage of reducing the species

number is that these species are those delineated by von Arx (1957) and Sutton

(1980), and can usually be distinguished by colony and spore morphology, and

identifications confirmed by ITS sequence if necessary. Being able to identify fungi

quickly and easily by morphology assists the plant pathologist, who often needs to

identify several hundreds of isolates from the same host. Identification of this

number of isolates by MLST, or even by sequencing one gene region, is not

practical.

Cantino and de Queiroz (2010) also state that the ‘primary purpose of taxon

names is to provide a means of referring to taxa, as opposed to indicating their

characters, relationships, or membership’ (Division 1. Principles). It has been

shown that the characters, relationships and membership that are of interest to

plant pathologists are not adequately described by the newly erected species names.

According to this definition, this is not the purpose of names, but if the new names

do not communicate anything of importance to the plant pathology community, it

seems that the ‘old’ criteria for naming Colletotrichum species, that is spore

morphology, ITS sequence, and culture morphology, are a suitable and acceptable

basis for the assignment of species names.

In conclusion, it seems sensible to utilise both sequencing data and biological

data to inform speciation arrangement decisions. In the case of coffee berry disease,

a new species could be erected based primarily on biological data. Members of the

subsp. ciggaro clade that are currently being assigned an increasing number of

names could be devolved based on ITS sequence, culture morphology and spore

morphology to the ‘single’ species name, C. gloeosporioides. From a pathology

perspective, this name could be assigned to all other species in this group that are
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not specialised pathogens. In other words, this group of biologically diverse isolates

could be considered to be a cosmopolitan species capable of causing disease on a

large number of hosts, and in a diverse range of environments, thus requiring only

one species name. C. acutatum is easily distinguished from C. gloeosporioides

Fig. 5.3 A hypothetical phylogeny tree showing the effect of moving the ‘speciation line’ from

the left to the right. The number of species increases from 2 to 20 dependent on where the decision

to delineate species names is made
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based on morphological features backed up by ITS sequence. This species name is

thus robust from a pathologist’s point of view. However, C. boninense can usually

be distinguished from C. gloeosporioides only by ITS sequence, so the utility of this

species name is also worth reconsidering from a pathologist’s perspective.

Plant pathologists would be well-advised to continue referring to most

Colletotrichum pathogens that cause anthracnose and stem-end rots of tropical

and sub-tropical fruit by their species complex names (e.g. C. gloeosporioides;
C. acutatum). The phylo-names generated by systematicists are not useful for plant

pathologists. The speciation of Colletotrichum is now so finely delineated that the

current names could be interpreted as defining population variation within a species

rather than being useful species concepts.
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Chapter 6

Pre-harvest Management Strategies

for Post-harvest Disease Control in Mango

Munawar R. Kazmi, C.A. Akem, M. Weinert, A. Ghaffar,

Faisal Sohail Fateh, and Gul Bahar

Abstract Australia-Pakistan Agriculture Sector Linkage Program collaboration

(2006–2013) is developing integrated crop management practices to enhance

value chain outcomes for the mango industry in Pakistan and Australia. One

component involves scaling up orchard management strategies which optimise

nutrition, enhance constitutive resistance of mango fruit and reduce field disease

inoculum as key underpinning the reduction of postharvest disease losses. The

strategies include optimal tree nutrition, tree pruning and inoculum reduction and

strategic use of field sprays with fungicides. This is coupled with a longer-term

improvement of nursery stock, screening for cultivar resistance and selection of

clean planting material as means of reducing stem end rot, anthracnose and (in -

Australia) dendritic spot. The research outcomes of crop management research from

2005 to 2010 are being demonstrated at different grower orchards in 25 integrated

research block sites in both the Punjab and Sindh mango growing areas of Pakistan.

The blocks have been established in the form of village or district clusters for easy

management and to serve as demonstration blocks to adjacent or neighbouring

farms. Pre harvest management protocols will be validated in the research blocks

to finetune and assess their agronomic and disease reduction potential, and to foster

grower ready adoption. The disease reduction risk and shelf-life potential of fruit

from the blocks will be further tested in domestic and export market situations.

Keywords Integrated crop management • Orchard management • Fruit resistance •

Disease reduction • Shelf life potential
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Introduction

Anthracnose and Stem End Rot (SER) are the main postharvest diseases of mango

in all regions around the world where mangoes are grown. The key for producing

quality mango fruits with a long shelf life is hidden in management of these diseases

effectively. The use of pre and post-harvest fungicide treatments has been the main

mechanism of trying to achieve this objective (1). For the management of any

disease issue the growers approach has been what fungicides should be used or how

can we make our plants healthier. At the moment the current management option is

use of chemicals, either at field through air blast tower sprayer or fruit treatment

with chemical in the packing shed. SER management is hard without use of

fungicide application, and research has identified many effective systemic and

non-systemic fungicides against SER such as prochloraz (Peterson et al. 1991);

mancozeb and carbendazim (Bavistin) (Rawal and Ullasa 1988). However these

chemicals needs to be used wisely as there are certain concerns emerging from the

use of chemicals:

• Overuse—routine calendar sprays

• Increasing costs of new ones

• Environmental concerns

• Resistance development—systemic

• Export market restrictions like dictation of what to use & MRL limitation

However the researcher’s perspective is different. They are interested in under-

standing what is causing the problem, how and what could be done to solve this.

Normally, researchers use disease management principles of exclusions, protection,

reduction and inhibition of pathogen if these are combined with tree phenology, a

comprehensive understanding of disease could be developed. This is called Inte-

grated crop Management. Thus it is a holistic approach that considers crop protec-

tion, crop nutrition and the crop production practices. The ultimate goal is increase

yields and obtain long-term sustainable production. The Integrated crop manage-

ment for mango covers:

• Inoculum Reduction on Trees

• Improving Sanitation of Trees & Orchard

• Managing dose/time of Nutrition

• Time of Fungicidal Application

The practices are being tested under Australia-Pakistan Agriculture Sector

Linkages Program (ASLP) project at 10 sites in the two main mango growing

areas with participation of around 100 farmers (Fig. 6.1).

ASLP is Australian government funded program and implemented by Australian

Centre for International Agricultural Research (ACIAR) in Pakistan with their

collaboration. Under ASLP a mango project: Improving sustainable yields and

quality of mangoes in Pakistan and Australia. The specific objectives of the project

are:
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• Establishing disease-free nurseries,

• Developing integrated orchard management protocols,

• Developing disease detection and integrated management approaches, and

• Building up capacity to undertake and deliver on-farm research and extension

Material and Methods

The package of practices being tested is based on following four areas:

1. Inoculum reduction strategy revolves around pruning which is used as a disease

management tool. All dead branches are removed and trees are thin out. This

process also helps old fruit to rot early.

2. Improving sanitation of trees & orchard by removing all old fruit & flower

panicles. Limiting the tree contact with soil through skirting and wound treat-

ment to avoid pathogen entry.

3. Managing dose/time of nutrition should be based on soil and water analysis. It’s

basically focus of Nitrogen application to improve fruit size at flowering and

after fruit setting deteriorate the fruit quality a lot.

Fig. 6.1 Map of Pakistan showing integrated research sites across Pakistan
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4. Time of fungicidal application and is very important to find the strategic times in

each season so their use becomes effective in the inoculum reduction on mango.

The study was initiated in 2010. The sites where these practices are being tested

belong to growers and 2 acres block with Common commercial varieties has been

selected. Standard tree husbandry practices for irrigation, fertilisation and insect

pest control were implemented. At harvest, 35 fruits were randomly picked from

each treatment tree from which 25 more uniform ones were selected, desapped,

washed and then placed in boxes and stored in a cool room at ~20–22 �C. Fruits
were assessed for postharvest rots disease incidence 14 days after incubation.

Treat N application time & dose

T1 Old Way 1/3: flowering, fruit set & after harvest

T2 2/3 after harvest, 1/3 at flowering

T3 2/3 at flowering, 1/3 after harvest

T4 1/5 after Harvest & 1/5 at flowering

Systemic fungicides azoxystrobin, tebuconazole, carbendazim, difenoconazole

and azoxystrobin + difenoconazole were applied seven times starting from

flowering (pre-bloom) to fruit development stages. Systemic and protectant fungi-

cides were positioned during the most critical stages of phenological development

of mango. During the anthesis stage (21–25 days after flower induction, DAFI) and

full bloom to postbloom stage (28–30 DAFI), tank-mix of azoxystrobin and

mancozeb was sprayed to control blossom blight and early infection of SER. Full

doses of non-systemic fungicide mancozeb (30–35 DAFI—postbloom to fruit set)

and systemic fungicides carbendazim (40–45 DAFI—young fruit; corn seed size),

azoxystrobin (50–55 DAFI—young fruit; chicken egg size) and difenoconazole

(70–80 DAFI—premature fruit) were successively sprayed at the most susceptible

stages in mango fruit development. This was to determine their integrated effects

with the inoculum reduction strategies on mango postharvest diseases.

Results and Discussion

Field evaluation indicated that, under extreme rainy events, the spray program

sufficiently suppressed blossom blight, resulting in high harvestable fruit. Assess-

ment of SER incidence on harvested fruits showed that the spray program

minimised SER incidence 14 days after harvest, but prolonging the storage beyond

14 days after harvest resulted in a very high level of SER incidence.

All fungicide spray combinations were significantly (P¼ 0.05) better than the

control in suppressing postharvest rots incidence on the fruits (Figs. 6.2 and 6.3).

Fungicide treatment in combinations with total inoculum removal gives better

results than partial removal of inoculum. The trees where inoculum was totally

removed and no fungicide was applied gives less post-harvest issues compared to
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partially removed inoculum trees. Significant differences (P¼ 0.05) between partial

and optimal inoculum reductions on fruit rots were observed on most treatments.

The repeat of the inoculum reduction exercise significantly reduced the level of

inoculum carrying dead materials within and underneath the treatment trees

resulting in this accumulated significant effect.

The timing of fungicide application appeared to be very important. Growers

have assumption that late application of fungicide was more effective in mangling

the post-harvest diseases. But the Fig. 6.4; clearly indicate that same fungicide

applied once at early fruit set was less effective compared to three applications at

different phonological stages of mango.

It is clear that late application achieves the same level of disease control as

compared to the low levels from the optimal inoculum reduction. These trial results
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Fig. 6.2 Post-harvest rot disease incidence on fruits

Fig. 6.3 (a) Fruits from non-inoculum removed trees, (b) Fruits from inoculum removed
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demonstrate the role that basic orchard hygiene can play in field management of

mango postharvest diseases, especially when integrated with minimal fungicide

spray treatments.

In the control block growers was following the traditional practices. The Nitro-

gen was applied in split doses of 3, one-third at flowering , one –third after fruit set

and last application of one-third after fruit harvest. The Fig. 6.5 shows the status of

fruit after 14 days on harvest when kept at room temperature.

In Fig. 6.6, the fruit after 14 days of harvest at room temperature from the IRS

block. At that block one-third of Nitrogen was applied at flowering while remaining

two-third was applied after harvest. The result is clearly evident by comparing the

two sets of fruits.
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The Fig. 6.7; shows the impact of time & dose of Nitrogen application on disease

percentages appearing on fruit after 12 and 14 days of harvest. The minimum

disease after 12 days of harvest appeared on fruits where Nitrogen was applied in

two doses: 2/3 after harvest and 1/3 at flowering. The fruit from same treatment also

got less disease even after 14 days of harvest at room temperature. Application of

Nitrogen in two doses: 2/3 at flowering and 1/3 after harvest gave second best result

and fruits from such treatment around 8 % disease after 12 days of harvest.

The study has proved that fact the quality mango fruits are always produced in

the fields while post-harvest treatments can help in refining and maintaining the

quality. Again the success of post-harvest handling depends upon pre-harvest

management. In the nutshell pre-harvest management makes the quality & post-

harvest management preserves the quality.

Acknowledgments The authors express their sincerest gratitude to the Australian Centre for

International Agricultural Research (ACIAR) for providing financial support and collaboration

with Mango Research Station, Punjab Agricultural System.
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Chapter 7

Postharvest Control of Gray Mold

on Blueberry Based on Critical Growth

Stages and Infection Risk Estimations

Bernardo A. Latorre, Sebastián A. Rivera, and Juan Pablo Zoffoli

Abstract Gray mold (Botrytis cinerea) is an important postharvest disease of

blueberries (Vaccinium corymbosum) in Chile, favored by the long (>15 days)

transportation to reach the international markets. The aims of this research were to

study the critical blueberry growth stages for postharvest gray mold control and to

determine the infection risks on the basis of weather conditions. The critical stages

for gray mold control were studied on blueberry ‘Brigitta’ and ‘Duke’ in two

planting localities. Differential fungicide applications (0.5 g/L fenhexamid),

performed between the early pink bud stage and mature fruit stage, showed that

the best control of postharvest gray mold was obtained when fungicides were

applied between the first blue fruit and mature fruit stages. The infection risks for

B. cinerea infection were defined as >6 h of wetness and temperatures between

14 and 25 �C. This algorithm to estimate the infection risks was studied in blueberry

‘Brigitta’, ‘Duke’ and ‘Liberty’ in four planting localities. A significant correlation

between the infection risk and gray mold prevalence in stored fruit was obtained

(r¼ 0.96, P< 0.0001), suggesting that this algorithm could be used to optimize

fungicide applications, but field validation remains to be determined. In conclusion,

the mature fruit stage appears as the most critical stage for postharvest gray mold

control if weather conditions, defined by this algorithm, occur.

