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  Pref ace   

  Botrytis,  a fungal genus, is the focus of intensive scientifi c research worldwide. The 
complex interactions between this pathogen and the plants it infects (referred to col-
lectively as the pathosystem) and the economic importance of the diseases caused 
by  Botrytis  on more than 1400 species of cultivated plants, many of which are 
important agricultural crops, render this pathogen of particular interest to farmers, 
agriculture experts, advisers, extension staff, students and researchers in many fi elds 
worldwide. 

 The idea for this book arose from the  Botrytis  symposium that took place in June 
2013 near Bari, Italy. A book published on  Botrytis  in 2004 ( Botrytis :  Biology, 
Pathology and Control , Elad Y, Williamson B, Tudzynski P. Delen N (eds), Kluwer 
Academic Publishers (Springer)) has become the reference book on this subject. 
However, new aspects of the biology of  Botrytis  have since come to light, making it 
essential to publish a new edition. 

 This book is the product of intensive work by 41 authors, all of whom are leading 
scientists from various scientifi c disciplines studying  Botrytis  as a fungus and as a 
pathogen. The authors of this book have amassed state-of-the-art knowledge on 
diverse topics, including  Botrytis  epidemiology, disease management, biological 
and chemical control and aspects of the plant-pathogen interactome, including viru-
lence factors and defence processes, signalling cascades, the oxidative burst and 
general biological aspects, such as vegetative incompatibility, mycoviruses and the 
revised  Botrytis  species concept. This book also provides reviews of the genetic and 
postgenomic analyses, such as transcriptomics and proteomics, used to study 
 Botrytis  biology and pathogenicity. 

 This 20-chapter book is a comprehensive treatise covering the rapidly developing 
science of  Botrytis  and refl ecting the major developments in studies of this fungus. 
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It will serve as a source of general information for specialists in agriculture and 
horticulture, but also for students and scientists interested in the biology of this 
fascinating, multifaceted phytopathogenic fungal species.  

    Thiverval-Grignon ,  France      Sabine     Fillinger   
    Bet Dagan ,  Israel      Yigal     Elad       

Preface
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    Chapter 1   
  Botrytis , the Good, the Bad and the Ugly                     

       Yigal     Elad     ,     Melané     Vivier    , and     Sabine     Fillinger    

    Abstract      Botrytis  spp. are effi cient pathogens, causing devastating diseases and 
signifi cant crop losses in a wide variety of plant species. Here we outline our review 
of these pathogens, as well as highlight the major advances of the past 10 years in 
studying  Botrytis  in interaction with its hosts. Progress in molecular genetics and 
the development of relevant phylogenetic markers in particular, has resulted in the 
characterisation of approximately 30 species. The host range of  Botrytis  spp. 
includes plant species that are members of 170 families of cultivated plants.  

  Keywords     Host range   •   Control strategies   •   Genomics   •   Fungus-plant interaction  

1.1       What Makes  Botrytis  Species Such Threats? 

 The genus  Botrytis  is highly diverse, with numerous species identifi ed that differ in 
terms of their biology, ecology, morphological features and host range. Intensive 
research has been carried out since the publication of the previous Botrytis book 
(Elad et al.  2004 ). Progress in molecular genetics and the development of relevant 
phylogenetic markers in particular, has resulted in the characterisation of approxi-
mately 30 species, of which 7 new species, a hybrid and a species complex have 
been identifi ed in the last decade (Chap.   6    ). 
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 Species of  Botrytis  are responsible for heavy losses in a number of economically 
important horticultural and fl oral crops. Most species have a limited host range 
attacking either monocotyledonous or dicotyledonous plants. A notable exception is 
 B. cinerea  with a very wide host range (Chap.   20    ), but  B. pseudocinerea  was found 
on diverse plant hosts as well and may be suspected to have also a broad host range 
as well (Walker et al.  2011 ; Plesken et al.  2015 ). The plant hosts of  Botrytis  spp. 
include species of 170 families of cultivated plants (Chap.   20    ). 

 The pathogen displays an extraordinary variability in phenotypic traits, making 
it a model for studying sources of variation in fi lamentous fungi. Moreover, evi-
dence that some species can be present as (non-symptomatic) endophytes is increas-
ing (Chap.   2    ). Epidemics of  Botrytis -incited grey mould are common in open fi elds, 
orchards and greenhouses (Fig.  1.1 ). These infections are promoted by high humid-
ity. A  Botrytis  epidemic comprises a sequence of processes, each of which is infl u-
enced by the host and the surrounding environment (Chap.   7    ). For most 
 Botrytis -induced diseases, the pathogen disperses by large amounts of air-dispersed 
conidia. Hence aerobiology plays a key role in understanding the epidemiology of 
 Botrytis  spp., since they have developed a variety of strategies to infect and colonise 
their host (Chap.   7    ).

   With regard to control, different cultural methods aiming to reduce humidity can 
be combined for improved disease suppression (Chap.   8    ), in addition to application 
of chemical botryticides or biocontrol treatments. Recent years have seen the 
 development of many biological control agents and other biopesticides, such as 
plant extracts, minerals and organic compounds, against  Botrytis -incited diseases 
(Chap.   9    ). Chemical control based on the application of synthetic fungicides, 
 however still constitutes the principal means of effi cient and reliable protection of 

  Fig. 1.1     Botrytis cinerea  on a lisianthus cotyledon (Photo: Yigal Elad)       

 

Y. Elad et al.
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many crops (Chap.   10    ). In addition, integrated management programs adopting a 
holistic approach are the key for minimizing postharvest losses caused by  B. cinerea  
(Chap.   11    ).  

1.2     Sex, Drugs and Viruses 

  Botrytis cinerea  is an interesting model system for necrotrophic pathogens, which is 
not simple to deal with. Among natural strains, variations in karyotypes are frequent 
and some isolates of this heterothallic fungus behave as dual-maters without changes 
in the mating-type genes (Chap.   3    ). Genome plasticity and evolution may be due to 
mobile genetic elements, such as transposons (Biémont  2010 ) or inteins, these latter 
elements representing local hotspots for meiotic recombination in fungi (Liu and 
Yang  2004 ). The presence of the active PRP8 intein varies among  Botrytis  spp. and 
 B. cinerea  can display high rates of meiotic gene conversion in crosses between an 
isolate that possesses an intein element and an isolate that doesn’t (Bokor et al. 
 2010 ,  2012 ). Compared to other fungal species, the  B. cinerea  genome seems to be 
rather poor in transposable elements (0.7–4 %). Repeat induced point mutation 
(RIP) of duplicated sequences constitutes another fungal meiotic gene modifi cation 
mechanism involved in genome evolution (Galagan and Selker  2004 ) and might be 
responsible for reduced expansion of transposable elements in this species (Amselem 
et al.  2011 ,  2015 ). Crosses, gene knockouts, site-directed mutagenesis and gene-
fusions are current genetic tools, which can be used in addition to functional genom-
ics to address important biological questions (Chaps.   3    ,   12    ,   13    ,   14    ,   15    ,   16    , and   17    ). 

 The genetic basis of vegetative incompatibility in  B. cinerea  is not known, but is 
presumed to conform to the system found in other ascomycetes. The large number 
of vegetative compatibility groups (VCGs) and limited occurrence of isolates dis-
playing the same VCG suggest that sexual recombination occurs in fi eld popula-
tions of  B. cinerea  (Chap.   4    ). Evidence of recombination and gene fl ow, between 
and within populations, has also been obtained by population genetics as indirect 
evidence for sexual recombination (Chap.   6    ). Interestingly, RNA mycoviruses have 
been found to be widespread in  Botrytis  and some can even attenuate pathogenicity 
of their fungal host (Chap.   5    ). The identifi cation of mycoviruses capable of over-
coming vegetative incompatibility in horizontal transmission could be useful to 
establish mycoviruses as a control mechanism against plant diseases caused by 
 Botrytis  (Chaps.   4     and   5    ).  

1.3     Communicating with the Plant 

 Molecular research, including the complete genome sequencing and analyses of 
two  B. cinerea  strains, has led to a working model outlining the molecular strategy 
used by  B. cinerea  in the infection process. In Chap.   12    , the signifi cant advances 
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made in understanding the molecular mechanisms underlying  B. cinerea  attack on 
susceptible hosts are highlighted. In the last decade, much new knowledge has been 
gained about the signalling cascades that mediate the communication between envi-
ronment and the cellular machinery regulating developmental programs in  B. cine-
rea  (Chap.   13    ). Genomic analyses have been complemented by proteomics and led 
to the identifi cation of new virulence factors (Chap.   16    ). 

 During host-pathogen interactions reactive oxygen species (ROS) are of key 
importance for plant defence, but also for fungal attack. Since  Botrytis  exploits this 
plant defence reaction and even contributes to the oxidative burst, the fungus needs 
a robust oxidative stress responsive system to cope with ROS. Chapter   14     deals with 
the role of ROS in  Botrytis  – host interaction and both ROS generating and detoxify-
ing systems and their importance for pathogenicity.  B. cinerea  has the potential to 
produce many secondary metabolites (SMs) including botrydial and botcinic acid, 
two unspecifi c phytotoxins contributing to the necrotrophic and polyphagous life-
style of the fungus (Chap.   15    ). 

 A key challenge to understand the pathology of  Botrytis  spp. involves unravel-
ling host responses. Chapter   17     updates recent knowledge of the complex regula-
tory mechanisms and multiple downstream defence processes achieved by 
high-throughput ‘omics technologies’. Chapter   18     focuses on the cell walls of host 
plant tissues during infections by  Botrytis  and on fungal enzymes that could modify 
plant cell walls as a consequence of infection. Chapter   19     describes how fruit ripen-
ing gradually reduces host tissue resistance, and how  Botrytis  modifi es its infection 
strategy accordingly.  

1.4     The Good Side of  Botrytis  

  Botrytis cinerea  not only provokes damaging plant diseases but it is also at the ori-
gin of noble rot used for sweet dessert wines (e.g. Sauternes). The incidence of 
noble rot on the grape berries can be extremely variable according to weather condi-
tions. The grapes are dehydrated, concentrating the juice, and the original composi-
tion of botrytized grapes is not only due to the  B. cinerea  metabolism, but also to 
desiccation, known as  passerillage  (Magyar  2011 ). 

 To increase the ability to control the noble rot development, artifi cial induction 
of  B. cinerea  strains in harvested grapes has been tested since the middle of the 
twentieth century and incited researchers to select  B. cinerea  strains with higher 
noble rot effi cacy (Azzolini et al.  2013 ). However, it was shown recently by popula-
tion genetics that  B. cinerea  populations isolated from grey mould and noble rot are 
genetically not different (Fournier et al.  2013 ). Noble rot symptoms therefore do not 
seem to be caused by a specifi c  B. cinerea  population, but instead seem to depend 
essentially on microclimatic conditions, which infer that continuing research on 
climate conditions that promote the production of sweet wines is still necessary.  

Y. Elad et al.
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1.5     What Has Changed Since the Last  Botrytis  Book? 

1.5.1     One Fungus: One Name 

 Pleomorphism is encountered in many of the most important ascomycete plant 
pathogens such as the different morphological forms and different sexual stages. A 
dual system of fungal nomenclature was proposed in 1905, recommending both 
asexual and sexual names for fungi. In that sense,  Botrytis cinerea  is the name of the 
asexual stage (anamorph) and  Botryotinia fuckeliana  that of the sexual stage (teleo-
morph) (Faretra et al.  1988 ). DNA sequence comparisons have made it possible to 
reliably connect asexual states of fungi to their sexual states. A community effort of 
the mycologists was launched in 2011 to simplify the taxonomy and nomenclature 
of fungi, known as the ‘one fungus – one name’ initiative (reviewed in Wingfi eld 
et al.  2012 ). The  Botrytis  community agreed in 2013 at the Botrytis-Symposium in 
Bari to use  Botrytis cinerea  as generic name. For all other species of the same genus, 
the species prefi x  Botrytis  is adopted.  

1.5.2     Agreement on a Common Gene Nomenclature 

 The completion of the  B. cinerea  genome sequences and the automatic annotation 
of more than 10.000 genes have increased the frequency of newly identifi ed genes, 
albeit still different formats of  Botrytis  gene and protein names exist in literature. 
The  Botrytis  community involved in the genome project agreed at the ‘Botrytis- 
Sclerotinia genome workshop’ in Versailles in 2006 on a common gene nomencla-
ture that is summarized in Table  1.1 . Gene names should be written in a 
three-letters-one-digit code. A prefi x “ Bc ” can be used for  B. cinerea  genes if the 
species is ambiguous. Genes and alleles are to be written in lower case italics ( abc1 ), 
while the unifi ed format of protein names is standard characters with the fi rst letter 
in upper case (Abc1). The mutant alleles are in superscript (numbers, known muta-
tion or phenotype abbreviation) following the gene name, ex:  abc1   T324S  , knockouts: 
∆ abc1 . Genotype symbols are italicised, phenotype symbols are not.