Keywords Infection risk • Disease control • Preharvest fungicide treatments •

Wettness

Introduction

Blueberry (Vaccinium corymbosum) is a high-value crop, with over 8,400 ha

planted from latitude 29� to 42� south, in north to south axis of near 1,400 km in

Chile. Blueberry is harvested from October to April (Bañados 2006) and they are
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mainly produced for export markets in the USA, Europe and Asia. Blueberry is

transported for 15–45 days, at 0 �C, to reach the international markets (Beaudry

et al. 1998). Under this circumstance, gray mold (Botrytis cinerea Pers. ex Fr.), that
affects blueberry fruits during storage and transport, limits the blueberry

exportations.

Considering that postharvest gray mold can be initiated in the orchards,

remaining latent until postharvest, fungicide treatments have been suggested at

flowering and during fruit maturity to control postharvest gray mold. Nevertheless,

further studies are needed to establish the critical growth stages of blueberry for

gray mold in Chile. The objectives of this study were to determine: (1) the relative

susceptibility of the flowering and fruiting stages to B. cinerea, (2) The critical

blueberry growth stages for postharvest gray mold control and (3) the infection

risks on the basis of weather conditions. Part of this information was already

published (Rivera et al. 2013).

Materials and Methods

The presence of B. cinerea in apparently healthy flowers and fruits was studied.

With this purpose flower and fruit samples were obtained, between flowering and

harvest stages (Fig. 7.1), from commercial blueberry cvs. ‘Brigitta’ and ‘Duke’

plantings. At least 50 flowers or 50 fruits per each growth stage and each of four

replicates were placed in humidity chambers for 6 days at 20 �C, and the proportion
of flowers and fruits showing gray mold symptoms were determined. Data were

analyzed for variance and means were separated according to Fisher’s least signif-

icant difference (LSD) (P¼ 0.05).

The relative susceptibility of the flowering and fruiting stages to B. cinerea was

studied. To accomplish this objective healthy flower and fruit samples were

obtained from each of four replicates between flowering and fruit maturating stages

in blueberry cvs. ‘Brigitta’ and ‘Duke’ plantings (Fig. 7.1). Samples were distrib-

uted in humidity chambers, spraying them with 100 μL conidial suspension (105

conidia per mL) of B. cinerea and incubated for 6 days at 20 �C prior to determine

the gray mold prevalence. Data were analyzed for variance and means were

separated according to Fisher’s LSD (P¼ 0.05).

To determine the critical blueberry growth stages for postharvest gray mold

control, blueberry fruits cvs. ‘Brigitta’ and ‘Duke’ were sprayed to run off with

0.5 g L�1 fenhexamid (Teldor® 500 SC) at one of the following growth stages:

(i) late pink bud, (ii) full bloom, (iii) fruit coloring, (iv) first blue fruits and

(v) mature fruits (Fig. 7.1). Samples consisted on 125 g of fruits per plant, from

each treatment, were harvested at maturity, 3 days after the last fungicide applica-

tion. Fruits were packed in clamshells, placed in polyethylene bags with >90 %

relative humidity and stored for 45 days at 0.0� 0.5 �C to simulate the maritime

transportation and for 3 days at 20.0� 1.0 �C to simulate the commercialization

period. Then, gray mold prevalence was determined. Data were analyzed for
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variances following a complete randomized block design with five replicates of one

plant. Means were separated according to the Fisher’s LSD (P¼ 0.05).

To determine the gray mold infection risks micro-weather stations, provided

with temperature and leaf wetness (LW) sensors, were installed in four commercial

blueberry plantings cvs. ‘Brigitta’, ‘Duke’ and ‘Liberty’ in four different geograph-

ical locations (Antuco, San Clement, Yerbas Buenas and Virquenco) in Chile. The

temperature was recorded using an EHT sensor (Decagon Devices Inc., WA), and

the free moisture duration was recorded using a dielectric leaf wetness sensor

(Decagon Devices Inc.) every 10 min. The risk of an infection period was initiated

if rain, dew or fog occurred and the air temperature was between 14 and 25 �C.
Based on this information, the infection risk was classified as low, moderate or high

when the moisture periods were 6–11 h, 12–15 h and �16 h, respectively. There-

fore, a threshold of 6 h of moisture was considered sufficient for infection. Wetness

periods were summed if wetness interruption was �4 h. Five fruit samples (125 g)

of untreated mature fruits were randomly harvested per each blueberry cultivar and

stored in clamshells for 45 days at 0 �C plus 3 days at 20 �C at relative humidity

>90 % before determine gray mold prevalence. The total numbers of infection risk

periods obtained per cultivar were related by linear correlation analysis, with the

proportion of fruits infected with gray mold obtained on stored blueberries.

Fig. 7.1 Blueberry flower and fruit growth stages. (a) Late pink bud, (b) full bloom, (c) petal fall,

(d) late green fruit, (e) fruit coloring, (f) first blue fruit, (g) mature fruits and (h) over mature fruits
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Results

Independently of the blueberry cultivar, gray mold was induced in apparently

healthy samples of blueberry flowers and fruits. Flower symptoms consisted on

partial to complete dark brown necrosis of the calyx and corolla tissues and a

necrotic browning was obtained on the fruit surface that eventually was accompa-

nied by slip skin and abundant gray sporulation. The blueberry growth stages had a

significant effect (P< 0.05) on the gray mold prevalence, with the highest preva-

lence at full bloom and the lowest prevalence at the fruit coloring and first blue fruit

stages (Fig. 7.2).

The relative susceptibility to B. cinerea varied significantly (P< 0.05) among

the flower growth stages and fruit growth stages. Late pink bud (PB) and full bloom

(FB) were the most susceptible flower stages and over mature fruits (OM) appeared

as highly susceptible fruit stage (Fig. 7.3). The least susceptible fruit growth stage

(P< 0.05) was the period between fruit coloring (FC) and the first blue fruits

(BF) (Fig. 7.3).

The timing of fungicide application had a significant (P< 0.05) effect on the

postharvest gray mold prevalence. The highest gray mold prevalence in the stored

fruits was obtained when the blueberry plants were only treated with fenhexamid at

the late pink bud stage (PB), developing 18.0 % and 9.5 % prevalence for blueberry

cvs. ‘Brigitta’ and ‘Duke’, respectively (Fig. 7.4). The gray mold prevalence

significantly (P< 0.05) decreased to<3.5 % when ‘Brigitta’ and ‘Duke’ blueberry

plants, were sprayed between fruit coloring and mature fruit (MF) stages (Fig. 7.4).

The total number of infection risk periods varied between the geographical

locations and blueberry cultivar. A significant (P< 0.001) linear correlation

obtained between x¼ the number of infection risk periods and y¼ the proportion

of fruits affected by gray mold was obtained (y¼ 0.011 + 0.044x; r¼ 0.96). Also,

the infection risk periods observed at the stages of fruit coloring (FC), first blue

Fig. 7.2 Detection of Botrytis cinerea in apparently healthy flowers and fruits at different stages

of blueberry development cultivar ‘Brigitta’ and ‘Duke’. (i) PB late pink bud, (ii) FB full bloom,

(iii) PF petal fall, (iv)GFGreen fruits of 8.1–8.8 mm diameter, (v) FC fruit coloring (green to pink

fruits), (vi) BF first blue fruits (<25 % dark blue fruits), (vii)MF mature fruits and (viii) OM over

mature fruits. The means followed by the same letter were not significantly different according to

Fisher’s LSD test (P¼ 0.05)
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fruits (BF) and mature fruit (MF) in ‘Brigitta’ and at the fruit coloring (FC) stage in

‘Duke’, coincided with the most efficient periods of fungicide application for gray

mold control (Fig. 7.4).

Discussion

The results of this study demonstrated that B. cinerea is a component of the

epiphytic mycoflora on apparently healthy blueberry flowers and fruits and they

suggest that the epiphytic population of B. cinerea can serve as an inoculum source

Fig. 7.3 Relative susceptibility of blueberry flowers and fruits to Botrytis cinerea. (i) PB late pink

bud, (ii) FB full bloom, (iii) PF petal fall, (iv)GF green fruits of 8.1–8.8 mm diameter, (v) FC fruit

coloring (green to pink fruits), (vi) BF first blue fruits (<25 % dark blue fruits), (vii) MF mature

fruits and (viii) OM over mature fruits. The means followed by the same letter (columns) were not

significantly different according to Fisher’s LSD test (P¼ 0.05)

Fig. 7.4 Effect of preharvest fungicide applications on the postharvest gray mold (Botrytis
cinerea) prevalence on ‘Brigitta’ and ‘Duke’ in Chile. The fruits were stored for 45 days at 0 �C
plus 3 days at 20 �C. (i) PB late pink bud, (ii) FB full bloom, (iii) FC fruit coloring, (iv) BF first

blue fruits, (v) MF mature fruits and (vi) HM harvested mature fruits. The means followed by the

same letters were not statistically significant according to Fisher’s LSD test (P� 0.05).

Bars¼ standard error of mean of five replicates. Each arrow represents a single infection risk

event based on the weather conditions. Low infection risk (white arrow) and moderate infection

risk (gray arrow)
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for fruit infections as it has been reported on grapevines (Duncan et al. 1995; Holz

et al. 2003; Latorre et al. 2001). The results of the present study conducted on

blueberry cvs. ‘Brigitta’ and ‘Duke’ also indicated that the full bloom stage and

mature fruit stage were the most susceptible growth stages of blueberry to

B. cinerea. However, the fruit growth stages near maturity, rather than the full

bloom stage, were the critical period for fungicide application because fenhexamid

applied at these stages allowed the highest gray mold reduction in stored blue-

berries. These results were similar to a previous report in table grapes (Latorre

et al. 2001) in which fungicide treatments at berry ripening were more effective

against gray mold than treatments applied at the flowering stages.

The algorithm used in this study, which was based on a previous report (Latorre

et al. 2002), was an easy and useful tool to estimate the infection risk of gray mold

in blueberry fruits. Based on this algorithm, temperature and moisture conditions

were the main factors triggering gray mold infection in blueberry flowers and fruits.

Similar results have been reported previously in blueberry and other fruit crops

(Broome et al. 1995; Bulger et al. 1987; Hildebrand et al. 2001; Latorre et al. 2002).

To our knowledge, this is the first attempt to predict postharvest gray mold in

blueberry fruits on the basis of field weather conditions. Based on the present

results, the numbers of infection risk periods were positively related with the gray

mold prevalence in stored blueberries, suggesting that this algorithm can be used to

predict the weather conditions favorable for gray mold infection in the field.

However, further research is needed before to apply this algorithm to estimate

infections risks under commercial conditions.

In conclusion, B. cinerea is a component of the epiphytic mycoflora, and full

bloom and mature fruits were the most susceptible growth stages. However, the

period between the first blue fruit stage and mature fruit stage was critical for

fungicide application, aiming to control postharvest gray mold. The algorithm used

to analyze the temperature and free moisture conditions were a useful tool to

determine B. cinerea infection risks.
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Chapter 8

Radio Frequency Treatment to Control

Postharvest Brown Rot in Stone Fruit

M. Sisquella, C. Casals, P. Picouet, I. Viñas, R. Torres, and J. Usall

Abstract Brown rot caused by Monilinia spp. is the most important postharvest

disease of stone fruit. The growing public concern over the health and environ-

mental hazards associated with high levels of pesticide use have resulted in a

significant interest in the development of alternative non-chemical control methods.

Radio frequency (RF) treatment at 27.12 MHz was studied to control brown rot in

peaches and nectarines. From preliminary studies, a RF treatment for 18 min was

selected to evaluate the effectiveness of the treatment to control Monilinia spp. in

naturally infected fruit and fruit with different diameters. In general, high disease

control was achieved in peaches, however, RF effectiveness was affected by fruit

size and no brown rot control was observed in nectarines. In order to address these

problems, RF treatment with fruit immersed in water was studied. RF treatment in

fruit immersed in water at 20 �C for 9 min significantly reduced brown rot incidence

in both peaches and nectarines and no significant differences in RF effectiveness

were observed depending on fruit size. Moreover, the decrease in treatment time

with increasing water temperature was also evaluated. Reduction of treatment time

to 6 and 4.5 min was achieved by increasing water temperature at 35 and 40 �C,
respectively, to control brown rot without impair fruit quality in both, peaches and

nectarines. Finally, RF treatment with fruit immersed in water at 40 �C for 4.5 min

was selected to controlMonilinia spp. in naturally infected fruit in which brown rot
reduction observed was higher than 74 % in all the varieties evaluated.
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Food Technology Department, University of Lleida, XaRTA-Postharvest, Agrotecnio Center,

191, Rovira Roure Av., 25198 Lleida, Catalonia, Spain

C. Casals • R. Torres • J. Usall (*)

IRTA, XaRTA-Postharvest, Edifici Fruitcentre, Parc Cientı́fic i Tecnològic Agroalimentari de
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Introduction

Brown rot is the most important postharvest disease of stone fruit and is essentially

caused by two species, Monilinia laxa (Aderh. Et Rulh.) Honey and Monilinia
fructicola (G. Wint.) Honey (De Cal et al. 2009). Stone fruit infection byMonilinia
spp. can take place in the field during the growing season when conditions favor

disease development. However, postharvest losses by brown rot that routinely occur

during storage and transport (Hong et al. 1997) are typically more severe than

preharvest losses, sometimes reaching high levels (59 %) (Larena et al. 2005).

Public demands to reduce pesticide use and improve environmental and human

health, as well as the development of resistance to widely-used synthetic fungicides

by fungal strains, limit the preharvest application of chemical products in the field.

These concerns, combined with a lack of effective postharvest treatments against

Monilinia spp. have increased the need to develop new control methods.

Heat treatments applied by immersion in hot water, vapor heat, hot air curing or

by hot water rinsing and brushing have been widely studied to control postharvest

diseases. These conventional heat treatments are limited by the low thermal con-

ductivity of fruit and thus necessitating prolonged heating in many cases. Casals

et al. (2010a) reported a curing treatment at 50 �C for 2 h for controlling brown rot

in peaches and nectarines. Generally, hot water treatments are shorter where time

exposures range between 20 s and 2.5 min and temperatures between 45 and 60 �C
(Margosan et al. 1997; Karabulut et al. 2010), although their application may need

to be combined with an alternative treatment to enhance effectiveness (Casals

et al. 2010b; Sisquella et al. 2013b).

The need to achieve fast and effective thermal treatment has resulted in the

increased use of radio frequency (RF) energy to heat foods. This electromagnetic

energy directly interacts with the fruit interior to quickly raise the center temper-

ature (Tang et al. 2000), because dielectric materials, such as most agricultural

products, can convert electromagnetic energy into heat (Wang et al. 2001). The

dielectric properties and specially the loss factor (ε00), influence both energy

absorption and attenuation and describe the ability to dissipate energy in response

to an applied electric field, which commonly results in heat generation (Ikediala

et al. 2000) so that the amount of heat converted in the food is proportional to the

value of the loss factor at a given frequency and electric field (Tang et al. 2000).

Radio frequency heating has been widely studied to control postharvest pests in

fresh fruit (Ikediala et al. 2002; Birla et al. 2004). On the contrary, little information

is available about the potential of this treatment to control postharvest diseases. In

this chapter, the use of radio frequency treatment to control brown rot in peaches

and nectarines will be explained.

A semi-industrial radio frequency equipment (STALAM S.pA., Nove, Vicenza,

Italy) with 15 kW nominal maximum power and a frequency of 27.12 MHz was

used to perform all the experiments described in this chapter. The RF equipment is

provided with two parallel electrodes of 150 cm� 100 cm. The electrode gap is
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adjustable over a range of 65–205 mm and the speed of the continuous conveyer

belt, based on the bottom electrode, range from 0.1 to 0.7 m min�1.

Results

Radio Frequency Treatment in Air

The objective of this work was to determine the radio frequency conditions as

distance between the upper electrode and fruit and treatment time that could reduce

brown rot without causing visual fruit damage (Casals et al. 2010c).

From preliminary studies in artificially inoculated fruit, radio frequency treat-

ment for 18 min with 17 mm of distance between top of fruit and upper electrode

was selected as an effective treatment to control brown rot in peaches, however,

these conditions did not controlMonilinia spp. in nectarines. Then, these conditions
were evaluated to control brown rot at different times after inoculation of fruit, at

different inoculum concentrations and on naturally infected fruit.

Generally, radio frequency efficacy was not dependent on the time between

inoculation of M. fructicola and treatment (0, 24 and 48 h) on peaches, and brown

rot reduction ranged between 44–82 % and 63–100 % in ‘Summer Rich’ and

‘Placido’ peaches, respectively (Fig. 8.1). When radio frequency treatment was

applied to control different inoculum concentrations of M. fructicola (103, 104 and

105 conidia mL�1), brown rot incidence was reduced more than 65 % at all

evaluated concentrations on ‘Summer Rich’ peaches but only at 103 conidia

Fig. 8.1 Brown rot reduction in ‘Big Orange’ nectarines and ‘Summer Rich’ and ‘Placido’

peaches artificially inoculated with Monilinia fructicola at 103 conidia mL�1 0 ( ), 24 ( ) and

48 h ( ) prior to radio frequency treatment at 17 mm distance between the top of the fruit and upper

electrode for 18 min. After treatment, fruit were incubated for 5 days at 20 �C and 85% RH. Means

with the same letter for each variety are not significantly different (P< 0.05) according to LSD test
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mL�1 on ‘Placido’ peaches (data not shown). However, in both studies RF treat-

ment was not effective to control brown rot in ‘Big Orange’ nectarines at any of the

inoculation times and inoculum concentrations tested. Similar trends were observed

when treatment was applied on naturally infected fruit where complete brown rot

control was achieved in both peach varieties evaluated but no control was observed

in nectarines (Fig. 8.2).

In all experiments, internal and external temperatures achieved immediately

after RF treatment were recorded. Internal fruit temperatures averaged 52.9� 2.8 �C
and 50.3� 3.5 �C in ‘Summer Rich’ peaches and ‘Big Oranges’ nectarines, respec-

tively. Temperature of the fruit surface ranged from 36.3� 1.9 to 44.9� 2.1 �C for

‘Summer Rich’ peaches and 34.0� 1.3 to 40.0� 2.7 �C for ‘Big Orange’

nectarines.

Dielectric properties of each fruit constituent part such as peel and pulp influence

the RF heating patterns and hence the RF efficacy. Birla et al. (2008b) observed

differences in dielectric properties among different fruit and even between different

cultivars which were attributed to different physico-chemical properties such as

acidity, total solid contents and juice yield. Therefore, the differences on the radio

frequency effectiveness observed in the present work depending on the fruit specie

evaluated, could be due to differences in dielectric properties between peaches and

nectarines.

Heating uniformity is the most significant problem associated with RF treatment

in fresh fruit (Tang et al. 2000). Large temperature variation among and within fruit

can affect the effectiveness of the treatment and also fruit quality. In order to know

if fruit size can affect treatment efficacy, radio frequency treatment was applied in

‘Baby Gold 6’ peaches with different diameters (65� 2, 70� 2 and 75� 2 mm)

Fig. 8.2 Brown rot incidence in ‘Big Orange’ nectarines and ‘Summer Rich’ and ‘Placido’

peaches naturally infected treated by radio frequency at 17 mm distance between the top of the

fruit and upper electrode for 18 min ( ) or untreated ( ). After treatment, fruit were incubated for

5 days at 20 �C and 85 % RH. Means with the same letter for each variety are not significantly

different (P< 0.05) according to LSD test
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artificially inoculated with M. fructicola at 103 conidia mL�1 (Sisquella

et al. 2013a). The results indicated that RF effectiveness was influenced by fruit

size since complete brown rot reduction was achieved in large fruit unlike just 13 %

of reduction obtained in small fruit. Similar results were observed by Ikediala

et al. (1999), who reported that large cherries heated faster than small ones when

the same microwave (another electromagnetic energy) treatment was applied and

suggested that larger cherries may absorb more of the incident energy due to the

larger surface area.

These results demonstrate the potential of the use of radio frequency treatment to

control brown rot in peaches, however the effectiveness was influenced by fruit size

and the treatment was not suitable to control Monilinia spp. in nectarines.

Improvement of Radio Frequency Treatment by Immersion
of Fruit in Water

Recent studies for pest control suggested immersion of fresh fruit in water as a

means to overcome the problems associated with non-uniform RF heating (Ikediala

et al. 2002; Birla et al. 2004). In order to address the lack of efficacy of radio

frequency treatment in nectarines and to reduce the effect of fruit size on effective-

ness, RF treatment with fruit immersed in water was evaluated (Sisquella

et al. 2013a).

Radio frequency treatment in artificially inoculated fruit with M. fructicola at

103 conidia mL�1 applied for 9 min with fruit immersed in water at 20 �C reduced

brown rot incidence in more than 81 and 63 % in peaches and nectarines, respec-

tively. When the exposure time was increased to 12 and 18 min the fruit suffered

severe external thermal damage. On the contrary, decreasing exposure time to 7.5

and 6.4 min, no brown rot control was observed. When RF treatment was applied

for 9 min in ‘Baby Gold 6’ peaches and ‘Fantasia’ nectarines, the internal temper-

ature achieved was 45.5 and 38.1 �C, respectively, and the external temperature was

42.6 and 42.1 �C, respectively (data not shown). Therefore, the application of RF

treatment with fruit immersed in water at 20 �C for 9 min not only solved the lack of

efficacy of treatment in air in nectarine but also halved the exposure time. The

decrease in treatment time when used water immersion technique compared with

RF treatment in air may be due to the increase in heating rate since similar external

temperatures were achieved in half time. Similar results were observed by Birla

et al. (2008a) who, using a computer simulation, found that the presence of water

reduced by half the time required for RF heating of fruit in the air to reach the same

temperature. The increased heating rate was attributed by lossy nature of the water

which offers less resistance to electric field compared to the air.

Moreover, the effect of fruit size on radio frequency treatment in air or applied in

fruit immersed in water was compared in peaches with different diameters (65� 2,

70� 2 and 75� 2 mm) artificially inoculated with M. fructicola at 103 conidia

8 Radio Frequency Treatment to Control Postharvest Brown Rot in Stone Fruit 93



mL�1. RF treatment in peaches immersed in water at 20 �C was applied for 9 min.

In contrast, for RF treatment in air, peaches were treated for 18 min with the same

distance between fruit and upper electrode that in RF heating with water immersion.

Fruit size did not have a significant effect on RF efficacy to brown rot control when

fruit were immersed in water during RF treatment with a level of efficacy above to

60 %. However, in RF treatment in air, brown rot reduction in large fruit

(75� 2 mm) was higher than that observed in the smaller fruit diameters evaluated

(Fig. 8.3). Radio frequency heating are not just influenced by the dielectric prop-

erties of fruit but also by fruit shape and size (Birla et al. 2008a). For larger fruit,

such as citrus and apples, heating uniformity is impaired by variations of RF field

along the length and width of the exposed area (Birla et al. 2004). Therefore, the

lower influence of fruit size on the effectiveness of RF treatment when it was

applied in fruit immersed in water could be attributed to the better distribution of

the electric fields because of water immersion, which resulted in a reduction of the

variability in heating rates of the fruit.

The decrease of exposure time of radio frequency treatment with fruit immersed

in water by increasing water temperature to 35 and 40 �C was also studied in this

work. Radio frequency treatment with fruit immersed in water at 35 �C for 6 min

reduced brown rot incidence by 89 and 94 % in ‘Baby Gold 9’ peaches and

‘Autumn Free’ nectarines, respectively (Fig. 8.4a). When water temperature was

increased to 40 �C, exposure time necessary to achieve the same level of efficacy

decreased to 4.5 min, since, brown rot was reduced more than 89 % in both peaches

and nectarines (Fig. 8.4b). The dielectric loss factor of a material increases with

increasing temperature at a fixed frequency (Wang et al. 2008). An increase in the

Fig. 8.3 Brown rot reduction in ‘Baby Gold 6’ peaches with different diameters, 65� 2, 70� 2

and 75� 2 mm artificially inoculated withMonilinia fructicola at 103 conidia mL�1 48 h before to

radio frequency treatment with fruit immersed in water at 20 �C for 9 min ( ) or in air for 18 min

( ) with the same distance between the top of the fruit and upper electrode. After treatment, fruit

were incubated at 20 �C and 85 % RH for 5 days. Means with the same letter for each treatment are

not significantly different (P< 0.05) according to LSD test
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water loss factor provided a more conductive media for electromagnetic energy to

pass though water as the path least resistance (Birla et al. 2008a) which could

explain the reduction of treatment time with increasing water temperature.

From a viewpoint of commercial applications, short treatment times are pre-

ferred, so radio frequency treatment with fruit immersed in water at 40 �C for

4.5 min was selected to evaluate the effect on standard quality parameters as

firmness, soluble solid and acidity (Sisquella et al. 2014). The results showed that

fruit firmness was not negatively affected in ‘Roig d’Albesa’ peaches and

‘September Red’ nectarines. However, in ‘PP-100’ nectarines, firmness in fruit

treated by RF, 15.5 N, was significantly higher than in untreated fruit, 9.7 N.

Regarding soluble solid and acidity, only significant differences were detected in

‘Roig d’Albesa’ peaches, where soluble solids and acidity were significantly

reduced in fruit treated by RF from 13.3 to 12.5 % and from 2.0 to 1.8 g m.a.

L�1, respectively (data not shown).