   Table 1.1    Proposed nomenclature for  Botrytis  genes and proteins   

 Gene  Protein  Allele  Comment 

  Bcpde1   BcPde1  ∆ Bcpde1   Gene name preceded by  B. cinerea ’s initials; the mutant 
allele is the gene deletion 

  bos1   Bos1   bos1   I365S    The amino-acid replacement of the mutant allele is 
indicated in superscript 

  cyp684   Cyp684   cyp684   HydR2    The phenotype associated to the mutant allele is indicated 
in superscript 

1 Botrytis, the Good, the Bad and the Ugly
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   The following exceptions may apply: (i) for gene families which have ubiquitous 
nomenclature (e.g. ABC-transporters; extracellular polysaccharide degrading 
enzymes, cytochrome P540s, etc.) this general nomenclature should be adapted 
accordingly; (ii) gene names published before 2015 shall not be renamed. This con-
vention may be used for publication purposes.  

1.5.3      Botrytis  Infection: Which Way to Choose? 

  Botrytis  spp. have long been considered exclusively as necrotrophic pathogens, but 
evidence is accumulating that some  Botrytis  species can be present inside plant tis-
sues without triggering disease symptoms and should therefore be considered as 
endophytes. These infections may in some cases induce symptoms at a later stage 
or be transferred by seed propagation. Numerous dicotyledonous plants have been 
found to harbour endophytic  B. cinerea  infestation, although the full implications of 
this type of interaction remain unknown (reviewed in Chap.   2     and Van Kan et al. 
 2014 ). The newly identifi ed species  B. deweyae  is suspected to have emerged as 
pathogen from endophytic origin (Grant-Downton et al.  2014 ). The capacity of 
endophytic development before switching to disease (necrotrophy) makes the infec-
tion cycle more complex and renders  Botrytis  disease management even more chal-
lenging. Identifying the factors that determine the choices in lifestyles of the fungus 
and understanding the underlying regulatory patterns constitute interesting future 
research  foci .  

1.5.4     The Host Range of  Botrytis  

 This book comprises the most complete inventory of  Botrytis  diseases ever reported, 
increasing the reported number of hosts for  B. cinerea  from over 200 (Jarvis  1977 ) 
to more than 1,400 (Chap.   20    ). Fungi belonging to the  Botrytis  genus infect all plant 
parts including seeds, and other planting material, seedlings, stems, leaves, fl owers 
and fruits at pre-harvest and postharvest stages. It is now clear that 596 plant genera 
are known to be affected by  Botrytis  spp. and 586 genera are affected by  B. cinerea  
(Chap.   20    ). Of the 596 genera, the majority belongs to the division of seed plants, 
few (15) belong to the division of fl owerless plants, and only one to the division of 
spore-bearing vascular plants.  Botrytis  host plants include species that grow in a 
variety of climate regions spanning from the tropics to cold regions, in humid as 
well as in dry places, in open fi elds, in greenhouses, in closed environments and 
even during cold storage. Host plants affected by  Botrytis  spp. are native to most 
continents, i.e., the Americas, Africa, Europe, Asia, Australia and various islands 
(Chap.   20    ).  

Y. Elad et al.
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1.5.5     Light Regulation 

 In the past it was demonstrated that  B. cinerea  responds to near-UV, blue, red and 
far-red light. A “two-receptor-model” was postulated in which near-UV/ blue- and 
red/ far-red-reversible photoreceptors are closely interacting to regulate asexual 
reproduction (Epton and Richmond  1980 ). Later it was demonstrated that  B. cinerea  
possesses near-UV-sensing cryptochromes (BcCry1, BcCry2), potential blue light 
sensors (BcWcl1, BcVvd1, BcLov3, BcRgs1), opsins (Bop1, Bop2) as well as red/
far-red light-sensing phytochromes (BcPhy1-3) (Schumacher and Tudzynski  2012 ). 
Exposure of a  B. cinerea  isolate to white light resulted in induction of expression of 
249 light-induced genes, among which genes involved in photoperception, oxida-
tive stress response and transcription (Schumacher et al.  2014 ). Chapter   13     gives an 
overview about light-regulation in  B. cinerea .  

1.5.6     Secondary Metabolites 

 Sequencing and annotation of the complete  B. cinerea  genome (Amselem et al. 
 2011 ) revealed more than 40 clusters of genes dedicated to the synthesis of 
polyketides, terpenes, non-ribosomal peptides and alkaloids which indicates that  B. 
cinerea  has the potential to produce many metabolites that have not been described 
so far (Chap.   15    ). It is suggested that toxins and secondary metabolites (SMs) play 
a signifi cant role in plant tissue colonization and some of these metabolites seem to 
be crucial for necrotrophic behavior (Chap.   13    ). Interestingly, the  Velvet  gene com-
plex was shown to link light-dependent development and secondary metabolism in 
 B. cinerea  (Schumacher et al.  2012 ). Many  B. cinerea  SMs are detailed in Chap.   13    . 
However, besides botcinic acid and botrydial that were shown to be required for 
necrotrophy, the biological role of several other SMs needs to be investigated. The 
role of many SMs was not previously linked to disease development in  Botrytis  and 
still awaits elucidation (Chap.   13    ). Findings so far are just a tip of the iceberg of 
necrotrophic fungal effectors.  

1.5.7     The Plant- Botrytis  Interactome 

 The paradigm of  B. cinerea  infection has been revisited during the past years. It is 
now clear that the pathogenic development of  B. cinerea  is far more complex than 
previously appreciated. Disease progression is tightly regulated during the entire 
infection process, and the fungus makes developmental adaptations that match 
the different infection stages.  Botrytis  infections are “dynamic events” that involve 
 signifi cant crosstalk and even modulation of the reaction of the host by the 
pathogen. An exciting example of such modulation is the uncovering of the role of 
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 B. cinerea  small interfering RNAs (Bc-siRNAs) as effector molecules. Protein 
effectors are known to be delivered into host cells by plant and animal pathogens, 
but the delivery of Bc-siRNAs into plant hosts provides an example of active trans-
kingdom movement of siRNAs (Knip et al.  2014 ). siRNAs could be exchanged 
between cells of an organism, typically leading to gene silencing events in cells and 
tissues. Moreover, pathogen genes can be silenced by plant-produced siRNAs 
through RNA interference (RNAi) when these specifi c genes are targeted through a 
process known as Host-Induced Genes Silencing (HIGS). Interestingly, Bc-siRNAs 
have been shown to utilise the RNAi machinery of the host cell to target and silence 
defense genes in the hosts. The pathogen thus hijacks an inherent host defence com-
ponent to enhance its own pathogenicity (Weiberg et al.  2013 ; Knip et al.  2014 ). 
Both plant (host) machinery and pathogen factors are essential to this sophisticated 
mechanism of modulating the host response (Weiberg et al.  2013 ). 

 Other equally subtle examples of the crosstalk between pathogens and hosts 
include the very interesting observation that  Botrytis  infection can enhance ripening 
in unripe tomatoes (Chap.   19    ). On the other hand, ripeness level in tomatoes also 
infl uences the success of infections: green tomatoes are resistant to  Botrytis , whereas 
ripening tomatoes become susceptible (Fig.  1.2 ). Therefore, the inherent develop-
mental processes and ripening-specifi c changes in organs encountered by  Botrytis  
cause subtle changes to these “substrates” that either make them easy to infect or 
perhaps more resistant. The host cell walls are particularly important in this sce-
nario, since these are the barriers that  Botrytis  needs to breach to gain access to the 

  Fig. 1.2     Botrytis cinerea  
 infection of ripe tomato 
fruit . Close-up photo of  B. 
cinerea  growing on a 
droplet of juice released by 
a wounded ripe tomato 
(Photo by Dario Cantu; 
reproduced with 
permission from PNAS 
(2008) 105: 827; Copyright 
National Academy of 
Sciences, U.S.A.)       
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plant’s sub-tissue to utilise its resources. Genome-wide transcriptional profi ling of 
 B. cinerea  infecting different hosts has led to important insights regarding genes 
targeting plant cell walls to facilitate infection (Blanco-Ulate et al.  2014 ). A large 
number (275) of putatively secreted Carbohydrate-Active enZymes (CAZymes) 
were annotated in the  B. cinerea  genome and it is tempting to speculate that the 
diversity of  Botrytis  CAZymes could contribute to its wide host range (Blanco- 
Ulate et al.  2014 ). This study also shows that  Botrytis  probably modulates its enzy-
matic arsenal depending on the composition of the specifi c host cell walls, clearly 
showing the ability to adapt its infection strategy as per host encountered.

   These examples highlight the importance of studying the infection process as a 
dynamic interaction. Indeed, this is not a new idea; it has been acknowledged and 
appreciated for a while, but implementing strategies to achieve this was particularly 
challenging from an experimental design and technology point of view. The avail-
ability of sequenced genomes of  Botrytis  species, as well as an increasing availabil-
ity of sequenced plant genomes provide essential baseline information to support 
experiments where the interactome of pathogens and hosts can be studied. The 
importance to “follow” an infection cycle with high-resolution using systems- 
biology was recently shown in a study of the  Botrytis  transcriptome in interaction 
with  Arabidopsis  and the evaluation of the data using network-modelling approaches 
(Windram et al.  2012 ).  

1.5.8     Control 

 Although chemical control of  Botrytis  still largely relies on the use of chemical 
pesticides, suppression of diseases can signifi cantly benefi t from cultural manage-
ment of crops mainly by restricting the humidity around the plant and by limiting 
plant surface wetness. Plant and microbial extracts, organic compounds, and bio-
control agents have become available in some countries for  Botrytis  suppression 
either for use at pre- or postharvest. In the last few years, the defi nition of biocontrol 
has been broadened to include a range of alternative means of control (Chap.   9    ). 
Biocontrol relies on various modes of action including induced resistance (IR) i.e., 
application of natural compounds or their derivatives that are able to upregulate 
plant genes contributing to systemic resistance. A major advancement in this fi eld is 
the understanding of the plant responses to the resistance inducers. For instance, 
 Trichoderma  that induces systemic resistance against  B. cinerea  primes salicylic 
acid (SA) and ethylene (ET)-related genes in strawberry (Meller Harel et al.  2014 ). 
Biocontrol induced by biochar primes defence genes in ET and jasmonic acid (JA)-
related pathways in tomato, but biochar-mediated IR in the  B. cinerea -tomato 
pathosystem exclusively involves the JA pathway (Mehari et al.  2015 ). More exam-
ples regarding the advancement in IR research are given in Chap.   9    . 

 New developments based on the combination of biocontrol agents, physical 
means, natural antimicrobials, and decontaminating agents have also been achieved 
with post harvest  Botrytis  management (Chap.   11    ). These alternative methods are 
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effective in small-scale experiments, as standalone treatments, whereas commercial 
applications are less effective. It is recommended to combine alternative methods at 
postharvest (Romanazzi et al.  2012 ; Mlikota Gabler et al.  2010 ) along with pre- 
harvest disease and inoculum suppression. 

 During the last decades, restriction in fungicide application have become neces-
sary to reduce their impact on the environment (Fenner et al.  2013 ) and to limit 
fungicide residues on harvest (Verger and Boobis  2013 ), requiring optimized pro-
tection strategies. At the same time, acquired resistance to most botryticides arose 
in many agronomical situations, sometimes impeding fungicide effi cacy and lead-
ing to additional sprays. Not only are the frequently found target-site modifi cations 
responsible for  Botrytis ’ strong capacity to cope with most fungicides, but active 
fungicide effl ux leading to multiple drug resistance (MDR) is increasingly observed 
in  B. cinerea  (Kretschmer et al.  2009 ; Leroch et al.  2013 ). Chapter   10     gives a 
detailed overview of the current state of knowledge of fungicide resistance to end up 
with strategy proposals combining cropping practices for optimal resistance 
management.   

1.6     New Knowledge, New Tools 

1.6.1      Botrytis  Genomic Resources 

 One of the prominent changes since the previous  Botrytis  book (Elad et al.  2004 ) is 
the determination of the genome sequences of three  B. cinerea  strains, as alluded to 
in many of the book chapters. The fi rst sequencing initiative was launched already 
in the late 1990s by Syngenta, but the sequence of strain B05.10 was only published 
at the same time as the sequence of strain T4, resulting from an international com-
munity effort (Amselem et al.  2011 ). Thanks to the improvement of sequencing 
technologies and the extreme reduction of sequencing costs, improved genome 
sequences and gene annotations of both strains were published only 1 year later 
(Staats and Van Kan  2012 ). The genomes and annotations can be accessed and 
searched at the website of URGI. 1  

 A new, near-complete assembly of the B05.10 genome, based on PacBio 
sequence data and confi rmed by a linkage map and optical map can be accessed 
through the EBI webserver 2  (J. van Kan,  pers. comm .). The assembly consists of 18 
chromosomes (including two mini-chromosomes of 208 and 247 kb, respectively) 
without any internal gaps, of which 10 are full length from telomere to telomere. In 
addition, the genome sequence of the noble rot isolate BcWD1 (Blanco-Ulate et al. 
 2013 ) is accessible in public databases. 3  The three strains differ by roughly 162,000 
SNPs (4 SNPs/kb). 