Internal and external temperatures recorded in different varieties of peaches and

nectarines immediately after RF treatment with fruit immersed in water at 40 �C for

4.5 min are summarized in Table 8.1. Internal fruit temperature ranged from

34.1� 1.7 to 35.8� 2.9 �C obtained in ‘Rome Star’ and ‘Roig d’Albesa’ peaches

respectively, and external temperature ranged from 43.3� 1.7 to 45.4� 1.8 �C.
External fruit temperature was higher than the internal fruit temperature in all the

varieties evaluated unlike what was observed when radio frequency treatment was

applied in air. Core-focused heating was also reported by Ikediala et al. (2002)

when cherries were treated in air or when immersed in de-ionized water, however,

when dielectric loss factor of water was increased adding by 1 % salt, most of the

radio frequency energy was absorbed by the water increasing fruit core only few

degrees. Therefore, the increase of dielectric loss factor by increasing water tem-

perature to 40 �C resulted in a surface heating of peaches and nectarines.

Fig. 8.4 Brown rot incidence in ‘Autumn Free’ nectarines and ‘Baby Gold 9’ peaches artificially

inoculated withMonilinia fructicola at 103 conidia mL�1 48 h before to immerse them in water at

35 (a) or 40 �C (b) and heated by radio frequency for 9 ( ), 6 ( ), 4.5 ( ) and 3.6 min ( ) or untreated

( ). After treatment, fruit were incubated at 20 �C and 85 % RH for 5 days. Means with the same

letter for each water temperature are not significantly different (P< 0.05) according to LSD test
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The response of a pathogen to heat can be influenced by several factors such as

the moisture content of spores, age of the inoculum and inoculum concentration

(Barkai-Golan and Phillips 1991). Therefore, other factors require consideration

before RF treatment can be implemented as a commercial treatment.

For this reason, we will examine the effectiveness of radio frequency treatment

with fruit immersed in water at 40 �C for 4.5 min to control brown rot at different

times after inoculation of fruit, at different inoculum concentrations and on natu-

rally infected fruit (Sisquella et al. 2014).

The effect of infection time was evaluated in peaches and nectarines artificially

inoculated 0, 24 and 48 h before treatment with Monilinia fructicola at 103 conidia

mL�1. Generally, infection time did not have a significant effect on RF efficacy and

brown rot incidence was reduced more than 90 and 67 % in ‘Roig d’Albesa’

peaches and ‘PP-100’ nectarines, respectively (Fig. 8.5). The incidence of brown

Table 8.1 Average internal and external temperatures of ‘Rome Star’ and ‘Roig d’Albesa’

peaches and ‘September Red’, ‘Fantasia’ and ‘PP-100’ nectarine achieved immediately after

radio frequency treatment for 4.5 min with fruit immersed in water at 40 �C

Variety

Temperature (�C� SD)

Internal External

‘Rome Star’ peach 34.1� 1.7 43.3� 1.7

‘Roig d’Albesa’ peach 35.8� 2.9 45.2� 0.8

‘September Red’ nectarine 35.8� 2.0 45.1� 1.1

‘Fantasia’ nectarine 35.3� 3.3 44.3� 1.8

‘PP-100’ nectarine nd 45.4� 1.8

nd not determined

Fig. 8.5 Brown rot reduction in ‘Roig d’Albesa’ peaches ( ) and ‘PP-100’ nectarines ( ) artifi-

cially inoculated with Monilinia fructicola at 103 conidia mL�1 0, 24 and 48 h prior to radio

frequency treatment for 4.5 min with fruit immersed in water at 40 �C. After treatment, fruit were

incubated for 5 days at 20 �C and 85 % RH. Means with the same letter for each variety are not

significantly different (P< 0.05) according to LSD test
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rot in ‘Roig d’Albesa’ peaches and ‘PP-100’ nectarines was reduced significantly at

all inoculum concentrations evaluated (103, 104, 105 and 106 conidia mL�1),

although in ‘Roig d’Albesa’ peaches, RF efficacy was lower when the inoculum

concentration increased to 105 or 106 conidia mL�1 (Fig. 8.6).

Finally, the results of RF treatment to control brown rot on naturally infected

fruit are shown in Fig. 8.7. Brown rot incidence was reduced to less than 26 % in

peaches and complete brown rot control was achieved in nectarines. The lower
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Fig. 8.6 Brown rot reduction in ‘Roig d’Albesa’ peaches ( ) and ‘PP-100’ nectarines ( ) artifi-

cially inoculated with Monilinia fructicola at 103, 104, 105 and 106 conidia mL�1 and treated by

radio frequency for 4.5 min with fruit immersed in water at 40 �C. After treatment, fruit were

incubated for 5 days at 20 �C and 85 % RH. Means with the same letter for each variety are not

significantly different (P< 0.05) according to LSD test

Fig. 8.7 Brown rot incidence in ‘Rome Star’ and ‘Roig d’Albesa’ peaches and ‘PP-100’ nectar-

ines naturally infected immersed in water at 40 �C and treated by radio frequency for 4.5 min ( ) or

untreated ( ). After treatment, fruit were incubated for 5 days at 20 �C and 85 % RH. Means with

the same letter for each variety are not significantly different (P< 0.05) according to LSD test
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efficacy observed in peaches could be due to differences in infection times or

inoculum concentrations that have to be controlled, since, as we have indicated

previously, 48 h between infection and treatment or high inoculum concentrations

could slightly decrease the efficacy of the radio frequency treatment. Even so, it is

important to note that brown rot reduction was higher than 74 % in all the varieties

studied.

Conclusions

The results shown in this chapter indicate that radio frequency treatment in fruit

immersed in water at 40 �C for 4.5 min may provide a potential postharvest

alternative treatment for brown rot control in peaches and nectarines without impair

fruit quality. However, the design of suitable equipment to work with water and at

higher power could reduce treatment time and thereby, it could be incorporated in

packinghouse handling procedures where shorter treatment times are preferred.
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Chapter 9

Use of Essential Oils to Control Postharvest

Rots on Pome and Stone Fruit

Davide Spadaro and Maria Lodovica Gullino

Abstract Essential oils show great interest for their potential use to control

postharvest pathogens of pome and stone fruit. Most essential oils have been

studied for their efficacy in vitro but only few of them have been investigated

in vivo. They can be applied by spraying or dipping on the fruit surface or through

fumigation. Their efficacy in the control of fungal pathogens is often due to the

synergy of different chemical components. To increase their efficacy, essential oils

can be employed also together with other control methods, in the framework of

integrated disease control strategies. The main objective of the current review is to

gather information on the studies accomplished on the use of essential oils to

control postharvest diseases of pome and stone fruit, by showing the knowledge

on their efficacy, safety, integrated use and some critical points not yet faced.

Keywords Post-harvest diseases • Natural products • Integrated control • Organic

farming

Introduction

In the last 20 years, a new direction in the search of alternatives to control

postharvest diseases, has been undertaken, with the focus on tools able to prevent

rots with minimal impact on human health and the environment (Tripathi and

Dubey 2004; Spadaro and Gullino 2004). Biological practices against postharvest

pathogens of fruit and vegetables include the use of microbial antagonists, natural

compounds, or inducers of resistance active on the host.

Since centuries, different nations, such as India, have been using plant extracts

and essential oils with therapeutic activity on humans and also for crop protection.

In the last years, natural products biologically active have been studied by adopting

a scientific approach to evaluate their possible use in agriculture to prevent and
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control different alterations. Plants, particularly, provide a wide range of com-

pounds with antimicrobial activity, including aromatics, essential oils,

glucosinolates, or extracts. Several compounds are generally regarded as safe on

human health and the environment, so interest in their use has grown and the

research performed showed that several plant products have pharmacological or

preservative properties.

The main objective of the current manuscript is to provide an overview on the

studies about the use of essential oils to control fruit and vegetable diseases, with

special emphasis on their use to control apple and stone fruit diseases.

Essential Oils

Plant essential oils and extracts are gaining interest due to their apparently safe

nature, to their wide consumer acceptance, and to their multiple uses. In particular,

plant essential oils are considered non phytotoxic compounds potentially effective

as biopesticides for crop protection (Isman 2000; Bajpai et al. 2008). Essential oils

are obtained by extraction from aromatic plant material, rich in essences. Essences

can have allelopatic or antibiotic activities, and can be pollinator attractants.

Antimicrobial activities of essential oils and plant extracts are recognized since

long time: Myrtaceae and Lamiaceae essential oils have been traditionally used for

postharvest control of cereals and pulses (Isman 2000). Scientific researches on the

biological activity of essential oils showed that they possess toxicity through

contact and fumigation on several economically important pests and diseases.

Extraction methodologies accepted to define an essential oil include distillation

under steam, mechanical cold pressure, or expression. The essential oil is a phyto-

chemical extract, selectively removed from the plant, which isolates a minor

component of the plant (ranging from 0.01 to 2 %).

Antimicrobial Activity of Essential Oils

The effectiveness of essential oils should be considered in the context of oil

components. Mono- and sesquiterpene hydrocarbures and some phenolic com-

pounds, the major components of plant essential oils, have strong inhibitory activity

against microbial pathogens (Bajpai et al. 2008). The antimicrobial activity of

lemongrass oil is due to the presence of alkaloids, tannins and cardiac glycosides

(Tzortzakis and Economakis 2007). A marked fungicidal activity of carvacrol

(from oils of thyme and oregano) and p-anisaldehyde (oxidation product of

anethole, found in the oil of anise) has been shown against different postharvest

diseases in essential oils derived from species of Thymus, Origanum and Anethum.
Essential oils and plant extracts are promising groups of natural compounds for the

development of safe fungicidal active ingredients. The oils have been evaluated
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against several fungal species, including strains pathogenic for humans or for the

plants, and it has been shown that they are often fungistatic rather than fungicidal.

Some studies about the use of essential oils and their components against fungal

pathogens have shown that their antifungal activity was strongly associated with

monoterpenic phenols, i.e. thymol, carvacrol, and eugenol. The major components

of essential oils of Silene armenia are 1-butene, methyl cyclopropane, 2-butene, and

caryophyllene oxide, which showed moderate or high efficacy against several plant

pathogens (Bajpai et al. 2008). The effect of the essential oils depended on the

solvent used for the extraction and it was higher using methanol, ethyl acetate and

chloroform.

Use of Essential Oils to Control Postharvest Diseases

Most essential oils have been reported as inhibitors of post-harvest fungal patho-

gens in vitro and the activity of several compounds isolated from essential oils has

also been reported on pathogens of stone fruits (Tsao and Zhou 2000; Lopez-Reyes

et al. 2011). In vivo, only a few essential oils were studied (Tsao and Zhou 2000;

Tzortzakis 2007; Spadaro et al. 2012).

The biological activity of essential oils and their constituents can have fungi-

static and/or fungicidal activity, depending on the concentration used. The same

essential oil and/or their compounds may be active against a broad range of

microorganisms, although the minimum inhibitory concentration (MIC) varies

according to the microbial species and to fruit and vegetables species.

Bouchra et al. (2003) observed that essential oils of Origanum compactum and

Thymus glandulosus, consisting mainly of carvacrol and thymol, were the most

efficient in the control of Botrytis cinerea, as they are able to completely inhibit the

in vitromycelial growth at 100 mg/l. The cassia oil completely inhibited the in vitro
growth of Alternaria alternata, following exposure to 300 or 500 mg/l for 6 and

3 days. When applied to tomatoes, cassia oil at 500 mg/l reduced the rots by 40–

50 % (Feng and Zheng 2007). When used to control the post-harvest grey rot of

grapes caused by B. cinerea, the essential oils of Ocimum sanctum, Prunus persica
and Zingiber officinale showed MIC values of 200, 100 and 100 mg/l, respectively,

and extended the shelf life of 4–6 days (Tripathi et al. 2008).

Results

Efficacy on Apples

Some essential oils extracted from Mediterranean plants demonstrated their anti-

fungal activity against B. cinerea and P. expansum on different cultivars of apple.

Treatments with savoury and thyme essential oils at 1 % showed a higher efficacy
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on apples cvs Granny Smith and Red Chief (strongly less susceptible to attacks in

postharvest) than on apples cvs Golden Delicious and Royal Gala. Basil and fennel

essential oils showed an efficacy higher than those of the other essential oils tested

on apples cv Granny Smith and cv Golden Delicious, respectively (Lopez-Reyes

et al. 2010).

The length of storage time could also influence the antifungal activity of the

essential oil treatments. On apples cv Granny Smith, the efficacy of the treatment

with marjoram essential oil at 1 % against P. expansum was higher after 15 days

than after 30 days of storage at 4.0 �C. A similar situation was observed with

oregano essential oil applied at 1 % against B. cinerea on apples cv Granny Smith.

This situation suggests that treatments with essential oils could be used for shorter

storage times or they should be repeated after a defined time period, depending on

the fruit cultivar, due to their fungistatic action.

Efficacy on Stone Fruit

The antifungal activity of plant essential oils was evaluated on stone fruit against

brown rot and grey mould rot of stone fruit (Lopez-Reyes et al. 2013). The

treatments containing essential oils from oregano, savory and thyme at 1 % (v/v)

controlled both B. cinerea and M. laxa on apricots cv Tonda di Costigliole and

plums cvs Italia and TC Sun. The same treatments were phytotoxic for nectarines

cvs Big Top and Nectaross. The treatments performed with essential oil emulsions

at 10 % were more effective than those at 1 % against the tested pathogens;

however, treatments with a 10 % concentration of basil, peppermint, oregano,

savoury, and thyme essential oils were phytotoxic on fruit. Apricots cv Kyoto and

both cultivars of nectarines not only showed phytotoxicity symptoms, but they were

also recolonized by B. cinerea and M. laxa, mostly due to their nesting ability,

showing increasing rot diameters. The treatments with basil, wild mint, peppermint,

and oregano essential oils at 10 % showed relevant results in controlling both

pathogens, particularly B. cinerea.
Other papers evaluated the efficacy of essential oil application on the control of

Monilinia fructicola, however, to our knowledge, only few papers reported the

efficacy against M. laxa on stone fruit. Carovic-Stanko et al. 2013 studied the

antifungal activity of four species of Ocimum (basil) against M. laxa. Another
paper reported the complete inhibition of M. laxa both in vitro and in vivo by

different concentrations of laurel oil (De Corato et al. 2010). Svircev et al. (2007)

observed that the application of thymol, one of the main components of the

essential oil of thyme, adversely affected the survival and development of

M. fructicola on artificially inoculated plums. Brown rot caused by M. fructicola
on apricot was inhibited after application of essential oils from Thymus vulgaris,
Eugenia caryophyllata, Cinnamomum zeylanicum and Carum copticum. The same

oils showed also a positive effect on the fruit quality, by considering weight loss,
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fruit firmness, total soluble solids, titratable acidity and maturity index (Hassani

et al. 2012).

By comparing the results obtained for different stone fruit species, apricots were

more susceptible than nectarines and plums to M. laxa and B. cinerea. A similar

behaviour was reported by Liu et al. (2002) after fumigation with thymol. A

comparison between different stone fruit cultivars showed that apricots cv Kyoto,

nectarines cv Big Top, and plums cv TC Sun were more susceptible than other

cultivars (Lopez-Reyes et al. 2013). Epidermis structures, such as thick cuticles and

the presence of epicuticular waxes, could determine a higher resistance to brown rot

even between different cultivars of the same species (Gradziel et al. 2003). These

structural and biochemical components of stone fruits could also be related to the

observed side effects of essential oil treatments in postharvest.

Furthermore, for peaches treated with 1 % essential oils significant changes in

taste and flavour were not shown, as reported also for pears treated with Thymus
kotschyanus, Ocimum basilicum, and Rosmarinus officinalis essential oils (Marandi

et al. 2011). However, it could be helpful to keep the treated fruit in the open air for

at least 12 h after storage, to avoid off-flavours.

Phytotoxicity

Treatments with 0.1 and 100 % of essential oils were used in preliminary assays

(data not shown) but they were rejected because pure essential oil treatments were

highly phytotoxic and economically unsustainable, while 0.1 % treatments did not

guarantee a significant efficacy on pathogen control.

The use of relatively low concentrations (2–4 mg/l) of thymol can significantly

reduce the incidence of brown rot, caused by Monilinia spp. of apricots and

peaches, without presenting any phytotoxicity. Symptoms of phytotoxicity were

instead shown, after applying thyme essential oil at 10 % on apples cv Granny

Smith.

The different efficacies between the treatments are due to the fact that the

antifungal activity of essential oils depends on the fungitoxic properties of the

most significant active components and their synergy. This situation also means that

the possible phytotoxic effects of treatments with essential oils may be due to the

same active components in each essential oil. In a study performed on apples

(Lopez-Reyes et al. 2010), the treatments with all essential oils tested at 10 %

were phytotoxic for the carposphere of all apple cultivars tested. The size of the

lesions was proportional to the efficacy showed by the treatments with essential oils

at 10 %. This means that a higher efficacy of pathogen control could produce higher

damage on the carposphere of apples. The fruits most susceptible to this side-effect

were apples cv Golden Delicious, followed by apples cv Granny Smith.
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Synergy Between Components

The efficacy of essential oils in the control of post-harvest pathogenic fungi may be

due to a synergy between their components (Tripathi and Dubey 2004). Therefore

the chemical composition of essential oils is critical factor for their activity

(Carovic-Stanko et al. 2010).

The antimicrobial activity and the phytotoxicity showed by the essential oil

treatments could also be based on the concentration of their major compounds and

their synergy, as previously shown against foodborne agents such as Staphylococ-
cus aureus (Lambert et al. 2001), since in most cases the antimicrobial activity of

different compounds is enhanced when they are combined (Nallathambi et al. 2009;

Pandey and Dubey 1997). The main components of essential oil of savoury, after

GG-MS analysis, are carvacrol and p-cymene, while the main components of

essential oil of thyme, are thymol and α-pinene. Svircev et al. (2007) and Neri

et al. (2007) already showed that thymol and carvacrol possess antimicrobial

activity when applied alone.

To evaluate the antimicrobial activity of the main components of essential oil of

thyme and savoury, some tests were carried out in vitro to evaluate the inhibition of
microbial growth against different fungal and bacterial pathogens. From the results

obtained, it was possible to highlight the synergy between carvacrol and p-cymene,

because the mixtures of carvacrol and p-cymene at 75 %-25 % and 50 %-50 % were

statistically more effective than both compounds applied singularly at 100 % in

inhibiting different postharvest pathogens. In contrast, the application of thymol at

100 % provided a statistically higher inhibition compared to the mixtures of thymol

and α-pinene (Lopez-Reyes et al. 2011).

Mode of Application

The mode of application of essential oils and their compounds affects their effec-

tiveness. For example, spraying with an emulsion (160 mg/l) of basil (Ocimum
basilicum) oil was able to control post-harvest rots on bananas by increasing their

shelf life (Singh et al. 1993).

An important factor to be considered for essential oils is the volatility of the

aromatic components. The higher the volatility of the aromatic component, the

higher is its vapour concentration in the surrounding air space. Besides spray

application, the activity in the vapour phase makes some essential oils potential

fumigants on fruits and vegetables within the packinghouse facilities (Tripathi and

Dubey 2004). The vapours of essential oils of eucalyptus (Eucalyptus globules) and
cinnamon (Cinnamomum zeylanicum) applied at 50 mg/l for 8 h at 20 �C reduced

rots and were able to improve the quality of tomatoes and strawberries stored for

long periods (Tzortzakis 2007). Tsao and Zhou (2000) found that thymol and

carvacrol were effective in reducing brown rot caused byM. fructicola on cherries,

106 D. Spadaro and M.L. Gullino



both by immersion and fumigation. B. cinerea and Alternaria arborescens, isolated
from tomato, were completely inhibited in vitro when exposed to vapors of oregano
(Oreganum vulgare), thyme (Thymus vulgaris) and lemongrass (Cymbopogon
citrates) at 50 mg/l for 12 h (Plotto et al. 2003).

The activity in the vapour phase of different essential oils was evaluated in vitro
by agar-diffusion technique. The growth of P. expansum was evaluated in vitro
after application of the oregano essential oil at different concentration by using the

“agar diffusion” technique. Furthermore, at concentration of 1 %, the thyme

essential oil was able to inhibit the growth of Aspergillus carbonarius by 18.9 %,

while the essential oil of oregano inhibited the growth of A. carbonarius by 13.8 %.

Sometimes, also microemulsions can be applied for antimicrobial purposes. The

essential oil of cinnamon was applied as microemulsion to control gray mold of

pear. In the vapour phase, the microemulsions with the lowest concentration

showed the best control of decay incidence and severity, without affecting pear

firmness or colour (Wang et al. 2014).

Finally, essential oils have also been tested by incorporation into edible films, as

a potentially effective way to preserve quality of fresh fruit and vegetables since

they act as a selective barrier to moisture transfer, limiting water loss. The ability of

edible films to extend the shelf life of fresh fruit could be improved by including

essential oils to control postharvest pathogens such as B. cinerea on strawberry

(Peretto et al. 2014).

The Importance of Formulation

In general, essential oils can be considered as not harmful chemicals to control

postharvest diseases, but further research must be carried out in order to develop

formulations able to preserve the fungicidal activity, but also to eliminate the side

effects on fruit and vegetables (Tripathi and Dubey 2004). Tsao and Zhou (2000)

found that thymol and carvacrol were effective in controlling brown rot caused by

M. fructicola on cherries, but they caused browning on the cherry stem in the

experiments of fumigation. This side effect was reduced by 69 % and 73 %,

respectively, when the methyl jasmonate was used as co-fumigant. Even Isman

(2000) showed that the essential oils more effective against the pathogens, at the

same time, showed greater phytotoxicity. A certain level of toxicity to human and

animal cell lines in vitro has been reported for some essential oils when used at high

concentrations.

The formulations and applied concentrations and exposure times are of funda-

mental importance. However, further studies are necessary to establish the safety

and toxicity levels of the essential oils from different plant species.
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Standardization of the Essential Oils

Essential oils need to be standardized for their physical, chemical and fungitoxic

properties, and for their practical applicability in the control of post-harvest path-

ogens, before being transferred to the agrochemical companies for formulation.

The quality of essential oils depends on several physical parameters, including

specific gravity, optical rotation, refractive index, solubility in different organic

solvents, saponification value, esterification degree and phenolic content. Several

papers have been published on the efficacy of essential oils on the control of fungal

pathogens. Nevertheless, the data show significant variations even within the same

essence, which can be explained if we take into account all factors that can

influence the chemical composition, including weather conditions, seasonal and

geographical conditions, harvest time, and distillation techniques.

Cost of Treatments

The approximate cost to treat apple or stone fruits with savoury or thyme essential

oils at 1 % could increase the final price by approximately 0.38 % (0.31 cents $) per

kg of fruit; of course, essential oils obtained from plants such as peppermint are

more expensive, and this would be directly reflected in the price of treated fruit

(Lopez-Reyes et al. 2013). The approximate cost for treating with savoury or thyme

essential oils at 10 % would be 3.1 cents $ per kg of fruit (3.8 % of the fruit value).

Integration of Treatments

The difficulty of the alternative techniques to achieve the same results with syn-

thetic fungicides, can be overcome by integrated treatments. For example, the use

of a strain of Bacillus amyloliquefaciens and essential oils of thyme and lemongrass

yielded interesting results against pathogens, such as B. cinerea, P. expansum, and
R. stolonifer on peaches. On peaches cv Redhaven, treatments with strains of yeast

antagonists (Pseudozyma fusiformata, Metschnikowia sp., and Aureobasidium
pullulans) and the application of grapefruit essential oil at low concentration

showed a synergistic effect in the control of M. laxa (Lopez-Reyes et al. 2009).

Essential oils have also been integrated to thermotherapy both on apples and

peaches: in this case the essential oils of thyme and savoury at low concentrations

(0.1 and 0.5 %) integrated to immersion of the fruits in hot water at 48–50 �C for

3 min controlled P. expansum and M. laxa in post-harvest, demonstrating a good

efficacy without showing phytotoxicity (Lopez-Reyes et al. 2011).
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Summary

Innovative techniques can coexist with those already on the market and they should

also prove to be economically sustainable over time. Essential oils are characterized

by strong fungitoxicity and low MIC (minimum inhibitory concentration), thermo-

stable nature, fungistatic or fungicidal action against post-harvest pathogens, and

efficiency even at high doses of inoculum. Summarising essential oils possess all

the characteristics of an ideal tool against disease and can be recommended as

natural fungitoxic compounds. It must however be remembered that the use of

essential oils to control post-harvest diseases requires further studies regarding the

biological activity and the dispersion in the plant tissues, in addition to the need to

identify formulations that are able to inhibit the growth of pathogens at not

phytotoxic concentrations.
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Chapter 10

Pichia anomala and Candida oleophila
in Biocontrol of Postharvest Diseases

of Fruits: 20 Years of Fundamental

and Practical Research

Massart Sebastien and Mohamed Haissam Jijakli

Abstract The economic losses caused by post-harvest pathogens of apple and pear

can still reach 25 %. There is currently an increasing demand to develop sustainable

methods to control these post-harvest pathogens. Biocontrol agents are interesting

candidates to answer this demand. Nevertheless, their commercial development is

sometimes hampered by a low or non-reliable efficacy comparing to fungicide

treatments. Fundamental research on the mode of action of the BCA and of its

ecological fitness could help to overcome that phenomenon. This chapter reviews

the progresses made during two decades to understand the mode of action and the

ecological niche of two BCA, Pichia anomala strain K and Candida oleophila
strain O. These advances required the combination of various methodologies

(in vitro and in situ) and techniques (microbiology, microscopy, genome charac-

terization, transcriptome, proteome, gene disruption. . .) which are summarized

here. Importantly, the practical impact of these discoveries to improve the efficacy

of the biopesticide is also highlighted.