1   http://urgi.versailles.inra.fr/Species/Botrytis 
2   http://fungi.ensembl.org/Botrytis_cinerea/Info/Index 
3   DBJ/EMBL/GenBank accession no.AORW00000000. 
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 RNA sequencing considerably improved the quality of genome annotation includ-
ing gene prediction for  B. cinerea , but also constitutes the current technology for 
global expression studies (see below). 11,701 genes have been predicted with substan-
tial cDNA support for the last version of the B05.10 genome, while there were 16,448 
predicted genes in the fi rst genome version. The noble rot strain does not differ signifi -
cantly either in genome size or in predicted gene number (11,073). Whether differ-
ences in secreted proteins or CAZymes (Blanco-Ulate et al.  2013 ) constitute a general 
feature of noble rot strains, remains to be investigated. A community effort has been 
organized with support from EBI in the framework of the Ensembl Fungi platform for 
manual annotation of all genes of the  B. cinerea  B05.10 strain.  

1.6.2     Functional Genomics 

 The establishment of the  B. cinerea  genome sequences paved the way to “post- 
genomic” analyses, such as transcriptomics 4  (Chap.   17    ), proteomics and phospho-
proteomics (Chap.   16    ), which allowed the identifi cation of new virulence factors 
(e.g., Frias et al.  2011 ). In addition, high-throughput functional genomics, such as 
random mutagenesis (insertion-library) or site-directed mutagenesis with optimized 
tools (Schumacher  2012 , Fig.  1.3 ) have become possible, but also the identifi cation 
of transcription-factor binding sites through a yeast-one hybrid approach (Simon 
et al.  2013 ). All published gene knockout mutants for  B. cinerea  can be retrieved on 

4   http://www.ncbi.nlm.nih.gov/gds/?term=Botrytis+cinerea[Organism] 

  Fig. 1.3     GFP-tagged   Botrytis cinerea   hyphae . The observed green fl uorescence is due to the 
following localisations: ( a ) cytosolic (not nuclear); ( b ) membrane; ( c ) hyphal tip and septum 
(F-actin); ( d ) endoplasmic reticulum; ( e ) nuclei; ( f ) cytosolic and nuclear; ( g ) peroxisomes; ( h ) 
mitochondria (Microscopic images kindly provided by R. Marschall and J. Schumacher)       
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a dedicated web site. 5  Genetic and genomic tools are important resources to get 
deeper insights into the fungal biology, to identify pathogenicity factors and new 
fungicide targets. They also accelerate the identifi cation of naturally occurring 
mutations such as those involved in fungicide resistance.

1.6.3        Genome Perspectives 

 The genomes of six additional  B. cinerea  strains and of 11 different  Botrytis  species 
( B. calthae ,  B. convoluta ,  B. elliptica ,  B. galanthina ,  B. hyacinthi ,  B. paeoniae ,  B. 
porri ,  B. narcissicola ,  B. tulipae ,  B. fabae ,  B. pseudocinerea ) have been sequenced 
(Staats and Van Kan, unpublished data; M. Hahn,  pers. comm .). Large scale intra- 
and inter-species comparison will certainly help to understand some aspects of 
genome plasticity in  Botrytis , such as variation in karyotypes (Chap.   3    ) or infection 
development (endophytic versus necrotrophic behaviour; grey mould versus noble 
rot), but also factors involved in the adaptation to the biotic and abiotic environment 
(plant hosts, fungicides, microclimate conditions). Interspecies comparison may 
allow to trace the evolutionary history of dispensable genomic elements, e.g., the 
bikaverin gene cluster (Campbell et al.  2013 , Chap.   15    ) and facilitate our under-
standing of host adaptation.   

1.7     Conclusions 

 Fungi of the genus  Botrytis  are important pathogens of many economically impor-
tant crops, such as grapevine and many other crops, at pre- and post-harvest stages 
(Chap.   20    ). Intensive research has led to accumulation of important information on 
 Botrytis  spp. and their establishment in host tissues. The recent advances in  Botrytis  
research surely will all have a major impact on disease prevention and control. 
However, further research efforts are needed on these fungi and their interactions 
with plants. For instance, it has been clear for a very long time that  Botrytis  spp., 
particularly  B. cinerea , are necrotrophs, until recent studies have demonstrated that 
some species can act as endophytes in plants. The study of the endophtyic processes, 
the host reactions to the endophytic phase, as well as the switch from an endophytic 
to an aggressive stage needs to be prioritised to improve  Botrytis  management. 

 There is a signifi cant importance in genetic analysis of  Botrytis  (Chap.   3    ). The 
large number of vegetative compatibility groups (VCGs), the limited occurrence of 
isolates displaying the same VCG (Chap.   4    ) and population genetics (Chap.   6    ) indi-
cate that sexual recombination occurs in  B. cinerea  populations. Despite this, only 
limited reports of actual apothecia present in natural fi eld settings are available. This 
calls for further research into the role of the sexual stage in shaping the variability 
of  Botrytis  spp. There is evidence for a high proportion of  B. cinerea  isolates 

5   http://botbioger.versailles.inra.fr/botmut/ 
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 containing mycoviruses (Chap.   5    ). In view of the vegetative incompatibility 
 abundance in  Botrytis  forming barriers for movement of mycoviruses in fungal 
populations, it is crucial to discover and to characterize novel mycoviral species in 
 Botrytis , but also to test their potential in biocontrol of the pathogen. Furthermore, 
genetical and phenotypical variation in  Botrytis  populations is immense (Chaps.   3     
and   6    ). 

 Improved knowledge of the components of variability and of epidemiological 
(Chap.   7    ) behaviour like spatial distribution of disease and inoculum has been 
achieved and needs to be pursued. This may also help to reduce  Botrytis -incited 
losses to a level that is acceptable at pre- or post-harvest stages, which still pose a 
great challenge for producers and handlers. Different cultural (Chap.   8    ), chemical 
(Chap.   10    ) and biological (Chap.   9    ) methods in the fi eld and various compounds 
and methods after harvest (Chap.   11    ) can be used for improved disease suppression. 
Yet, the combination of all types of disease management in holistic systems needs 
further attention for effective  Botrytis  suppression along with strategies to minimize 
the development of resistance to chemical botryticides and of chemical fungicides 
residues in the produce. Such combination of control methods needs to take advan-
tage of the right fungicide and of epidemiological considerations for the achieve-
ment of long lasting effi cient disease suppression systems. 

 Studying the infection process still holds potential for further understanding of 
the plant pathogen interaction (Chap.   12    ). Future discoveries of the fungal factors, 
the identifi cation of their plant targets and response processes are promising for 
improved plant defense tools. Furthermore, the identifi cation of signal transduction 
pathways in the pathogen, those recognizing the plant host or the fungal specifi c 
light signaling pathways can be a future gateway to understand processes that gov-
ern the pathogen (Chap.   13    ). Oxidative burst is part of the successful infection of  B. 
cinerea  (Chap.   14    ). However, ROS scavenging and detoxifi cation during infection 
is not clear and needs thorough clarifi cation in order to understand how the fungus 
produces and copes with large amounts of ROS. Part of the infection complex 
involves production of SMs by the pathogen (Chap.   15    ). There is much awaiting 
elucidation as for the mode of action and the actual role of SM in the  Botrytis  infec-
tion process; nevertheless, their activities toward plants could have interesting toxic 
activities and requires further research.     
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    Chapter 2   
  Botrytis -Biology, Detection and Quantifi cation                     

       Frances     M.     Dewey     (Molly)      and     Robert     Grant-Downton   

    Abstract     Species of  Botrytis  are responsible for heavy losses in a number of eco-
nomically important horticultural and fl oral crops, the most important being  Botrytis 
cinerea . Most species, except  B. cinerea , have a limited host range attacking either 
monocotyledonous or dicotyledonous plants. Within the genus there are about 28 
well-described species but new species continue to be isolated. Most species are 
opportunist growing as saprophytes on dead and decaying matter but have the abil-
ity to become aggressive pathogens under environmental conditions adverse to their 
hosts. Evidence that some species can be present as endophtyes (non-symptomatic) 
is increasing, as is evidence that such infections may either become aggressive at a 
later stage, notably at fl owering time, or be transferred non-symptomatically by 
clonal or seed propagation of the host. Both the sexual and asexual stages are known 
for  B. cinerea . The common method of dispersal of nearly all species is the produc-
tion of asexual spores (macroconidia, common name conidia) dispersed by wind or 
water. Survival from one season to the next is generally by the production of sclero-
tia. Infections are most easily recognized by the appearance of characteristic grey 
conidial clusters on the surfaces of infected material but early detection, pre- 
conidiation or in non-symptomatically infected material is diffi cult; commonly sur-
face sterilization or freezing of material followed by plating out on selective media 
is used. Detection at the species level requires molecular methods with species- 
specifi c probes. Detection and quantifi cation, at the genus level, in extracts from 
infected tissues, juice and wines, is relatively easy using commercially produced 
rapid Lateral Flow immunological devices.  

  Keywords     Botrytis species   •   Conidia   •   PCR   •   Monoclonal antibodies   •   ELISA  
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2.1       Introduction 

 The genus  Botrytis  comprises about 28 well-described species (Beever and Weeds 
 2004 ). Each year new species continue to be identifi ed such as  B. caroliniana , 
pathogenic on blackberries (Li et al.  2012 ),  B. fabiopsis  on broad beans in Central 
China (Zhang et al.  2010a ),  B. deweyae  on daylilies ( Hemerocallis ) (Grant-Downton 
et al.  2014 ) and  B. sinoallii  on  Allium  crops in China (Zhang et al.  2010b ; Chap.   6    ). 
Most species, with the exception of  B. cinerea , have a limited host range attacking 
only a few species of either monocotyledonous plants or dicotyledonous plants 
while some, such as the snowdrop fungus,  Botrytis galanthina , appear to be host- 
specifi c (Beever and Weeds  2004 ). Undoubtedly, the most common and the most 
important species of  Botrytis  is  B. cinerea ; it is responsible for considerable losses 
in crops, notably grape vines, and post harvest spoilage of many fruits (Droby and 
Lichter  2004 ).  B. cinerea  can infect over 200 species of plants both monocots and 
dicots, gymnosperms, pteridophytes, bryophytes and macroalgae (Anderson  1924 ; 
Beever and Weeds  2004 ; Capieau et al.  2004 ; Choquer et al.  2007 ; Mirzaei et al. 
 2007 ; Mittal et al.  1987 ; Chap.   20    ). Other species of  Botrytis  that are known to cause 
signifi cant losses in horticulture, agriculture and fl oriculture are listed in Table  2.1 .

   In the wine industry  Botrytis -infections in grape berries used to make table wines 
are undesirable because the fungus is thought to be responsible for ‘off’ odours and 

      Table 2.1    A list of  Botrytis  species with importance in agriculture and horticulture   

 Name 
 Date of 
description 

 Major plant host genus/genera 
in agriculture and horticulture 

  Botrytis aclada   1850   Allium  
  Botrytis allii   1917   Allium  
  Botrytis byssoidea   1925   Allium  
  Botrytis caroliniana   2012   Rubus ,  Fragaria  
  Botrytis cinerea   1794  Multiple host genera 
  Botrytis convoluta   1932   Iris  
  Botrytis deweyae   2014   Hemerocallis  
  Botrytis elliptica   1881   Lilium  
  Botrytis fabae   1929   Vicia  
  Botrytis fabiopsis   2010   Vicia  
  Botrytis gladiolorum   1941   Gladiolus  
  Botrytis globosa   1938   Allium  
  Botrytis hyacinthi   1928   Hyacinthus  
  Botrytis narcissicola   1906   Narcissus  
  Botrytis paeoniae   1897   Paeonia  
  Botrytis pelargonii   1949   Pelargonium  
  Botrytis polyblastis   1926   Narcissus  
  Botrytis porri   1949   Allium  

(continued)
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poor keeping qualities of the resulting wines but this may be in part due to the pres-
ence of other fungi commonly associated with  B. cinerea  infections, notably species 
of  Aspergillus  and  Penicillium  (Dewey and Meyer  2004 ; Rousseaux et al.  2014 ). In 
contrast  Botrytis  infections of grape berries late in the season are highly desirable, 
they are used for the production of much-prized dessert wines (Dewey et al.  2008 , 
 2013 ; Sivertsen et al.  2005 ).  

2.2     Life Cycle 

2.2.1     Asexual Stage 

 Most species and isolates of  Botrytis  produce numerous conidia (macroconidia) that 
are asexual conidia borne at the tips of the branching conidiophores (Fig.  2.1 ). The 
size of the conidia is species related (Beever and Weeds  2004 ). In general, conidia 
are short-lived their survival time depending on temperature, moisture, microbial 
activity and exposure to sunlight (Kerssies et al.  1995 ; Blanco et al.  2006 ; Carisse 
et al.  2012 ; Nassr and Bakarat  2013 ).

   Overwintering of  Botrytis  species is generally brought about by the production of 
melanized resting bodies, sclerotia, which are resistant to adverse environmental 
conditions (Holtz et al.  2004 ). Some species, notably  B. cinerea , produce quite large 
sclerotia (~4 mm), whereas others for example  B. tulipae  are quite small (~0.8 mm). 
Under favourable conditions, such as interrupted wet periods in Spring, sclerotia will 
‘germinate’ to produce mycelia and conidia. Sclerotia are believed to be the source 
of early infections at the start of the growing season (Hsiang and Chastagner  1992 ). 