Keywords Sustainable control • BCA • Ecological fitness • Fungicides •

Biocontrol

Introduction

Post-harvest diseases of apple and pears, such as Botrytis cinerea, Penicillium
expansum and Gloeosporioides group, are still provoking important economic

losses which can reach 25 % of the harvested fruits. To date, these pathogens are

mainly controlled by pre- and post-harvest fungicide treatments. However, the

consumers are becoming more reluctant to accept chemical residues in food and
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there is an increasing concern about the environmental and ecological impacts of

fungicide treatment. Additionally, the withdrawal of fungicides and the develop-

ment of resistant strains are limiting the number of available and efficient fungi-

cides. There is therefore an increasing demand to develop alternative and

sustainable methods to control post-harvest pathogens of apple and pears.

Biological control is generating a great enthusiasm as a sustainable and “eco-

friendly” control method. The annual turnover of biopesticide is growing at a pace

of 20 % per year to reach 1.7 billion $ in 2011, representing 5 % of the total

pesticide market.

Post-harvest biological control is one of the most promising markets because the

application sites are limited to the harvested commodities, the environmental

conditions are defined and stable in storage rooms and the harvested commodities

are of high value. So far, numerous biological control agents (BCAs) have been

isolated for their biocontrol properties against post-harvest apple and pear patho-

gens. Nevertheless, the development of a BCA in an efficient commercial product is

complex and there are currently only two bacteria and four yeasts currently

registered as biopesticide (Jijakli 2011).

This bottleneck is mainly due to a lower or non-reproducible efficacy of the

biopesticide comparing to fungicide treatment. This represents a major drawback

for the development of biopesticides and needs to be addressed.

The efficacy of a biopesticide can be improved and stabilized through a better

understanding of the mode of action of the BCA and of its ecological niche. This

information will allow the development of the most appropriate formulation and

timing of application and, ultimately, it will facilitate the registration of the product.

This chapter presents a study case focusing on two BCA: Pichia anomala strain

K and Candida oleophila strain O, isolated in our laboratory more than 20 years ago

(Jijakli and Lepoivre 1993). We review the fundamental and applied researches

carried out to understand the mode of action and the ecological niches of these

BCA. Importantly, we underline also the impact of these researches on the efficacy

improvement of the biopesticide.

Results, Fundamental Research

BCA On-Site: A Complex Interplay

Once applied on the fruit surface, the BCA will face a complex microenvironment

(see Fig. 10.1) which is influenced by the host genotype and its physiology, by the

presence and concentration of pathogens and by the microflora composition of the

commensal microorganisms. Multiple interactions between them occur at the site of

action and may influence the BCA efficacy. Moreover, this site is also under the

influence of environmental parameters like humidity, temperature, UV light. . .
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Understanding the mode of action and deciphering the ecological niche of a

BCA may represent therefore a complex task. Moreover, even if molecular biology

tools have been developed and used with BCA (Massart and Jijakli 2007), this

research is still hampered by the general scarcity of molecular tools and genome

knowledge compared to conventional yeasts like Saccharomyces cerevisiae or

Schizosaccharomyces pombe.
So far, the experimental strategies have relied mainly on the simplification of the

micro-ecosystem by in vitro studies, providing indirect evidences on the mode of

action or on the ecological niche of the BCA. As in vitro studies do not necessarily

reflect the in situ reality, these findings had to be confirmed later on by in situ
studies.

Understanding the Mode of Action of Pichia anomala Strain K

Knowledge of the modes of action of a BCA is crucial for developing successful

post-harvest biocontrol strategies. This knowledge allows (i) a rational optimization

of the method and timing of application, (ii) a more efficient formulation design to

enhance and stabilize the BCA efficacy, (ii) a targeted selection of more effective

BCAs and (iv) is mandatory to register a BCA for commercial use (Jijakli 2011).

The modes of action of a BCA are generally classified in four main groups:

nutrient or site competition, antibiosis, direct interaction between the pathogen and

the BCA and induction of host resistance (Wilson and Wisnieswski 1994). It is

important to keep in mind that the biocontrol properties of most BCA do not rely on

a major mechanism but rather on multiple modes of action acting together or

sequentially.

The complexity of interactions at the action site and the multiplicity of the

modes of action make mandatory the development of complementary approaches

to understand the modes of action and the ecological niche of the BCA. The

approaches undertaken for Pichia anomala strain K are summarized in Fig. 10.2.

Microbiological and biochemical approaches are traditionally the first

approaches applied to understand the modes of action of a BCA. Over the past

Fig. 10.1 Complex

interplay at the site of action

of a BCA on fruit
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decade, the development of molecular techniques has brought innovative tools to

complete these approaches. The molecular tools allowed a better understanding and

even demonstrated the mechanisms underlying biocontrol properties of BCAs.

Briefly, they correspond to targeted or non-targeted gene identification, high

throughput gene expression profiling through mRNA or protein analysis, and

gene inactivation and/or overexpression. There have been reviewed in detail else-

where (Massart and Jijakli 2007).

Microbiological and Biochemical Approaches

Microbial approaches are classically the first experiments carried on to understand

the mode of action of a BCA. These approaches can be developed in situ or in vivo.
Antibiosis of P. anomala strain K against post-harvest pathogens has never been

detected whatever the tested in vitro assay (unpublished results). The nutrient and

site competition has been studied in situ on wounded sites (Jijakli and Lepoivre

1993). At 25 �C, population of strain K in wounds grew to reach a maximum

density 12 h after application. The protective level of strain K against B. cinerea
also reached a maximum when the pathogen was applied 12 h after strain K

application. Interestingly, microscopic observation showed that the germination

of B. cinerea was significantly reduced in presence of strain K at the wounding site,

even when the pathogen and the BCA were applied simultaneously with no

subsequent protection. This indicated that inhibition of spore germination was not

the only mechanism of pathogen biocontrol.

Fig. 10.2 Scheme of experiment necessary to understand the mode of action and the ecological

niche of a BCA. With experiments done on strain K and other possible experiments
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Biochemical studies were carried out on the hydrolytic enzymes produced by

strain K. The enzymatic activity of culture filtrate of strain K was analyzed and it

revealed endo- and exo-β-1,3-glucanase activities but no chitinolytic activity. A

marked increase in glucanase activity was observed when using cell wall prepara-

tion from B. cinerea as the sole carbon source compared to glucose (Jijakli and

Lepoivre 1998). An exo-β-1,3-glucanase (PaExg2), presenting the highest specific

activity, was purified from culture filtrates of strain K. PaExg2 showed inhibitory

effect on germ tube growth and conidial germination (up to 29 % inhibition) of

B. cinerea, causing morphological changes in germ tubes. Exo-β-1,3-glucanase
activity was also detected in apple wounds treated with strain K. Overall results

suggested that exo-β-1,3-glucanase activity might be involved in the protective

effect of P. anomala strain K against B. cinerea (Jijakli 2011).

Genome Organization

The genome of P. anomala strain K was characterized in order to better understand

its organization and to design the most appropriate disrupting strategies (Friel

et al. 2005). Through Pulse-Field Ge Elecrophoresis (PFGE), the number of chro-

mosomes of strain K was estimated at 6, ranging in size between 1.1 and 3.2 Mb and

representing a genome of 11.7 Mb. The comparison of several isogenic strains

through PFGE suggested a significant genomic instability as the number or the

length of chromosomes varied between strains. These observations were confirmed

by molecular hybridization using four probes corresponding to URA3, LEU2,

PAEXG1 and PAEXG2 genes. The strain K can therefore be considered as an

aneuploidy strain. Haploid strains, called Kh(n) with n as number of the strain, were

also obtained from strain K by ascus microdissection.

Targeted Genetic Approach

A targeted genetic approach relies on the selection, the cloning, the disruption

and/or the over-expression of one of several genes potentially involved in biocon-

trol properties. These genes are selected based on the results obtained through

biochemical, microbiological, transcriptomic and proteomic approaches. This

approach requires therefore a priori knowledge in order to select the most appro-

priate gene candidates.

For P. anomala (strain K), the biochemical studies suggested an involvement of

exo-β-1,3-glucanase in the biocontrol properties. Grevesse et al. (2003) designed
degenerated primers to amplify exo-β-1,3-glucanase genes in the genome of strain

K. Two genes, called PAEXG1 and PAEXG2 were cloned and sequenced. The

PAEXG2 gene was further inactivated by disruption in a uracile-auxotroph strain

derived from strain K. Surprisingly, there was no difference in biological control
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properties against B. cinerea between strain K and PAEXG2-mutated strain. This

represented a contradiction between biochemical and genetic approach.

Given the complexity of interactions between strain K, B. cinerea, and apple

wounds, multiple genes are likely to contribute to biocontrol (Friel et al. 2007). In

order to solve the observed contradiction, another disruption approach was under-

taken to sequentially disrupt PAEXG1 and PAEXG2 genes by adapting the URA3-

blaster technique previously developed for Saccharomyces cerevisiae (Alani

et al. 1987). The results showed that the biocontrol properties of the strain were

affected by single inactivation of PAEXG1 or PAEXG2 gene and by the double

inactivation of both genes compared to the parental strain. These results were not in

accordance to those published previously for PAEXG2 disruption (Grevesse

et al. 2003). The explanation was brought through biocontrol assays carried on in
situ. Friel et al. (2007) showed that the relative contribution of exo-β-1,3-glucanase
was strongly depend on the quantity of applied strain in the wound and the maturity

of apples. Indeed the mutated strains exerted no protective effect when low con-

centrations were applied to fresh apple fruit, but their protective effect was similar

to that of the parental strain when they were applied to mature apple fruit at medium

or high concentration or to fresh apple fruit at high concentration. This demon-

strated that the importance of glucanase in biocontrol properties was depending on

the experimental conditions studied, underlining the complexity of the interplay

between the mechanisms of action of the strain and their dependence to the density

of the biocontrol strain at the site of action.

Open Transcriptomic Approach

As mentioned above, the biocontrol properties of a BCA often depend on numerous

genes interacting with each other sequentially or in parallel. For example, the

mycoparasitic properties of the biocontrol agent Trichoderma virens rely on at

least 18 genes (Steyaert et al. 2003). An “open” strategy complementary to the

targeted approach holds great interest to identify other genes involved in biocontrol

properties.

This “open” approach relies on the identification of genes differentially

expressed by the BCA in several environmental conditions. Typically, the gene

expression is compared between biocontrol-inducing conditions and control con-

ditions. Amongst the protocols developed, the cDNA Amplified Fragment Length

Polymorphism protocol was applied to identify genes potentially involved in

biocontrol properties of strain Kh5, a haploid strain derived from strain K and

presenting the same biocontrol properties. Strain Kh5 was grown in vitro on a

medium containing glucose or cell wall preparation of B. cinerea as the sole carbon
source. Eleven candidate genes were identified. Their differential expression was

confirmed independently by real-time PCR. These genes corresponded to

β-glucosidase, transmembrane transport, citrate synthase, and external amino acid

sensing and transport. Some of these functions could be related to cell wall

116 M. Sebastien and M.H. Jijakli



metabolism and potentially involved in mycoparasitic properties (Massart and

Jijakli 2006).

After this identification step, the molecular tools developed to disrupt candidate

genes could be applied to further characterize their implication in biocontrol

properties.

Open Proteomic Approach

The proteomic approach also corresponds to an open strategy studying the cell

protein contents and highlighting the variations in the proteome according to the

different conditions tested. It is complementary and often combined with

transcriptomic approach as it targets the gene product instead of the transcribed

mRNA. Kwasiborski et al. (2012) developed an in situ model and an extraction

protocol both compatible with a 2-D gel electrophoresis protocol (see Fig. 10.3).

The developed in situmodel allowed exchanges between organisms, maintained the

inhibitory effect of the antagonist while obtaining yeast quantity compatible with

the downstream proteomic study and limiting the apple constituents’

contaminations.

Proteins from strain Kh6, a haploid strain derived from strain K and presenting

the same biocontrol properties, were extracted in exponential and stationary phases

in the presence or absence of B. cinerea (Kwasiborski et al. 2014).

Exponential and stationary phase proteomic profiles differed, suggesting differ-

ent physiological states of the yeast. In the exponential phase, results showed that

most of the proteins influenced by the presence of the pathogen were involved in the

energetic metabolism and in the protein synthesis. In the absence of the pathogen,

Fig. 10.3 In situ proteomic experiment to identify proteins specifically produced by P. anomala
strain K in presence of B. cinerea in apple wounds
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strain Kh6 produces energy through the glycolysis pathway while the presence of

the pathogen oriented the energetic metabolism to the oxidative phosphorylation.

More specifically, the BCA activates the pentose phosphate pathway. In addition,

the presence of the pathogen led to an overexpression of proteins involved in

nucleotides synthesis and transcription. These adaptations suggested that strain

Kh6 modified its metabolism to optimize energy and nucleic acids production in

order to colonize the wound as fast as in the absence of the pathogen.

During the stationary phase, strain Kh6 orientated its metabolism to the alco-

holic fermentation in order to face the nutrients impoverishment of the wound,

whatever the presence or absence of the pathogen. However, the overexpression of

proteins implicated in the protein synthesis seemed to indicate a metabolic delay of

strain Kh6 in presence of the pathogen.

These results showed that, in the presence of Botrytis cinerea, strain Kh6 is able
to colonize efficiently the wound and to adapt its metabolism for limiting the

growth and nutrient use of B. cinerea. This explained and confirmed the previous

observations based on microbiological studies and suggesting a role of colonization

in the mode of action of the strain.

Ecological Studies on Strain K and Strain O

Ecological studies are focused on the influence of environmental parameters on the

growth and biocontrol properties of a BCA. These ecological studies on the BCA

can also be completed by similar studies on the targeted pathogens to allow a better

understanding of the complex relationship between both microorganisms.

Ecological studies will address key questions for the BCA. For a post-harvest

application, the ecological studies will evaluate if the BCA is well adapted to the

existing storage conditions. Moreover, the comparison with pathogen’s niche will

allow the selection of the most appropriate storage condition to control the patho-

gen, favoring BCA growth and limiting pathogen’s growth. For a pre-harvest

application, ecological studies will highlight the adverse environmental parameters

hampering the establishment and the growth of the BCA. This knowledge will

allow the development of a formulation limiting this negative influence.

Ecological studies can be done on artificial media in vitro as a pre-screening

experiment or in situ on fruit surface as a confirmation experiment. In any case,

in vitro studies must be completed by in situ experiments. The environmental

parameters most often evaluated are the UV radiation, the relative humidity

(or water activity in vitro) and the temperature.
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UV Radiation

The influence of artificial UV-B radiation on strain K was evaluated in Petri dishes

and in situ on apple. Clear differences in LD90 values were observed between both

conditions: 1.6 kJ/m2 in vitro (0.69 h of natural sunlight) and 5.76 kJ/m2 in situ
(2.46 h of natural sunlight). In order to protect strain K against the adverse effect of

sunlight, eight UV-protectants were tested in vitro and in situ alone or in combina-

tion (Lahlali et al. 2011a). Five of the selected UV-protectants reduced yeast

mortality caused by UV-B radiation on apple fruit surfaces. Amongst them, lignin

and folic acid, increased significantly the ability of strain K to control in situ the

post-harvest pathogen Penicillium expansum while the three other ones decreased

the biocontrol efficacy. For strain O, the LD90 values were 1.45 kJ/m2 in vitro and

5.5 kJ/m2 in situ. Amongst the tested UV-protectants, riboflavin and uric acid were

effective in situ to protect strain O against UV treatment. The addition of uric acid

to strain O in biocontrol assays against P. expansum did not modify significantly the

biocontrol efficacy (49.2 % vs. 47.7 %) (Lahlali et al. 2011b).

These in situ results must be further confirmed by real pre-harvest application

with the selected UV-protectants.

Relative Humidity, Temperature and Initial Concentration

The environmental parameters influencing the biocontrol properties can be studied

alone, like for UV light, or in combination. This latter option is particularly

interesting to investigate the effects of parameters which might have synergic or

antagonist actions on biocontrol efficacy. Nevertheless, studying the combined

effects of several parameters might complicate the experimental design as the

number of conditions to be compared growths exponentially.

For example, the effects of relative humidity (RH) and temperature should

preferably studied in combination as they are often closely linked to each other.

Lahlali and coworkers (2008) developed models to predict the combined effects of

RH (75–98 %), temperature (5–25 �C) and applied concentration (104–108 CFU/

ml) on the in situ growth of strain K and of strain O. Importantly, a Box and

Behnken (1960) experimental design was applied to optimize the number of

experiments. Multiple regression analyses showed that the model yielded a good

prediction of yeast density. The RH had a greater effect than temperature. The

number of yeast cfu per square centimeter of apple fruit surface increased with

increasing RH, temperature, and initial applied yeast concentration. The optimal

growth conditions corresponded to 25 �C and 98 % HR for both strains (Lahlali

et al. 2008). These in situ results confirmed previous in vitro experiments showing a

higher effect of water activity compared to temperature (Lalhali, unpublished

results).
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Results, Practical Advances Gained from Fundamental

Research

Optimizing the Concentration of the BCA for Effective
Protection

Modelling the growth of strain K and strain O, was particularly useful in order to

select the most appropriate quantity of cells to be applied to reach a yeast density on

apple surface which ensure an efficient protection against post-harvest pathogens.

The models predicted that an initial application of 2.107 (strain O) or 107 CFU/ml

(strain K) allowed to reach the threshold density of 104 CFU/cm2.

Predicting the BCA Population Density After Pre-harvest
Application

The developed model is able to predict the yeast population densities on the apple

surface 48 h after field spraying of biocontrol agents (Lahlali et al. 2009).

Depending on weather conditions, it might therefore be useful to evaluate the

success of BCA colonization after pre-harvest application and to decide if an

additional post-harvest treatment should be recommended.

Adapting the Storage Conditions

The effect of environmental parameters on the growth of pathogens can also be

modeled (Lahlali et al. 2006). The models built for the BCA and for the pathogen

can be compared in order to identify ecological conditions favorable to the BCA

and adverse for the pathogen. For strain K and strain O, it might be recommended to

maintain saturated HR at the beginning of post-harvest conservation as it has a

negative influence only on P. expansum growth and not the development of both

antagonistic strains.

Optimizing the BCA Formulation

The ecological studies highlighted the sensitivity of strain K against UVB and the

development of a protecting formulation has been mentioned above. The results

highlighted the positive effect of UV-protectant against UVB radiations.
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The model developed for strain K and O suggested also an important effect on

low RH on the in situ growth of the strain. Thanks to theses observation, the rational
development of a formulation targeting a better tolerance to low RH can be

prioritized for the practical pre-harvest application (Lahlali and Jijakli 2009).

The knowledge of the mode of action can also led to the targeted development of

formulations which will enhance the BCA efficiency. An example might be the

addition of cell wall preparation to BCA controlling the pathogens through

mycoparasitisms or induction of plant defense.

Filling the Regulatory “Dossier”

Knowledge of the mode of action of a BCA will be an asset to get official

registration for commercialization. Indeed, understanding precisely the mode of

action, together with a genome sequencing of the strain, can rule out the antibiotic

production by the BCA. In addition ecological studies can demonstrate the absence

of growth or the death of the BCA at 37 �C, which will minimize the risk of

opportunistic development in human body, more specifically for people with

immune-deficiencies.

Summary

The journey from the isolation of a BCA to its commercialization is particularly

challenging. This chapter highlights the complexity of the interactions and the need

of applying a comprehensive panel of methodologies to get a better insight in the

mode of action and in the ecology of a BCA.

Scientific evidences and strong demonstration of the BCA properties are brought

by a smart combination of in vitro and in situ models, open and targeted strategies,

traditional (microbiology and biochemistry) and innovative (genetic,

transcriptomic and proteomic) technologies. In this chapter, we have also shown

that fundamental researches can led to practical progress in the large scale appli-

cation of a BCA.

More specifically, 20 years of researches have led to a better characterization of

antagonist activity of P. anomala strain K and C. oleophila strain O against post-

harvest pathogens of apple. The increasing knowledge gained on strain O through-

out these years has been crucial in the successful registration of this strain at EU

level in 2013 (Product name: Nexy from Lesaffre company – France). Fortunately,

the experience gained from this long development will most probably shorten

considerably the time between isolation and commercialization for a new BCA in

the future.
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Chapter 11

Integrated Postharvest Strategies
for Management of Phytophthora Brown Rot
of Citrus in the United States

James E. Adaskaveg and H. Förster

Abstract Brown rot caused by several species of Phytophthora is an economically

important disease of citrus fruit. Crop losses may occur in the orchard or after

harvest. Recently, brown rot has become a quarantine issue with some of

California’s trading partners, and effective management programs are needed.

The disease can be controlled with field applications of copper or with systemic

phosphonate (e.g., fosetyl-Al; potassium phosphite) and phenylamide (e.g.,

mefenoxam) fungicides. To potentially increase the degree of brown rot control

in an integrated approach, we evaluated the efficacy of postharvest treatments.

Using orange fruit inoculated with P. citrophthora in laboratory and packingline

studies, potassium phosphite, mandipropamid, fluopicolide, and azoxystrobin were

highly effective as pre-infection treatments. Only potassium phosphite was also

effective as a post-infection treatment and thus, has the potential to prevent decay

from pre-existing infections occurring shortly before harvest in the orchard. A dip

of inoculated fruit in water at an average temperature of 56 �C was similarly

effective to potassium phosphite applied at ambient temperature. Brown rot inci-

dence was lowest using a combination treatment of heated potassium phosphite

(with or without imazalil added) and a spray application of imazalil and TBZ in

packing fruit coating. Our data indicate that postharvest potassium phosphite can be

effective for the management of brown rot of citrus fruit using existing packing line

equipment. Incidence of disease can be reduced to very low levels with an inte-

grated management approach that includes orchard practices (e.g., tree skirting,

Phytophthora root rot control), preharvest fungicide applications (e.g., copper or

newer modes of action), and postharvest phosphite at ambient temperature or as a

heated treatment. Potassium phosphite has an exempt from residue status in the

United States but not in many export markets. Efforts are underway to establish

international maximum residue limits (MRLs) with our trade partners. Fluopicolide

and mandipropamid are proposed for preharvest use in citrus orchards for managing

Phytophthora root rot and brown rot. Registrations of several fungicides will help in
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the implementation of resistance management strategies such as rotations or mix-

tures to ensure the long-term usage of these compounds.

Keywords Potassium phosphite • Fungicide resistance • Pre- and postharvest

treatment • Hot water treatments

Introduction

Species of Phytophthora are soil-borne, fungal-like organisms that belong to the

Stramenopila (also called Chromista) kingdom in the tree of life. They evolved a

similar growth habit to that of true fungi and cause diseases of many different plants

ranging from annual herbaceous to perennial woody tree species. On citrus, a

number of Phytophthora species have been reported including the subtropical to

temperate P. parasitica Dastur (syn. P. nicotianae Breda de Haan), the cooler

climate species P. hibernalis Carne and P. syringae (Kleb.) Kleb., the Mediterra-

nean climate species P. citricola (Kleb.) Kleb. and P. citrophthora (R.E. Sm. &

E.H. Sm.) Leonian, as well as the subtropical to tropical species P. palmivora
(E.J. Butler) E.J. Butler (Erwin and Ribeiro 1996). These species cause citrus

diseases such as root rot, foot rot, and trunk cankers (e.g., gummosis), as well as

brown rot of fruit. In California, P. parasitica, P. hibernalis, P. syringae, and
P. citrophthora occur in all growing regions with P. hibernalis the least frequently
isolated pathogen. The relative importance of these species varies with time of the

year. P. parasitica is most prevalent from late spring to early fall, whereas the other

species are more abundant in the cooler seasons.

Depending on the species of Phytophthora that cause fruit brown rot, the

pathogen persists in the soil as chlamydospores or oospores, or the organism may

survive as mycelium in decaying roots or fallen, diseased fruit. Free water is

required for dissemination and infection of the host. At high soil moisture contents,

sporangia develop within 18 h from germinating chlamydospores or oospores or

from mycelium. Zoospores are formed in sporangia and are the most important

infective propagules. They are released, and may then be splashed onto

low-hanging fruit. At temperatures between 14 and 23 �C, a continuous wetness

period of 3 h is necessary for fruit infection (Eckert and Eaks 1989). New gener-

ations of sporangia will again release zoospores if wet conditions persist, and

serious brown rot epidemics may occur. The length of the continuous rainy period

is the most important predictor of brown rot epidemics. Wetness, however, can also

be from orchard irrigation.

In many citrus-growing areas of California, brown rot is mostly observed in the

winter Navel orange harvest season when most of the annual rainfall occurs. The

fruit disease may occur alone or with Phytophthora root rot, foot rot, or trunk

gummosis present on the same tree. Brown rot develops mainly on fruit in the lower

tree canopy especially those growing near the ground. Therefore, removing lower

tree branches (‘tree-skirting’) is a cultural practice to reduce losses from brown rot.
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Infections by Phytophthora spp. cause an olive-brown discoloration of the rind, and
fruit have a distinctive pungent, aromatic odor. Fruit remain firm and leathery, but

they may be invaded by secondary decay organisms that cause the fruit to rapidly

deteriorate. Infected fruit usually fall to the ground. At very high humidity, fruit

become covered by a delicate white growth of the fungus.

Economic Aspects of Brown Rot of Citrus

Brown rot is an economically important disease of all citrus species, but crop losses

are very sporadic and are associated with seasons with high rainfall. Losses may

occur in the orchard or as postharvest decays. One of the most serious aspects of the

disease is when fruit are infected before harvest and do not show symptoms. If

infected fruit get mixed with healthy fruit, the disease may spread quickly from fruit

to fruit in storage and during transit resulting in many fruit becoming affected. In

addition, brown rot-infected fruit are readily colonized by wound pathogens such as

Penicillium and Geotrichum spp. Some growers will not harvest fruit if the inci-

dence of brown rot in groves exceeds 5 %. Recently, brown rot has become a

quarantine issue with some of California’s trading partners. Specifically, some

species of Phytophthora such as P. syringae occur in California but have not

been reported in some Far East countries. Quarantine laws prevent the dissemina-

tion of pathogens and when a quarantine pathogen is detected in imported fruit,

future shipments of fruit to these countries may be prohibited. Thus, maintaining

trade with these countries requires effective brown rot management programs that

reduce the amount of disease to below detection levels.