  Botrytis  spp. can also produce temporary resting structures known as chlamydo-
spores that have thickened, hyaline, walls. These structures can vary considerably in 
size and shape; they can survive periods of drought of up to 3 months (Urbasch  1983 ). 
They are often found in ageing cultures either within hyphae or at the ends of hyphae. 
In favourable conditions they ‘germinate’ to produce hyphae or microconidia.  

 Name 
 Date of 
description 

 Major plant host genus/genera 
in agriculture and horticulture 

  Botrytis pseudocinerea   2011   Brassica ,  Fragaria ,  Vitis , 
likely multiple others? 

  Botrytis sinoallii   2010   Allium  
  Botrytis sinoviticola   2014   Vitis  
  Botrytis sphaerosperma   1949   Allium  
  Botrytis squamosa   1925   Allium  
  Botrytis tulipae   1913   Tulipa  
  Botrytis  sp. Group S  2013   Fragaria ,  Vitis , likely 

multiple others? 

Table 2.1 (continued)
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2.2.2     Sexual Stage 

 The sexual stage or teleomorph of  Botrytis  spp., formerly known as  Botryotinia  
spp., is not commonly seen in nature. This may in part be due to lack of recognition 
of the fruiting structures. Microconidia, which can be produced both from post- 
germination development of macroconidia and from endogenous formation within 
old hyphae (Brierley  1918 ; Fukumori et al.  2004 ), are uninucleate and have now 
been confi rmed to act as spermatia (Fukumori et al.  2004 ). The ‘fertilisation’ of 
receptive sclerotial structures by spermatia induce the production of apothecia, the 
sexual structures (Urbasch  1983 ), where asci and ascospores are generated. Faretra 
and Antonacci ( 1987 ) were the fi rst to induce the sexual stage in  B. cinerea  under 
laboratory conditions. The asci, containing ascospores, are borne on the upper sur-
face of apothecia (Fig.  2.1 ). Sexual compatibility is controlled by a single mating 
type locus with two alleles, MAT-1 and MAT-2. Both mating types are widespread 
in nature and most isolates are heterothallic i.e. can only produce ascospores when 
crossed with the opposite mating type (Faretra et al.  1988 ).   

2.3     Diversity of the Genus 

 At present, it remains diffi cult to estimate the number of species within the genus 
 Botrytis . Simply, this is because numerous undescribed species are likely to exist. 
However, a selected list of the pathogenic taxa with importance in horticulture and 

  Fig. 2.1    Diagram of life cycle of  Botrytis cinerea  showing known and possible interactions 
between different phases of growth. Note: Macroconidia common name is conidia       
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agriculture are listed in Table  2.1 , along with their major host genus. Morphological 
circumscription, primarily using features such as macroconidia size, shape and 
ornamentation, as well as host preference, agrees very well with molecular data (see 
Table  2.1 ). 

 A signifi cant number of species might appear to be specifi c to certain genera 
(Table  2.1 ). However, it is now evident that such rigid host specifi city may not be 
always the true case, especially in man-made environments. For instance,  B. ellip-
tica  has been reported from several genera of distantly related monocots in addition 
to its classical host  Lilium  – for example daylily,  Hemerocallis  (Chang et al.  2001 ), 
tuberose,  Polianthes  (Horst  2013 ), toad lily,  Tricyrtis  (Furukawa et al.  2005 ) – as 
well as the dicot  Stephanotis  (Tompkins and Hansen  1950 ). Hence, the distinction 
between polyphagous species – typifi ed by  B. cinerea  – and highly specialised 
pathogens may not be quite as clear-cut as previously thought. 

 New pathogenic taxa are still being discovered at a regular frequency. For exam-
ple, the most recent discoveries are  B. sinoviticola  (Zhou et al.  2014 ) and  B. dew-
eyae  (Grant-Downton et al.  2014 ). The former is a cryptic species associated with 
 Vitis vinifera  in China that, unlike its close relatives,  B. cinerea  and  B. pseudocine-
rea , requires injury of the host to permit infection. The latter species has been iden-
tifi ed only from cultivated  Hemerocallis  (daylily) and so far appears to be pathogenic 
only on this genus.  

2.4     Plasticity in  Botrytis  Interactions with Plants 

 Most species of  Botrytis , including  B. cinerea  only become pathogenic when grow-
ing conditions for their hosts are limiting and microclimate is suitable, for example 
on tomato plants in poorly ventilated, humid greenhouses, or plants suffering from 
physical damage such as pruning wounds and wind or through insect damage 
(Fermaud and Le Menn  1992 ). However, some species such as  B. squamosa  the 
cause of  Botrytis -leaf blight of onions, (Carisse et al.  2012 ) and  B. elliptica  on 
 Lilium  can rapidly destroy whole crops (Hsieh and Huang  2001 ). Germination of 
the conidia on plant surfaces is greatly encouraged by the presence of nutrients such 
as simple sugars and pollen (Chou and Preece  2008 ). 

2.4.1     Quiescent/Latent Phases 

 Various workers have shown that, although conidia of  Botrytis  spp. commonly ger-
minate on plant tissues particularly, petals and sepals of their host, invasion of inner 
tissues does not always follow (Holtz et al.  2004 ). Such infections are often 
described as quiescent or latent. In such cases spread of the fungus within host tis-
sue is arrested until later in the season when either host tissues become senescent or 
the sugar levels change as in ripening of grape berries or in storage (Meyer et al. 
 2000 ; Sanzani et al.  2012 ).  
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2.4.2     Non-symptomatic Infections and Endophytic 
Interactions 

 Evidence is increasing, that some  Botrytis  species can be present as endophtyes i.e. 
grow within host plant tissues without generating disease symptoms and also elicit-
ing little or no response from the host. This was fi rst reported from  B. cinerea  where 
it was evident that even systemic, endophytic colonization of host plants was pos-
sible (Barnes and Shaw  2003 ; Sowley et al.  2010 ). Such infections may either 
become aggressive at a later stage, notably at fl owering time, or in storage or, be 
transferred non-symptomatically by clonal or seed propagation of the host (Barnes 
and Shaw  2003 ). Endophytic colonization of plant tissues by  B. cinerea  is now 
known from a range of unrelated dicot plants (M. Shaw  pers. comm .). Remarkably, 
there is evidence that  B. cinerea  may also be able to interact with tissues of the sea-
weed  Fucus serratus  in this manner (Zuccaro et al.  2008 ). The extent of endophytic 
interactions between  Botrytis  and various taxonomic groups may well have been 
underestimated. A number of undescribed endophytic  Botrytis  have been isolated 
from pteridophyte, gymnosperm and angiosperm hosts (Shipunov et al.  2008 ; Zhao 
et al.  2010 ; Zhou et al.  2010 ). The full extent of  Botrytis  diversity as endophytic 
fungi remains unknown. Indeed, the recently identifi ed  B. deweyae  (Grant-Downton 
et al.  2014 ), which causes a disease of emerging spring foliage of cultivated 
 Hemerocallis  (daylily), is suspected to have endophytic origins. Its sudden emer-
gence as a pathogen may be in part due to physiological changes in the host as a 
result of their recent intense selection and in-breeding in cultivation.   

2.5     Dispersal 

 The common method of dispersal of nearly all species of  Botrytis  is by transmission 
of conidia in air currents. Water splash (Blanco et al.  2006 ), insects (Fermaud and 
le Menn  1992 ), agricultural machinery and pruning shears are also important means 
of transmitting conidia. Survival times and distances travelled by air-borne conidia 
are debatable; within greenhouses conidia are known to travel 1.8 m (Kerssies et al. 
 1995 ) but outdoors it is highly likely that they are carried much further in air cur-
rents (Chap.   7    ).  

2.6     Detection and Quantifi cation 

2.6.1     Classical Methods 

 Late stage infections are easily recognized in symptomatic material by the appear-
ance of grey/brown conidial clusters on the surfaces of infected material (Khazeli 
et al.  2010 ). Where proof of identity at the species level is required, such as infections 
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of onions, microscopic examination of conidia is needed (Chilvers and du Toit 
 2006 ). The size of the conidia, their shape and method of attachment to the conidio-
phores varies from species to species (Beever and Weeds  2004 ). 

 Detection of infections in non-symptomatic material, as in the early stages of 
infection or latent and endophytic infections, is diffi cult. Surface sterilization fol-
lowed by freezing of tissues or berries for 2 h at −12 °C or dipping in 300 μg/ml 
paraquat and then by air drying and incubation in a humid atmosphere on damp 
fi lter paper or selective media for 7–10 days has been commonly used (Edwards and 
Seddon  2001 ; Kerssies  1990 ; Sanzani et al.  2012 ). A more comprehensive discus-
sion of plating methods can be found in Dewey and Yohalem ( 2004 ).  

2.6.2     Imaging Methods 

2.6.2.1     Visual 

 Visual inspection in vineyards is the most common method of estimating levels of 
rot. This method is certainly the least expensive; it requires little training and no 
equipment.  

2.6.2.2     Near-Infra-Red Spectroscopy (NRI) and Mid-Infra-Red 
Spectroscopy (MIR) 

 Hill et al. ( 2013 ) found scanning homogenized samples of grape berries by either 
NRI or MRI was relatively quick, highly sensitive and more reliable than visual 
estimates but expensive.  

2.6.2.3     Autofl uorescence 

 Belanger et al. ( 2011 ) measured autofl uorescence of infected grape berries using 
various wave lengths. They found using the fl uorescence ratio of two different wave 
lengths, F 440  /F 740,  that they could detect infection as early as 4 days after 
inoculation.   

2.6.3     Assays for Biochemical Markers 

 Glycerol, gluconic acid and laccase have been used as indicators and quantifi ers of 
levels of  Botrytis -rot in grape juice and wines but recent studies have shown that 
they do not always refl ect the levels of rot determined by other methods (Dewey 
et al.  2008 ; Urruty et al.  2010 ).  
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2.6.4     Analysis of Volatiles 

 Van den Driessche et al. ( 2012 ) using GC-MS identifi ed a number of volatile bio-
markers of strawberries infected with  B. cinerea . They showed that these markers 
can be used to track infections but could not detect pre-symptomatic infections. If 
sensitivity could be improved such non-destructive methods could be most useful in 
the food industry.  

2.6.5     Immunological Methods 

 A review of the early immunological methods and problems with lack of specifi city 
of antisera raised to  B. cinerea  is given by Dewey and Yohalem ( 2004 ). Using 
hybridoma technology, Bossi and Dewey ( 1992 ), Salinas and Schots ( 1994 ) and 
Meyer and Dewey ( 2000 ) raised monoclonal antibodies to  Botrytis . These antibod-
ies have been used to immunolabel  Botrytis  spp.  in planta  (Cole et al.  1998 ; Salinas 
and Verhoff  1995 ) and differentiate the biocontrol agent  Ulocladium atrum  from 
 Botrytis  within tissues of infected cyclamen (Kessel et al.  1999 ). 

2.6.5.1     ELISA-Based Methods 

 Meyer and Dewey ( 2000 ) raised a monoclonal antibody, BC-12.CA4, that recog-
nizes all species of  Botrytis  and members of the related genus  Sclerotinia  but not 
other fungi commonly involved in pathogenesis of grape berries such as species of 
 Aspergillus  and  Penicillium . The antigen recognized by this antibody is a water- 
soluble, thermostable, glycoprotein that is produced both  in vivo  and  in vitro . It is 
present in the walls and extracellular matrix of the germ tubes and hyphae but not 
on the surfaces of conidia (Dewey and Yohalem  2004 ). The use of this antibody has 
led to the development of a number of immunological assays for the detection and 
quantifi cation of  Botrytis -antigens in extracts from plants, fruit juices and wines. 
The fi rst type of ELISA test to be developed for  Botrytis  was a Plate-trapped antigen 
ELISA (Meyer and Dewey  2000 ). These tests, which are laboratory-based, origi-
nally involved an overnight antigen coating step with extracts from infected plant 
tissues followed by sequnetial incubations with the monoclonal antibody, a second-
ary enzyme conjugated anti-mouse antibody and the substrate with washings 
between each step. By increasing the concentration of the secondary reporter anti-
body the total time involved can be reduced to 20 min (SAPS  2000 ). 

 Fernández-Baldo et al. ( 2011 ) used the BC-12.CA4 antibody to develop a com-
petitive ELISA for the quantifi cation of  B. cinerea  in apple, table grape and pear 
tissues. In their assay  Botrytis -antigens, present in extracts from infected tissues, 
compete with ‘purifi ed’  B. cinerea  antigens immobilized on the surface of  microtitre 
plates using a cross linking agent. These assays take about 40 min. They calculated 
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that the detection limit of this assay was 0.97 μg ml −1  and that the antigen could be 
detected in non-symptomatic infections. Using the same competitive ELISA system 
Fernández-Baldo et al. ( 2009 ) also developed a faster screen-printed immunosensor 
assay modifi ed with carbon nanotubes in a continuous-fl ow system. The limit of 
detection in this assay system was apparently 0.02 μg ml −1 . A further modifi cation 
involving the use of micromagnetic beads coupled to the carbon-based screen-
printed electrodes apparently increased in sensitivity to 0.008 μg ml −1  ‘pure’  Botrytis  
antigen (Fernández-Baldo et al.  2010 ). 

 Binder ( 2014 ) used the BC.12-CA4 antibody to develop an electrochemical bio-
sensor for species of  Botrytis  involved in neck rot of onions, namely:  B. allii ,  B. 
aclada ,  B. byssoidea  and  B. cinerea . They used the antibody in a sandwich ELISA 
format in which the antibody was immobilized on a screen-printed gold electrode 
with an on board carbon counter and a Ag/AgCl reference electrode.  

2.6.5.2      Botrytis  Immunochromatographic or Lateral Flow Assays 
(B-LFDs) 

 Lateral Flow devices based on the technology developed by Unilever for their ‘Clear 
Blue’ pregnancy test have been developed by two commercial companies: Forsite 
Diagnostics, York, UK and EnviroLogix, Portland, Maine, USA. The format used 
by both devices is a sandwich assay in which the antigens are captured by the 
 Botrytis -antibody, BC-12.CA4. When used in conjunction with a reader that mea-
sures the intensity of the positive test band (Dewey et al.  2008 ,  2013 ; Urruty et al. 
 2010 ) these devices are semi-quantitative. In all cases, as in ELISA tests, it is neces-
sary to dilute extracts from infected plants, juice or wines to eliminate the non- 
specifi c competitive binding effect of sugars and to optimize the sensitivity. In 
general extracts from plants are diluted 1:20 (w/v) in buffer; table wines and juice 
or must from grape berries 1:40 and juice from late harvest grape berries and 
 Botrytis -dessert wines 1:500 (Dewey et al.  2013 ). The advantages of the  Botrytis - 
Lateral Flow devices are that they are simple to use, do not require laboratory facili-
ties and are rapid (10 min or less).   

2.6.6     Molecular Methods 

2.6.6.1     Nucleic Acid Analysis and Detection 

 For a comprehensive review and discussion of older literature on nucleic acid detec-
tion and analysis see Dewey and Yohalem ( 2004 ). Here, we focus on new discover-
ies, technical refi nements and novel technologies. Improved DNA sequencing 
technology has permitted the production and continued refi nement of a  B. cinerea  
genome sequence (Amselem et al.  2011 ; Staats and Van Kan  2012 ), and the genome 
sequencing and assembly of multiple pathogenic  Botrytis  species is currently in 
progress (Jan van Kan,  pers. comm .).  
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2.6.6.2     Nucleic Acid Sequence as a Phylogenetic Analysis Tool in  Botrytis  

 Staats et al. ( 2005 ) performed the fi rst molecular phylogenetic analysis using iso-
lates of all the recognized species at the time. Although nuclear ribosomal internal 
transcribed spacer ( ITS ) sequence had been previously used by Holst-Jensen et al. 
( 1998 ), its utility was restricted to demonstrating that the genus  Botrytis  was mono-
phyletic and it could not resolve the relationships between species due to limited 
phylogenetically informative sequence characters. To overcome this, Staats et al. 
( 2005 ) used PCR-amplifi ed products from three single-copy nuclear genes that 
encode proteins involved in basic cellular processes and evolve at moderate evolu-
tionary rates –  G3PDH ,  RPB2  and  HSP60 . The sequences from each gene were 
used to build trees and congruence between the different trees was assessed. There 
was no signifi cant incongruence between the trees and combined analysis of all 
three genes revealed two main clades separated by a deep split. Clade 1 contained 
 B. cinerea ,  B. pelargonii ,  B. calthae  and  B. fabae , all infecting dicotyledonous 
plants. Clade 2 could be sub-divided into fi ve smaller clades and consisted largely 
of  Botrytis  species infecting monocots but with several species that are specialist 
pathogens of dicots. 

 Whilst the molecular analysis highly supported the previous taxonomic analysis 
based on the recognition of species by their morphological features, the host and 
pathogen phylogenies are not congruent. This suggests that tight co-evolution 
between  Botrytis  and host plants does not result in  Botrytis  speciation, and that host- 
shifts may be frequent. Interestingly, this analysis also revealed that sexuality was 
plastic in  Botrytis , with evidence for loss of sexual reproduction on at least three 
occasions. Staats et al. ( 2005 ) consider that this may be adaptive. In drier climates 
with intense solar radiation, thin-walled and easily dehydrated ascospores are 
unlikely to be an effi cient manner of dispersal. The asexual macroconidia have 
thicker walls and are more tolerant to UV and dehydration stresses. Likewise, the 
asexual species retain the highly melanised sclerotia that are particularly resistant to 
environmental stress and can be long-lived in a dormant state (Holtz et al.  2004 ). 
Further support for this classifi cation has come from analysis of two paralogous 
gene sequences,  NEP1  and  NEP2 , which encode known and putative  Botrytis  phy-
totoxic proteins, homologues of a necrosis and ethylene-inducing protein from 
 Fusarium  (Staats et al.  2007 ). Trees based on  NEP1  and  NEP2  sequences are con-
gruent with trees generated using combined data from the housekeeping genes and 
hence they represent yet another pair of phylogenetically informative sequences for 
the genus  Botrytis  (for a review see Chap.   6    ). 

 There is evidence that  Botrytis  may have acquired, through horizontal gene 
transfer, genetic material from other species. This type of analysis to screen for 
candidates for horizontal gene transfer (HGT) has been greatly assisted by the ever- 
increasing amount of genome sequence data in the fungi as well as other organisms. 
Richards et al. ( 2009 ) show that a plant to ascomycete gene transfer may have taken 
place, as both  Botrytis  and  Sclerotinia  genomes encode a gene family found else-
where only in plants. Furthermore, there is evidence of horizontal transfer of genes 
from  Fusarium  to the  Botrytis  lineage (Campbell et al.  2013 ). 
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 Transfer of a bikaverin secondary metabolite gene cluster preceded the radiation 
of the genus  Botrytis , and subsequent decay of transferred sequences has occurred 
over evolutionary time. Indeed, this degeneration of gene clusters that have been 
horizontally transferred suggests that such events may have been underestimated 
due to their repeated loss. Interestingly, loss of the bikaverin gene cluster may be 
correlated with the acquisition of increased virulence and transition from endo-
phytic to pathogenic lifestyles. Conversely, there is data to suggest that other HGT 
events in  B. cinerea  may have promoted pathogenicity. Zhu et al. ( 2012 ) identifi ed 
four candidates for genes that have been horizontally transferred to this species. 
Three of these may have been acquired from bacteria whilst a fourth may be derived 
from a plant. Of these genes, three are predicted enzymes (a UDP-glucosyltransferase, 
two alpha/beta hydrolases) and one is a lipoprotein. Zhu et al. ( 2012 ) speculate that 
they may all be related to phytopathogenicity and their acquisition may have acted 
to promote fungal virulence.  

2.6.6.3     Identifi cation of  Botrytis  Species and Analysis of Their 
Populations Using Nucleic Acid Sequencing 

 The comparative ease of PCR fragment sequencing and the robust nature of DNA 
sequence data that can be readily fi tted into existing phylogenetic frameworks have 
together aided species identifi cation and especially assisted the confi rmation of 
newly discovered species in the genus. Previously, DNA-based molecular tech-
niques assisted the identifi cation of  B. allii  as an allopolyploid hybrid of two other 
species,  B. aclada  and  B. byssoidea  (Nielsen and Yohohalem  2001 ; Yohalem et al. 
 2003 ) and this has been reconfi rmed by analysis by Staats et al. ( 2005 ) where data 
from  G3PDH ,  RPB2  and  HSP60  all agreed with its hybrid status and parental 
genome contributions. Furthermore, these three phylogenetically informative genes 
as well as  NEP1  and  NEP2  have had much value in defi ning new species and their 
evolutionary relationships, such as  B. sinoallii ,  B. caroliniana ,  B. fabiopsis ,  B. sino-
viticola  and  B. deweyae . The  HSP60  sequence has also been used to identify endo-
phytic isolates as probable novel, undescribed species in  Centaurea  (Shipunov et al. 
 2008 ). 

 DNA sequence analysis has also been instrumental in reviving  B. mali  as a valid 
species (O’Gorman et al.  2008 ) whilst  B. pseudocinerea  is a morphologically cryp-
tic species where major support for its recognition as a distinct species was gained 
by DNA sequence analysis (Walker et al.  2011 ). Leroch et al. ( 2013 ) have also iden-
tifi ed a novel clade of  Botrytis , closely related to  B. cinerea  and  B. fabae , that is 
widespread in German strawberry-growing areas but is rare in vineyards. These 
isolates, named group S, have strong, multi-drug resistance. Combined analysis of 
sequence data from multiple genes,  HSP60  and  NEP2  but also the zinc fi nger tran-
scription factor  mrr1 ,  ms547  (encoding an RNA helicase-like protein) and  fg1020  
(encoding a putative ubiquitin conjugation factor), confi rmed the distinction of 
these isolates. 
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 In phytopathology studies in the fi eld, sequence-based identifi cation can be a 
valuable tool. For instance, in onion crops several different  Botrytis  species can be 
problematic; Nielsen et al. ( 2002 ) and Chilvers and Du Toit ( 2006 ) have employed 
PCR amplifi cation followed by restriction endonuclease digestion of the products 
(PCR-RFLP) to generate species-specifi c banding patterns to assist in diagnosis. 
Primers for PCR that are highly specifi c for the detection of  B. cinerea  have also 
been published (Rigotti et al.  2006 ) as has a technique to directly PCR, without 
DNA extraction,  B. cinerea  from environmental (immature grape berries) samples 
to generate a highly sensitive detection assay (Gindro et al.  2005 ). Walcott et al. 
( 2004 ) developed a magnetic capture hybridization and PCR (MCH-PCR) assay for 
the detection of  B. aclada  in onion seed that was more sensitive and effi cient than 
conventional PCR methods and enabled detection time to be reduced from 10 to 14 
days by agar plating to less than 24 h. 

 A particularly attractive use for nucleic acid sequencing involves the analysis of 
intraspecifi c variation in  Botrytis  genotypes within natural populations. In contrast 
to interspecifi c analysis of DNA differences, such studies require focus on genomic 
sequences that evolve rapidly. For example, in  B. cinerea  a recent population analy-
sis surveyed transposon presence ( Boty  and  Flipper ) within isolates, which can be 
variable, and was combined with microsatellite DNA analysis (Kecskemeti et al. 
 2014 ). The use of sequences where there is known to be a huge man-made selective 
pressure for nucleotide change has also been employed, with nucleotide polymor-
phisms that are responsible for agricultural fungicide resistance being the focus for 
population studies in  B. cinerea  and  B. squamosa  (Van der Heyden et al.  2014 ). 

 Detection of fungicide-resistant  B. cinerea  in the early stages of grape growth 
has also been performed by Saito et al. ( 2009 ) using a PCR-RFLP method. This is 
claimed to allow rapid detection of isolates that are resistant to three major fungi-
cides, and thus to permit the early diagnosis and improve integrated pest manage-
ment strategies. Such molecular studies will prove immensely important for 
analysing the population genetic diversity of pathogenic  Botrytis , especially track-
ing the emergence, maintenance and spread of fungicide resistance from the local to 
the international level. At a practical level, these studies will permit far more 
 responsive protective measures for crops in the future, and increase the effective-
ness of  Botrytis  containment and control.  

2.6.6.4     Quantitative Analysis of  Botrytis  Infections Using Nucleic Acids 

 Whilst useful in systematics, diagnostics and tracking the genetic diversity of 
 Botrytis  populations, all studies that are reliant primarily on qualitative sequence 
data, the use of nucleic acid analysis in quantitative analysis of  Botrytis  infections 
remains challenging outside of highly controlled experiments. Whilst RNA-based 
methods such as Northern blots and quantitative reverse-transcription PCR are ideal 
for laboratory investigations to detect the level of  Botrytis  gene expression, translat-
ing these rather expensive and technically demanding approaches to fi eld analysis 
and practical applications is challenging. Naturally, DNA-based quantifi cation 
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methods have been the primary focus due to the relative ease of isolating DNA from 
environmental samples. However, these studies still present a major challenge as not 
only does the sampling have to be carefully controlled but also the sensitivity of 
such techniques means that standardisation of high-quality DNA extraction and 
care to avoid sample contamination are paramount for reproducible results. qPCR 
methods also remain expensive in terms of reagents and apparatus. Nevertheless, a 
number of studies have developed the technique for quantifying  Botrytis  infections 
in different crops Alexandre ( 2010 ). 