Current Management Practices

Historically, brown rot of citrus has been managed with field applications of

Bordeaux mixture (copper sulfate and hydrated lime in water) prior to rainy periods

during the harvest season. More recently, fixed or neutral coppers (e.g., copper

hydroxide, copper oxide), mixed with hydrated lime to prevent copper phytotoxic-

ity, are commonly being used. Depending on the amount of rainfall, more than one

application of copper may be necessary. Additional fungicide field treatments have

been evaluated over the years (Cohen 1981; Cohen and Coffey 1986) and currently,

systemic phosphonate (e.g., fosetyl-Al; potassium phosphite) and phenylamide

(e.g., mefenoxam) fungicides are registered as preharvest treatments of bearing

citrus trees in the United States. These foliar field applications can be very effective,

providing control of brown rot before harvest when applied up to several weeks

prior to infection. To potentially increase the degree of brown rot control in an

integrated approach, to prevent the spread of brown rot to healthy fruit in storage,

and to inhibit incipient or quiescent infections of apparently healthy fruit from
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developing into decays during fruit storage, transportation, and marketing, we

evaluated the efficacy of postharvest treatments. These could be especially valuable

when preharvest treatments were not applied.

Postharvest treatments for brown rot control have been evaluated previously by

others in some countries, but have never been pursued for registration in the United

States until very recently. In the 1980s and 1990s, the efficacy of postharvest

applications of the phosphonate fungicide fosetyl-Al was demonstrated in reducing

the incidence of brown rot of citrus fruit (Gutter 1983; Tuset and Portilla 1990). The

latter authors used mycelium, zoospores, and fruit contact assays in their studies. In

the assays with zoospore inoculum, pre- and post-infection activity of fosetyl-Al

was demonstrated. The phenylamide metalaxyl was also shown to be effective as a

postharvest treatment against brown rot of citrus (Cohen 1981; Cohen and Coffey

1986). Our postharvest evaluations focused on the use of potassium phosphite,

mandipropamid, fluopicolide, and azoxystrobin (Förster et al. 2013). Phosphonate

fungicides have residue exempt status in the United States and several formulations

have postharvest registrations.

In Vitro Toxicity of Potassium Phosphite Against
Phytophthora spp.

The activity of potassium phosphite against mycelial growth of P. citrophthora and
P. syringaewas evaluated in agar dilution tests. Regressions of percent inhibition of
mycelial growth on log10 concentration of potassium phosphite are shown in

Fig. 11.1. The regressions were very similar for both species and were approxi-

mately parallel with slopes of 23.1 for P. citrophthora and 22.6 for P. syringae.
EC50 values derived from these regressions were determined to be 5 and 10 mg/L,

respectively; whereas EC95 values were 500 and 1,000 mg/L, respectively.

The direct toxicity of potassium phosphite to Phytophthora species has been

demonstrated previously and growth inhibition of >90 % of P. cinnamomi,
P. palmivora, and P. parasitica in a liquid medium was obtained by 8,000 mg/L

potassium phosphite (Smillie et al. 1989). This concentration is in the same

magnitude as in our study using a solid agar medium, and thus, these five species

of Phytophthora have similar sensitivities to potassium phosphite. Moreover,

fungicide labels for commercial products of potassium phosphite do not differen-

tiate among species for usage in the management of Phytophthora diseases.
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Evaluation of Postharvest Treatments for Management
of Citrus Brown Rot

Treatments were evaluated in laboratory and commercial packingline studies on

fruit inoculated with P. citrophthora. This species of Phytophthora was chosen

because it is a major cause of fruit brown rot in the winter Navel orange harvest

season. In an initial comparison of four fungicides applied at rates recommended by

the registrants, Navel orange fruit were non-wound, drop-inoculated with zoospores

(60,000 zoospores/ml) either 12 h before treatment to evaluate the post-infection

activity of the treatments or 12 h after treatment to evaluate the pre-infection

activity. Dip treatments for 15 s were done with aqueous solutions. Fruit were

incubated for 8 days at 20 �C and then evaluated for the incidence of brown rot.

Potassium phosphite, mandipropamid, fluopicolide, and azoxystrobin were all

highly effective as pre-infection treatments reducing the incidence of brown rot

from 85.5 % in the control to 0 % (i.e., mandipropamid), 0.7 % (i.e., fluopicolide),

6.2 to 1.3 % (i.e., potassium phosphite 630 and 1,260 mg/L, respectively), or 10.5 %

(i.e., azoxystrobin) (Fig. 11.2). Only potassium phosphite at 630 or 1,260 mg/L was

also effective as a post-infection treatment and can prevent decay from pre-existing

infections that occur shortly before harvest in the orchard. Still, postharvest treat-

ments with mandipropamid, fluopicolide, or azoxystrobin that demonstrated no

post-infection activity in these experiments could be beneficial because new infec-

tions in storage from contact with diseased fruit can be prevented.

Commercial postharvest fungicide applications to citrus fruit in California

are currently mostly done as staged applications with heated (reservoir temperature

52–58 �C) dip or drench applications of aqueous bicarbonate and fungicide

solutions that are followed by a non-heated fungicide spray in a fruit coating.

Additional laboratory studies were done to simulate these practices and work

towards a postharvest treatment that is effective against Penicillium decays as

well as Phytophthora brown rot. Because potassium phosphite has an exempt
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registration status in the United States and, as shown above, has pre-and post-

infection activity, we focused on this compound for brown rot control. Fruit were

inoculated with zoospores of P. citrophthora (10,000 zoospores/ml) and incubated

for 20 h at 20 �C. Aqueous 15-s dip treatments were done at ambient temperature

(22–25 �C) or as a heated treatment. The temperature of the heated solution was

adjusted to 60 �C, and this temperature dropped to approximately 52 �C after

dipping each fruit replication, resulting in an average temperature of 56 �C. The
fungicide solution was allowed to run off the fruit (simulating a sponge roller

treatment in the packinghouse), and fruit were then sprayed with a fungicide

solution prepared in a carnauba-based fruit coating. Fungicides used were

potassium phosphite, imazalil, and thiabendazole (TBZ), the latter two being

long-time standards for control of Penicillium decays. Fruit were incubated for

8 days at 20 �C and then evaluated for the incidence of brown rot. As shown in

Fig. 11.3, imazalil and TBZ had no effect on Phytophthora brown rot when applied

at ambient temperature. A dip in water at 56 �C was similarly effective to potassium

phosphite applications done at ambient temperature, and brown rot incidence was

significantly reduced from that of the control. This indicates that Phytophthora
infections are very heat-sensitive and this characteristic can be deployed in a

management program. In this study, the lowest levels of brown rot were obtained

by a combination treatment of heated potassium phosphite (with or without imazalil

added) with a spray application of imazalil and TBZ in packing fruit coating. These

data demonstrated that potassium phosphite applications have potential to be

integrated with standard commercial packinghouse applications.

Potassium phosphite was subsequently evaluated in a commercial packingline

study where inoculated, experimental fruit were treated alongside commercial fruit.

Water (control)

Potassium phosphite 630 mg/L

Potassium phosphite 1260 mg/L

Mandipropamid 300 mg/L

Fluopicolide 300 mg/L

Azoxystrobin 600 mg/L

0 20 40 60 80 100 0 20 40 60 80 100
Incidence of brow n rot (%)

Post-infection 
activity

Pre-infection 
activity

a a

a

a

a

b

b

b

bc

cd

cd

d

Fig. 11.2 Evaluation of postharvest treatments in the laboratory for control of brown rot of Navel

oranges. Fruit were inoculated with zoospores of Phytophthora citrophthora either 12 h before

(i.e., post-infection activity) or after (i.e., pre-infection activity) dip treatments with aqueous

solutions. Fruit were incubated for 8 days at 20 �C and then evaluated for the incidence of

brown rot
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Fruit were treated 20 h after inoculation in a heated (average temperature 55 �C)
flooder containing imazalil or imazalil-potassium phosphite for approximately 11 s.

Fruit then passed over a sponge roller bed, was spray-treated with 1,000 mg/L

imazalil and 3,600 mg/L TBZ in a carnauba-based packing fruit coating, and dried

by heat exposure. Fruit were then incubated for 8 days at 20 �C and evaluated for

the incidence of brown rot. As shown in Fig. 11.4, the heated imazalil treatment

significantly reduced the incidence of brown rot, but in combination with potassium

phosphite, brown rot was reduced from 45 % in the control to an incidence of 8.8 %

(an 80 % reduction).

Although heat treatments alone can be very effective, additional studies indi-

cated that temperatures have to be accurately monitored for highest efficacy. In

laboratory studies an average reservoir temperature of 56 �C was very effective in

reducing the incidence of brown rot from that of the control, however, 50 �C was

only slightly effective. In the commercial study, a significant reduction of brown

was obtained with imazalil heated at 55 �C, but reduction was not as high as in the

laboratory study indicating that additional variables such as fruit temperature and

treatment duration contribute to the efficacy of the heat treatment. Still, postharvest

packinglines can be engineered to account for these variables to obtain effective

management.
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Incidence of brown rot (%)
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Water (control) ambient  ---

Water 56C  ---

Imazalil 1000 mg/L ambient Imazalil 1000 mg/L 
+ TBZ 3500 mg/L

Potassium phosphite 2000 mg/L ambient  ---

Potassium phosphite 2000 mg/L ambient Imazalil 1000 mg/L 
+ TBZ 3500 mg/L

Potassium phosphite 2000 mg/L 56C Imazalil 1000 mg/L 
+ TBZ 3500 mg/L

Potassium phosphite 2000 mg/L 
+ imazalil 1000 mg/L ambient Imazalil 1000 mg/L 

+ TBZ 3500 mg/L

Potassium phosphite 2000 mg/L 
+ imazalil 1000 mg/L 56C Imazalil 1000 mg/L 

+ TBZ 3500 mg/L

Aqueous dip Fruit coating 
sprayChemical Temperature

Fig. 11.3 Evaluation of postharvest treatments in the laboratory for control of brown rot of

oranges. Fruit were inoculated with zoospores of Phytophthora citrophthora, incubated at

20 �C, and treated after 20 h. Aqueous 15-s dip treatments were followed by spray applications

in a carnauba-based packing fruit coating. Fruit were incubated for 8 days at 20 �C and then

evaluated for the incidence of brown rot
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Summary

Our data indicate that postharvest potassium phosphite applications can be effective

for the management of brown rot of citrus fruit using existing packing line equip-

ment for the application of registered fungicides. Incidence of disease can be

reduced to very low levels with an integrated management approach that includes

orchard practices (e.g., tree skirting, Phytophthora root rot control), preharvest

fungicide applications (e.g., copper or newer modes of action), and postharvest

phosphite at ambient temperature or as a heated treatment. If postharvest hot water

treatments are used, reservoir and fruit temperatures, as well as exposure times have

to be carefully monitored and the packingline has to be engineered for this appli-

cation. An integrated approach using a combination of pre- and postharvest prac-

tices minimizes fruit losses from decay in all steps of the postharvest handling chain

and will aid in the international marketing of California fruit. As indicated above,

potassium phosphite has an exempt status in the United States but not in many

export markets. The compound is labeled in the United States for use against green

mold and brown rot. Rates required to obtain a reduction in green mold, however,

are extremely high (i.e., 8,000–12,000 mg/L) compared to rates needed for brown

rot management (1,000–4,000 mg/L). Efforts are underway for registration of

potassium phosphite formulations through the US Interregional Program 4 (IR-4)

to establish international maximum residue limits (MRLs) with our trade partners.

Additionally, we were successful in requesting preharvest registrations for

fluopicolide and mandipropamid for use in citrus orchards for managing

Phytophthora root rot and brown rot of fruit. These compounds were selected

because they have different modes of action against the pathogens. The

phosphonates, mandipropamid, and fluopicolide belong to FRAC (Fungicide Resis-

tance Action Committee) groups 33, 40, and 43, respectively. Registrations of

several fungicides will help in the implementation of resistance management

strategies such as rotations or mixtures to ensure the long-term usage of these

compounds.

Control (untreated)

Imazalil 1000 mg/L

Imazalil 1000 mg/L

0 10 20 30 40 50

Incidence of brown rot (%)

a

b

c
 + potassium phosphite 1000 mg/L

Fig. 11.4 Evaluation of postharvest treatments in a commercial packinghouse for control of

brown rot of Navel oranges. Fruit were inoculated with zoospores of Phytophthora citrophthora
and treated after 20 h in a heated (average temperature 55 �C) flooder for approximately 11 s. This

was followed by a spray application with 1,000 mg/L imazalil and 3,600 mg/L thiabendazole

(TBZ) in a carnauba-based packing fruit coating. Fruit were incubated for 8 days at 20 �C and then

evaluated for the incidence of brown rot
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