 Suarez et al. ( 2005 ) developed a TaqMan real-time PCR system that was highly 
sensitive and highly specifi c for  B. cinerea , which allows detection and quantifi ca-
tion prior to symptom development. In addition to  B. cinerea , qPCR has also been 
developed for  Allium  crop pathogens  B. aclada ,  B. allii  and  B. byssoidea  (Chilvers 
et al.  2007 ) whilst Carisse et al. ( 2012 ) have demonstrated that qPCR can quantify 
the airborne conidia inoculum of  B. squamosa . Further technical refi nements have 
been made to improve qPCR protocols. Saito et al. ( 2013 ) tested different DNA 
extraction methods to fi nd the optimum purity from grapevine material. Further 
technical refi nements have been made to improve qPCR protocols. Saito et al. 
( 2013 ) tested different DNA extraction methods to fi nd the optimum purity from 
grapevine material. Tomlinson et al. ( 2010 ) developed a loop-mediated isothermal 
amplifi cation system for the detection of  B. cinerea  that combined the sensitivity 
and specifi city of previous nucleic acid-based methods with simplifi ed equipment 
that allowed detection of pre-symptomatic infections in less than 15 min. Their 
assay has the advantage of being less susceptible to inhibitory substances from plant 
material than the TaqMan real-time PCR assay described by Suarez et al. ( 2005 ). 

 The latest technological advances will enable detection of specifi c fungicide- 
resistant genotypes and/or different species simultaneously with their quantifi ca-
tion. Use of pyrosequencing, such as Qiagen’s PyroMark system – already widely 
used in medical applications such as detection of drug-resistant microbes – gener-
ates sensitive, quantitative sequence data outputs that would permit discrimination 
of specifi c genotypes within multiple samples.   

2.6.7     Sampling Issues in Quantifi cation and Detection 

 Determining the total amount of  Botrytis -rot in any tissue, organ or crop by any 
method is problematic because the results are highly dependent on the method sam-
pling. Quantifi cation is most diffi cult where estimates are made of whole standing 
crops as in vineyards. In these cases it is imperative that the sampling is done at 
random and that enough samples are taken to make sure that variations between 
different areas are taken into account. It is impossible to compare levels of rot unless 
they are expressed in the same way for example results from determining levels of 
rot in vineyards will be very different if expressed as the percentage rotten grape 
berries on the basis of incidence compared with those based on percentage rot by 
weight (Dewey et al.  2008 ). Problems are also encountered in quantifying levels of 
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rot in plant tissues in absolute terms in a particular tissue because there is no source 
of purifi ed antigen or standard. Claims made on sensitivity based on extracts from 
freeze-dried mycelium grown in culture in different labs inevitably mean that the 
levels of antigen extracted vary. More recently, in our own studies we have chosen 
to use as our stock or reference antigen dilutions of a specifi c dessert wine that is 
highly stable (1998 Dolce from Far Niente, CA, USA, Dewey et al.  2008 ). 

 Similarly preparations of fungal and plant standards for DNA analysis vary from 
lab to lab. DNA extracts are generally prepared from cultures of  Botrytis  species 
grown in the lab. In some cases known concentrations of conidia have been used as 
standards but again direct comparisons between labs is not practical. Of course, with 
DNA-based quantifi cation measures the inherent problem with variably multinucle-
ate hyphae and conidia is that the fi nal result will provide a quantitative measure 
refl ecting the number of  nuclei  present rather than the number of conidia or hyphae. 

 Phillips et al. ( 1987 ) have shown that the number of nuclei in macroconidia is 
variable and dependent on glucose concentration in the media. Nuclear number in 
conidia was correlated with the aggressiveness of infection of the host. This has 
potential implications for the accuracy of disease prediction from qPCR data. For 
example, the presence of fewer conidia with more nuclei may have a different ulti-
mate disease outcome than more conidia with fewer nuclei, yet in terms of quantifi -
cation they could appear equivalent. A further confounding factor is variation in 
ploidy – in natural  B. cinerea  strains the DNA content per nucleus varies consider-
ably, indicating that aneuploidy and polyploidy may be widespread in wild popula-
tions (Büttner et al.  1994 ). Nevertheless, qPCR may have an advantage over 
antibody-based methods by allowing earlier detection of  Botrytis  infection (Celik 
et al.  2009 ). Indeed, the qPCR detection assay may be able to detect as few as three 
conidia, and probably even fewer if the high-copy ITS rDNA gene is targeted (Mehli 
et al.  2005 ).   

2.7     Conclusions 

 The major technical advances that have been made in the past decade in immuno-
logical and molecular techniques have helped considerably in the classifi cation of 
the genus, identifi cation of new species, expanded our knowledge of host ranges and 
furthered our understanding of the biology of  Botrytis  species. In particular, quanti-
fi cation of inoculum and infections in the fi eld has improved due to these new tech-
nologies. These advances will all have a major impact on disease prevention and 
control. Whilst  Botrytis  species, particularly  B. cinerea , have generally been 
regarded as necrotic, facultative pathogens, new studies have demonstrated that 
some species can be present in plants as endophytes. Our understanding of the 
endophtyic stages and their failure to induce host resistance is still in its infancy, nor 
do we know what the triggers are that effect the switch from endophyte to pathogen, 
and vice-versa. The possibility that  Botrytis  species can be present, undetected, as 
endophytes has important implications in their control.     
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       Rita     Milvia     De     Miccolis Angelini    ,     Stefania     Pollastro    , and     Franco     Faretra    

    Abstract      Botrytis cinerea  displays an extraordinary variability in phenotypic traits, 
making it a model for studying sources of variation in fi lamentous fungi and in par-
ticular in plant pathogens. The whole genome sequence was recently made available 
and is sustaining an impressive progress of knowledge. The present review aims at 
giving an updated picture on the genetic features of this fungal pathogen and, in 
particular, on mechanisms underlying its broad variation and adaptation capability, 
 i.e.  mating system and sexual behavior and other sources of variation (chromosome 
number, mycoviruses, transposons, vegetative compatibility, etc.), as well as on 
tools available for its genetic manipulation.  

  Keywords     Genetics   •   Variation   •   Karyotype   •   Heterokaryosis   •   Sexual behavior  

3.1       Introduction 

 The genus  Botrytis  Pers. and its teleomorphic stage  Botryotinia  Whetz. are classi-
fi ed within the family  Sclerotiniaceae  Whetz. of Inoperculate Discomycetes 
(Hennebert  1973 ; Yohalem et al.  2003 ).  Botrytis  species are necrotrophic pathogens 
decaying infected plant tissues, on which produce sporulating gray mycelium, and 
also have excellent saprotrophic capabilities. These fungi produce macroconidia, 
dry spores dispersed by wind over long distance, and microconidia that are not 
infectious and play the role of spermatia.  Botrytis  overwinters as mycelium in 
decaying plant debris and as sclerotia. Some species produce a teleomorphic stage, 
apothecia arising from fertilized sclerotia and releasing ascospores (Fig.  3.1 ). Most 
species have a worldwide distribution and occur wherever their host crops are 
grown. Fungi of the genus  Botrytis  are important pathogens of many economically 
important crops, such as grapevine and protected crops (strawberry, tomato and 
other horticultural, fl ower and ornamental crops).  Botrytis  diseases cause mostly 
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blossom blights and fruit rots but also leaf spots and bulb rots, in the fi eld as well as 
in post-harvest (Jarvis  1977 ). Most of  Botrytis  species are specialized pathogens 
with a narrow host range, generally infecting only one or a few closely related spe-
cies within the same plant genus (Mansfi eld  1980 ). However,  B. cinerea  is a polyph-
agous species infecting over 200 host plants (Jarvis  1977 ) and since recently 
suspected as an endophyte (Chap.   2    ).

   A phylogenetic analysis discriminated  Botrytis  species into two clades. Clade 1 
contains four species that are pathogens exclusively on Eudicotyledon hosts, 
whereas clade 2 contains 15 species pathogens on Monocotyledon and only 3 spe-
cies that are pathogens on Eudicotyledon hosts (Chap.   6    ). Co-speciation of  Botrytis  
species and host plants seems have not occurred in their evolution, but it has been 
proposed that host shifts have occurred during  Botrytis  speciation, possibly by the 
acquisition of novel pathogenicity factors (Staats et al.  2005 ). Aguileta et al. ( 2012 ) 
compared genes among the specialized pathogens  B. tulipae  and  B. fi cariarum  and 
the polyphagous pathogens  B. cinerea  and  Sclerotinia sclerotiorum  and found 21 
genes showing footprints of positive selection, some of which with functions related 
to plant–fungus interactions. 

 Grey mould, caused by  B. cinerea , has a disastrous economic impact on numer-
ous crops all over the world, although it is not easy to estimate due to the broad 

  Fig. 3.1    Life cycle of  B. cinerea  and associated symptoms. Apothecia can be produced by sclero-
tia under laboratory conditions but they have been rarely detected in the fi eld and their role in grey 
mould epidemiology is still uncertain       
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range of host crops and growing areas. The pathogen causes both qualitative (taste, 
aroma, oxydasic casse in wine) and quantitative (reduced yields of fruit, vegetable 
crops and ornamentals) losses; its economic impact is mainly on wine- and table- 
grape, solanaceae (tomato, pepper, eggplant), cucurbits, strawberry, lettuce and 
other salad vegetables, beans, bulbs and ornamentals. For instance, gray mould is 
one of the major challenges for strawberry growers in Florida (USA). Losses from 
fruit rot can exceed 50 %, fungicides are commonly applied once a week and their 
cost was approximately 7 % of pre-harvest variable costs (about $ 690 per acre) 
(IFAS  2010 ). The global cost of crop protection against the pathogen has recently 
been estimated around $ 310 million, mainly in France and Italy for grapevine and 
China and Japan for vegetables, but also in Spain, Chile, USA, Germany, Australia 
and The Netherlands. For its scientifi c and economic impacts,  B. cinerea  is consid-
ered the second most signifi cant fungal pathogen in molecular plant pathology and 
is an excellent model for the study of infection process in necrotrophic pathogens 
(Dean et al.  2012 ). 

 The aim of the present chapter is to give a picture of current knowledge on essen-
tial genetic features of this important phytopathogenic fungus updating previous 
reviews on the same issue (Faretra and Grindle  1992 ; Beever and Weeds  2004 ).  

3.2     Numbers of Nuclei and Chromosomes 

 The life cycle of  B. cinerea  is reported in Fig.  3.1 . Hyphal cells and conidia are 
multinucleate. Conidia contain generally 3–6 nuclei (Grindle  1979 ; Lorenz and 
Eichorn  1983 ; Shirane et al.  1988 ,  1989 ) whilst microconidia are uninucleate, usu-
ally not able to germinate on culture media, and have the function of male gametes 
(spermatia) in sexual process. Young asci contain a single diploid nucleus that 
undergoes meiosis generating a tetrad of haploid nuclei which through a mitotic 
division produce the eight nuclei around which eight ascospores in each ascus are 
formed. Mature ascospores usually contain four nuclei (Lorenz and Eichorn  1983 ; 
Faretra and Antonacci  1987 ) (Fig.  3.2 ). Cytological observation of fungal chromo-
somes is diffi cult due to their small size. However, Shirane et al. ( 1988 ,  1989 ) set up 
a method known as “germ tube burst” and observed 16 chromosomes in mitotic 
methaphase in germling tips. The same number of chromosomes has been counted 
in developing asci (Faretra and Grindle  1992 ) (Fig.  3.3 ).

     B. cinerea  karyotype has been investigated by pulsed-fi eld gel electrophoresis 
(PFGE) which separated up to 13 major bands (1.8–4.6 Mbp), corresponding to 1 or 
more large chromosomes, and up to 3 minor bands (200–580 Kbp), corresponding 
to small chromosomes (Fig.  3.4 ). A broad variability was found in electrophoretic 
patterns among different isolates (Van Kan et al.  1993 ; Pollastro  1996 ; Vallejo et al. 
 1996 ,  2002 ). Genome size estimates varied from 13.2–22.6 Mbp (Vallejo et al. 
 2002 ) to 33.9–39.7 Mbp (Van Kan et al.  1993 ), respectively on the assumption of 
only one chromosome per band or two for more intense bands.
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   The latter estimates correspond to a number of 12–14 chromosomes that, accord-
ing to the cytological evidence of 16 chromosomes, indicates some bands should 
correspond to more than 2 chromosomes. Indeed, the estimated genome size after 
genome sequencing corroborates this assumption (see Sect.   3.5     and Chap.   1    ). In 
some instances, ascospore progenies show the parental electrophoretic patterns, but 
often they show novel profi les. Vallejo et al. ( 2002 ) using an rDNA probe showed 

  Fig. 3.2    Distribution of nuclei during  B. cinerea  development. ( a ) Diffuse dikaryotic state in sub- 
hymenium cells; ( b ,  c ) proasci with evident clamp connection (no crozier formation like in  S. 
sclerotiorum ; Uhm and Fujii  1986 ) to re-establish dikaryotic status in the mother cell of ascus; ( d ) 
the tetrad of meiotic nuclei undergoes to mitotic division to form the eight nuclei around which 
ascospores will be differentiated; ( e ) the eight nuclei divide mitotically; and ( f ) ripened ascospores 
contain usually four nuclei. Nuclei were DAPI stained and pictures are not at the same 
magnifi cation       

  Fig. 3.3    Evolution of DAPI-stained chromosomes in developing asci of  B. cinerea : ( a ) zygotene; 
( b – f ) various stages of transition to pachytene; notice the double structure nature of bivalents in  b ; 
( g ) late pachytene; ( h ) diplotene; ( i ) diakinesis; ( j ) anaphase I; ( k ) telophase I; ( l ) anaphase II; ( m ) 
the meiotic tetrad. Up to 16 chromosomes were counted in some preparations in late pachytene and 
diachinesis stages       
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that rDNA gene cluster was located in a single high-molecular-weight band, which 
varied in size depending on the strain. Consequently, they hypothesized that the 
appearance of new chromosomal bands and loss of others is a result of meiotic 
crossing-over between pairs of homologous chromosomes having heterologous 
regions that generate variation in homologous chromosomes length. Small chromo-
somes show anomalous segregation following meiotic recombination, indicating 
they are supernumerary (dispensable or “B” chromosomes) (Fig.  3.4 ). The role of 
minichromosomes is still unknown, but De Guido et al. (unpublished) found that 
these hold genes coding for polyketide synthases (PKS), enzymes involved in the 
production of secondary metabolites that might play a role in pathogenicity 
(Chap.   15    ). 

 It is known that various forms of heteroploidy may occur in fungi. The ploidy 
level of various strains was examined by Büttner et al. ( 1994 ) and Büttner and 
Tudzynski ( 1996 ). They used fl uorescence microscopy to estimate DNA content of 
individual nuclei and reported differences among strains and even among nuclei in 
the mycelium of a single isolate. These fi ndings must be considered in light of 
knowledge that most strains are fertile in sexual crosses and yield viable ascospores. 
It may be that sexual crossing process restricts participation to haploid nuclei, 
whereas somatic cell function permits heteroploidy. If this is so, ascospores may 
initially be strictly haploid, but their growth may produce heteroploid colonies 
(Beever and Weeds  2004 ).  

  Fig. 3.4    Electrophoretic karyotype of the reference monosacosporic strains SAS56 and SAS405 
and an ordered tetrad of the cross SAS405×SAS56 ( a ); minichromosomes of the reference mono-
sacosporic isolates SAS56 and SAS405 and their segregation in an ordered ascus ( b ). Notice the 
parental combination of minichromosomes in the ascospore pairs n. 2, 3 and 4 and their anomalous 
segregation in the pair n. 1.  Ca Candida albicans ,  Hw Hansenula wingeii  used as weight markers       
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3.3     Sexual Behavior and Mating System 

  B. cinerea  apothecia have been rarely found in nature, but apothecia might be over-
looked in the fi eld. The only reports are by Polach and Abawi ( 1975 ) in New York, 
Blank ( 1988 ) in Switzerland, and Vanev ( 1988 ) in Bulgaria. This suggests that the 
sexual process does not play an important role in the population biology of the fun-
gus. As opposite, the broad variability among fungal isolates and the very high num-
ber of individual haplotypes (Van der Vlugt-Bergmans et al.  1993 ) and vegetative 
compatibility groups (VCGs) (Pollastro et al. unpublished; Beever and Weeds  2004 , 
Chap.   4    ) would suggest that meiotic recombination occurs in the populations of the 
fungus. Additional indirect evidence for sexual recombination among natural 
 Botrytis  populations was provided by population genetics (see Chap.   6    ). 

 The mating system in  B. cinerea  was fi rst investigated by Groves and Loveland 
( 1953 ), who concluded that the fungus is heterothallic. This was confi rmed by the 
obtainment of apothecia under laboratory conditions that showed that mating is 
controlled by a single locus ( MAT1 ) with two idiomorphs. The mating type  MAT1 - 1  
was arbitrarily assigned to the strain SAS56, and the  MAT1 - 2  to the strain SAS405 
(Faretra et al.  1988a ,  b ). Both mating types have been commonly found on different 
host plants and in different countries, although MAT1-1 isolates were lightly pre-
vailing (Beever and Parkes  1993 ; Faretra and Pollastro  1993a ); mating type indeed 
does not infl uence appreciably fi tness (Pollastro et al.  1996 ). 

 Few  B. cinerea  isolates fertile with both  MAT1 - 1  and  MAT1 - 2  strains and often 
auto-fertile, referred to as pseudo-homothallic (MAT1-1/2) (Faretra and Grindle 
 1992 ) or ‘dual-mater’ (Amselem et al.  2011 ), were fi rst detected by Lorenz and 
Eichhorn ( 1983 ) in Germany, and then reported in Europe and other countries 
(Beever and Parkes  1993 ; Faretra and Pollastro  1993a ). Heterokaryosis is the main 
cause of secondary homothallism of fi eld and monoconidial isolates of  B. cinerea , 
since single multinucleate conidia may contain nuclei carrying opposite idiomorphs 
(Faretra et al.  1988b ). This also indicates that the mating type idiomorphs do not 
cause vegetative incompatibility. Despite genetic and molecular investigations, 
genetic mechanisms causing secondary homothallism in monoascosporic isolates of 
the fungus have not yet been clarifi ed. Indeed, all the nuclei in a multinucleate asco-
spore derive from mitotic divisions of a single meiotic nucleus as showed by cyto-
logical observations (Lorenz and Eichhorn  1983 ; Faretra and Antonacci  1987 ) as 
well as by tetrad analysis in complete asci, which also evidenced an apparent unidi-
rectional ‘switching’ of mating behaviour since homothallic ascospores in complete 
asci were always expected to be  MAT1 - 2  (Faretra and Pollastro  1996 ). 

 Amselem et al. ( 2011 ) fi rst investigated the structure of the  MAT1  locus in the 
sequenced genomes of  B. cinerea  strains B05.10 and T4, and identifi ed two open 
reading frames (ORFs) in each idiomorph. These results were confi rmed in strains 
SAS56 and SAS405 (De Miccolis Angelini et al. unpublished) (Fig.  3.5 ). The 
 MAT1 - 1  and  MAT1 - 2  idiomorphs display unique sequences of 2,513 bp and 2,776 
bp, respectively with fl anking sequences of the locus almost identical in the oppo-
site mating types. Conventionally, the  MAT1 - 1  idiomorph contains a gene with the 
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alpha domain, while the  MAT1 - 2  a gene with the HMG domain. Hence, the previous 
casual attribution of the  MAT1 - 1  and  MAT1 - 2  mating type to SAS56 and SAS505 
strains (Faretra et al.  1988b ), respectively, was coincidentally right.

   The two genes containing the mating-type specifi c domains ( MAT1 - 1 - 1  and 
 MAT1 - 2 - 1 ) show high homology (82–86 %) with the corresponding genes of the 
closely-related homothallic species  S. sclerotiorum . Both the alpha and the HMG 
domains are interrupted by an intron which is at the same position as that of homol-
ogous  MAT  genes identifi ed in other ascomycetes (Debuchy and Turgeon  2006 ). 
Each idiomorph include an additional ORF ( MAT1 - 1 - 5  and  MAT1 - 2 - 4 ) encoding a 
putative protein of unknown function which has a homologous sequence in the 
 MAT1  locus of  S. sclerotiorum , but no in other fungal species (Amselem et al.  2011 ). 
The structural organization of the  MAT1  locus in  B. cinerea  monoascoporic strains 
showing homothallic behaviour did not display differences with the locus of hetero-
thallic  MAT1 - 2  strains. Moreover, the  MAT1 - 1 - 1  gene sequence was never detected 
in the genome of homothallic strains (Amselem et al.  2011 ; De Miccolis Angelini 
et al. unpublished). Hence, the mating-type switching occurring in yeasts, with the 
transposition of a silent mating-type gene cassette present in genomic location other 
than the mating-type locus (Strathern et al.  1980 ), does not represent the mechanism 
underlying pseudo-homothallism in monoascosporic  B. cinerea  strains. 

 In  S. sclerotiorum  an inversion of a 3.6-kb region of the  MAT1  locus regularly 
occur during the sexual cycle. The rearrangement of this region originates two 
genetic variants (Inv+ and Inv−) of the  MAT1  locus both conferring a self-fertile 
homothallic behaviour. The inversion region includes the  MAT1 - 2 - 1  and the  MAT1- 
2- 4  genes and a large portion of the  MAT1 - 1 - 1  gene and is fl anked on either side by 
a 250-bp inverted repeat, probably involved in inversion loop formation and 
crossing- over events (Chitrampalam et al.  2013 ). In  B. cinerea , the homologous 

  Fig. 3.5    Structures of the mating-type ( MAT1 ) locus in  MAT1 - 1  ( a ) and  MAT1 - 2  ( b ) idiomorphs 
of  B. fuckeliana  and adjacent  APN2  (DNA lyase) and  SLA2  (cytoskeletal protein) genes in the 
near-identical fl anking sequences.  Solid boxes  represent the predicted genes interrupted by introns 
( full coloured boxes ). Internal  white box  in the  MAT1 - 1 - 1  ( α- box) and  MAT1 - 2-1  ( HMG- box) 
genes indicate the sequences encoding putative conserved domains.  Arrows  indicate orientation of 
coding sequences       

 

3 Genetics of Botrytis cinerea



42

250-bp motif is uniquely found within the complete or deleted  MAT1 - 1 - 1  gene 
respectively in the  MAT1 - 1  and in the  MAT1 - 2  idiomorphs close to the near identi-
cal 3′-fl anking region. During meiotic chromosome pairing the idiomorphic 
sequences at  MAT1  locus, highly dissimilar in strains of opposite mating type but 
fl anked by homologous sequences, might originate a large region of heteroduplex 
DNA resulting in single strand loops (unpaired regions). It might be responsible for 
unequal recombination events and gene conversion at  MAT1  locus with structural 
changes, probably unstable or transient. 

 Expression analysis by RT-PCR revealed that all the mating-type genes of  B. 
cinerea  are transcriptionally active at low level in different development stages 
(mycelium, mature sclerotia, carpogenesis-induced sclerotia and fully developed 
apothecia) (De Miccolis Angelini et al. unpublished), like it occurs in other fungal 
species, suggesting their possible role in processes other than mating (Ferreira et al. 
 1996 ; Coppin and Debuchy  2000 ). 

 Terhem and Van Kan (unpublished) generated mutants in the four genes of  B. 
cinerea MAT1  locus in both SAS56 and SAS405 strains and crossed them with 
appropriate wild-type strain or knockout mutant. Knockout mutants of the  MAT1-
1- 1  gene and the  MAT1 - 2 - 1  gene proved sterile, thus confi rming the essential role of 
the alpha-domain protein and the HMG-box protein in the mating process. The 
mutants of the  MAT1 - 1 - 5  gene and the  MAT1 - 2 - 4  gene were able to produce stipes 
but failed to develop apothecial disks, evidencing that these two genes jointly play 
a key role in disk development. Crosses performed by Terhem and Van Kan ( 2014 ), 
with different knockout mutants in the genes  Bhp1  (class I hydrophobin),  Bhl1  
(hydrophobin-like),  Bhp2  and  Bhp3  (class II hydrophobins), showed that hydropho-
bins  Bhp1  and  Bhp3  are important for normal development of sclerotia, and hydro-
phobins  Bhp1  and  Bhp2  are important in sclerotia for normal development of 
apothecia. 

  B. cinerea  has been used as model to explore a gene conversion event occurring 
during meiosis, known as ‘homing’. The homing process is mediated by site- specifi c 
endonuclease (HEG), typically encoded within self-splicing genetic elements, such 
as group I introns and inteins, and results in unidirectional inheritance of genomic 
regions including their host gene and fl anking sequences. Analysis of meiotic prod-
ucts from single heterozygous nuclei generated by crossing strains carrying an 
HEG-containing intein in the  Prp8  gene with strains carrying no intein in the same 
gene, permitted to estimate the extension of gene conversion tracts, including at 
least the 25-bp sequence immediately fl anking the intein and often affecting a larger 
region (up to 451 bp from the insertion site), and to demonstrated that intein homing 
was highly effi cient, affecting all ascospore progenies. Hence, inteins represent 
potential hotspots for meiotic recombination in fungi (Bokor et al.  2010 ). 

 Examination of transposable element (TE) sequences in  B. cinerea  and  S. sclero-
tiorum  provided an evidence for RIP (Repeat-Induced Point mutation), a mecha-
nism of genomic modifi cations occurring during meiosis and resulting in the 
irreversible inactivation of duplicated sequences (Galagan and Selker  2004 ; 
Martinez et al.  2008 ). RIP intensity is variable among TEs and seems to be less 
effi cient in  Sclerotinia  than in  Botrytis  (Lebrun and Dickman, unpublished). This 
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mechanism, fi rstly identifi ed in  Neurospora crassa , is common in fungi and is con-
sidered as a protective strategy against deleterious effects of transposon mobility or 
recombination between duplicated sequences.  

3.4     Other Sources of Variation 

 Other sources of variation in  B. cinerea  are represented by extrachromosomal 
genetic elements, such as mitochondrial DNA (De Miccolis Angelini et al.  2012a ; 
Yin et al.  2012 ), plasmids (Hiratsuka et al.  1987 ) and mycoviruses. 

 Since their fi rst observation by Howitt et al. ( 1995 ), mycoviruses infecting  B. 
cinerea  isolates have been reported by several authors (reviewed in Chap.   5    ; Pearson 
and Bailey  2013 ) and have been occasionally characterized (De Guido et al.  2005 ; 
Wu et al.  2007 ,  2010 ). The genome of most mycoviruses consists of dsRNA and is 
often associated with isometric, bacilliform or fi lamentous virus-like particles 
(VLPs) (Howitt et al.  1995 ; Santomauro et al. unpublished). Two fl exuous rod- 
shaped mycoviruses, with single-strand RNA (ssRNA) genomes, have also been 
isolated and characterized (Howitt et al.  2001 ,  2006 ); because of their sequence 
similarity to plant viruses (i.e.,  Garlic virus A ), it has been suggested that transmis-
sion of genetic materials can occur between plants and  B. cinerea  (Howitt et al. 
 2006 ). Analysis of dsRNA electropherotypes of infected isolates indicates a broad 
variation in number, molecular size and abundance of viral genomic dsRNA seg-
ments, thus suggesting a frequent occurrence of mixed infections of multiple viruses 
in single isolates of the fungus. The majority of mycoviruses in  B. cinerea  seems to 
be in a cryptic state (Howitt et al.  1995 ; Santomauro et al. unpublished), but in few 
cases dsRNAs were associated to hypovirulence (Wu et al.  2007 ,  2010 ; Zhang et al. 
 2010 ; Potgieter et al.  2013 ). Mycoviruses are effi ciently transmitted to conidia, 
while transmission to ascospore offspring does not occur (Santomauro et al. unpub-
lished) or is incomplete (Pearson et al.  2009 ). 

 Vegetative incompatibility, frequently observed in  B. cinerea , constitutes a strong 
barrier to mycovirus spreading in fungal populations. It prevents hyphal anastomo-
sis between isolates belonging to different VCGs, as demonstrated by the use of 
auxotrophic mutants (Pollastro  1996 ; Beever and Parkes  2003 ; Korolev et al.  2008 ), 
while the exchange of both nuclear and cytoplasmic elements between compatible 
isolates can be responsible for establishment of a heterokaryotic or heteroplasmic 
state. A large number of VCGs (more than 80) has been identifi ed in  B. cinerea , 
consistent with the existence of a very high genetic diversity in natural populations, 
with several VCGs represented by only one or few isolates (Beever and Weeds 
 2004 ; Chap.   4    ).  
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3.5     Genomics and Transcriptomics 

 The fi rst  B. cinerea  expressed sequence tags (EST) dataset was generated by Viaud 
et al. ( 2005 ) providing a useful resource for gene discovery (3,026 unigenes) and 
identifi cation of putative virulence factors (cell wall degrading enzymes, signal 
transduction components and secondary metabolism enzymes). Silva et al. ( 2006 ) 
sequenced another 11,482 ESTs from an isolate of  B. cinerea . Much larger datasets 
have become available through next-generation-RNA-sequencing (  http://www.
ncbi.nlm.nih.gov/gds/?term=(Botrytis+cinerea[Organism])    ). 

 The fi rst genome assemblies of strains B05.10 (Syngenta AG) and T4 (Genoscope) 
were obtained by using Sanger sequencing technology at low coverage (4.5 and 10 
fold sequence depth, respectively). The draft assembly of B05.10 amounts to 
42.3 Mb and consists of 588 scaffolds ( N 50 = 257 kb). The draft assembly of T4 
amounts to 39.5 Mb and consists of 118 scaffolds ( N 50 = 562 kb) (Amselem et al. 
 2011 ). The comparative analysis of the genomes of the  B. cinerea  strains B05.10, 
T4 and one strain of  S. sclerotiorum  showed that they include 11,860–14,270 pre-
dicted genes, which share 83 % amino acid identity on average between the two 
species. The  S. sclerotiorum  genome was assembled into 16 chromosomes and 
found large-scale co-linearity with the  B. cinerea  genomes. The  S. sclerotiorum  
genome consists of transposable elements for 7 % compared to ~1 % of  B. cinerea . 
The arsenal of genes associated with necrotrophic processes, including genes 
involved in plant cell wall degradation and oxalic acid production, is similar between 
the species. Analysis of secondary metabolism gene clusters revealed a higher num-
ber and broader diversity of  B. cinerea  secondary metabolites as compared to  S. 
sclerotiorum , which might be involved in adaptation to specifi c ecological niches 
(Chap.   15    ). No genomic features of the two species distinguish them from other 
pathogenic and non-pathogenic fungi, reinforcing the hypothesis of a quantitative, 
multigenic nature of necrotrophic pathogenesis (Amselem et al.  2011 ). 

 Staats and Van Kan ( 2012 ) improved genome assemblies of B05.10 (GenBank 
accession number AAID00000000) and T4 (ALOC00000000) by using NGS 
Illumina technology. The quality-trimmed data consisted of 81.1 million sequenc-
ing reads (3.94 Gb) for B05.10 and 114.6 million sequencing reads (6.38 Gb) for 
T4. The adopted gene fi nding strategy resulted in 10,427 and 10,467 predicted 
protein- coding gene structures in B05.10 and in T4, respectively. 

 More recently, it has been released the draft genome sequence of the BcDW1  B. 
cinerea  strain, used as inoculum to induce noble rot in the production of botrytized 
wine (GenBank accession number AORW00000000), obtained with NGS technol-
ogy. A number of 11,073 complete gene models have been identifi ed that also 
include secreted proteins, such as laccases and carboxylesterases, which might be 
relevant for noble rot (Blanco-Ulate et al.  2013 ). 

 Transcriptomic analyses performed during plant-infection (Gioti et al.  2006 ; 
Mulema and Denby  2012 ), conidia germination (Leroch et al.  2013 ) or after pectate 
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induction (Zhang et al.  2014 ) permitted to identify a number of fungal genes 
 signifi cantly alterated in their expression profi les during pathogenesis-related 
 development and host plant colonization, as well as genes involved in plant defence 
responses to  B. cinerea  infection (see also Chap.   17    ). Also proteomic approaches 
were developed in  B. cinerea  to identify potential virulence factors (see Chap.   16    ).  

3.6     Transposons and Population Biology 

 About 1.3 % of the  B. cinerea  genome consists of repetitive sequences (Staats and 
Van Kan  2012 ). Transposable elements (TEs) belonging to class I retroelements 
(LTRs) or class II DNA transposons (MITEs, TIRs) have been identifi ed (Amselem 
et al.  2011 ). These mobile repetitive DNA elements represent dynamic components 
of genomes. By transposing themselves from one genome location to another one, 
they are recognized as a potential cause of structural rearrangements of DNA 
sequences and chromosomes, gene duplication, inactivation and changes in gene 
expression. Their presence in  B. cinerea  might explain its plasticity and genetic 
variability and can be considered as an addition source of diversity in genome evo-
lution. While some TEs within the fungal genome are presumably inactive and 
could be considered as a genomic remnants of ancient transposition events (Deng 
et al.  2013 ), several studies suggested that TEs can still contribute to the genetic 
diversity within  B. cinerea  populations. Two types of strains, named  transposa  and 
 vacuma , have been distinguished on the basis of two transposons,  Boty  and  Flipper  
(Giraud et al.  1999 ). Differences in biological and pathogenic behavior of  transposa  
and  vacuma  strains have been associated with a ‘partial specialization’ for plant 
organs and season timing along with differences in their response to fungicides 
(Martinez et al.  2005 ; Pollastro et al.  2007 ; Samuel et al.  2012 ).  

3.7     Improvements of Genetic Tools 

 Great efforts have been made during recent years to establish methods and protocols 
for studying gene function and pathogenesis determinants at molecular level in  B. 
cinerea . DNA extraction protocols for  B. cinerea  generally start with mycelium 
reduced to powder with liquid nitrogen. Gonzáles et al. ( 2008 ) adapted a method 
based on the homogenization of the fungus with sand and the aid of a common 
household drill for processing of large number of samples in short times and gener-
ating DNA of suffi cient quality for PCR and Southern blotting. Genetic transforma-
tion was fi rst achieved with genes conferring resistance to hygromycin B (Hamada 
et al.  1994 ) or phleomycin (Santos et al.  1996 ), and the nitrate reductase gene ( niaD ) 
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(Levis et al.  1997 ). Ish-Shalom et al. ( 2011 ) demonstrated successful transformation 
with three different DNA constructs using both air-pressure- and sclerotium- 
mediated transformation, methods which proved fast, simple and reproducible as 
compared to protocols based on protoplasts.  Agrobacterium tumefaciens –mediated 
transformation (ATMT) was fi rst applied to  B. cinerea  by Rolland et al. ( 2003 ) and 
has been shown to be a useful tool for random mutagenesis and the identifi cation of 
new virulence-associated genes (Giesbert et al.  2012 ). 

 Gene replacement is crucial for demonstrating gene function. Constructs without 
homologous sequences are rarely integrated into the genome and result in low trans-
formation effi ciencies. Despite the relatively high frequency of homologous recom-
bination observed in  B. cinerea  constructs containing  B. cinerea  sequences may 
integrate at undesired gene loci. The targeted integration of constructs at defi ned 
loci in the genome is more advantageous as it allows for generation of transformants 
with identical genomic backgrounds. Noda et al. ( 2007 ) developed a system for site- 
directed integration of expression cassettes by exploiting homologous recombina-
tion allowed by the use of a recipient strain and a vector both carrying a truncated 
copy of the hygromycin resistance gene. Schumacher ( 2012 ) constructed a set of 
basic cloning vectors by yeast recombinational cloning permitting a variety of pro-
tein fusions at defi ned genomic  loci . These cloning vectors facilitate promoter stud-
ies by the insertion of promoters of interest upstream of fl uorescent reporter genes, 
the localization of  B. cinerea  proteins in living hyphae and fi nally the identifi cation 
of protein–protein interactions in situ by bimolecular fl uorescence complementa-
tion (BiFC) assays. 

 RNAi mediated gene silencing was also developed in  B. cinerea , but due to the vari-
able silencing levels, interpretations are diffi cult and gene knockouts for non- essential 
genes proved to be easier to handle (Patel et al.  2008a ; Schumacher et al.  2008 ). 

 Molecular tools based on the expression of reporter gene constructs in  B. cine-
rea , which is crucial for sub-cellular localization of proteins and identifi cation of 
protein complexes, have been hampered for long time by their weak expression 
levels and insuffi cient fl uorescence signal when expression vectors were derived 
from other fungal systems. Patel et al. ( 2008b ) developed and validated the pOT and 
pLOB vector systems with a range of exogenous genes, including enhanced green 
fl uorescent protein (eGFP), monomeric red fl uorescent protein (mRFP), luciferase 
(LUC) and ß-glucoronidase (GUS). eGFP was successfully used by Gourgues et al. 
( 2004 ) and Shlezinger et al. ( 2011 ). All these reports showed that the use of regula-
tory sequences of  B. cinerea  enhances the expression of reporter genes. Moreover, 
Leroch et al. ( 2011 ) obtained improved transcript levels and increased fl uorescence 
by using eGFP and mCherry with codons optimized for  B. cinerea  in addition to an 
intron in the  bcgfp  gene that further enhances gene expression. 

 Obligate biotrophic pathogens, such as  Blumeria graminis  f.sp.  tritici  ( Bgt ), are 
not easily handled under laboratory conditions and their genetic transformation is 
diffi cult.  B. cinerea  was successfully used as a heterologous expression system for 
the characterization of the  Bgt CYP51  gene, encoding 14α-demethylase and involved 
in resistance to sterol demethylation inhibitors. The gene was transcribed in  B. cine-
rea  and transformed strains showed reduced sensitivity to the fungicides. These 
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results indicated that this heterologous expression system can be used for functional 
analysis of other genes of  Bgt  and possibly of other biotrophic pathogens (Yan 
et al.  2012 ).  

3.8     Genetics of Fungicide Resistance 

 Acquired resistance to fungicides in phytopathogenic fungi is a relevant challenge in 
modern crop protection. Due to its broad genetic variability and adaptation capabili-
ties,  B. cinerea  is recognized as a ‘high-risk’ pathogen, and acquired resistance has 
been experienced with all the fungicides used against grey mould (  www.frac.info    ; 
Chap.   10    ). Genetic bases of resistance to fungicides in  B. cinerea  were reviewed by 
Leroux ( 2004 ) and De Miccolis Angelini et al. ( 2012b ) and in Chap.   10     of this book. 
Field resistant mutants can be easily derived from naturally infected plants exposed 
to intensive spray schedules. The diversity of the genetic background of fi eld  B. cine-
rea  isolates represents a major obstacle to the understanding of genetic bases of resis-
tant phenotypes. Laboratory resistant mutants can be generated from wild-type 
sensitive strains by direct exposure to appropriate fungicide concentrations to select 
either spontaneous mutations or mutations induced by physical or chemical muta-
gens (e.g., De Guido et al.  2007 ; De Miccolis Angelini et al.  2010 ). However, the 
genetic and physiological mechanisms underlying resistance of laboratory mutants 
might not refl ect those occurring in the fi eld (Grindle  1987 ; Grindle and Faretra 
 1993 ). Both fi eld and laboratory resistant mutants often are unstable due to their 
heterokaryotic or heteroplasmic state. Repeated monoconidial subcultures proved 
resistant under selective conditions rather than mass- transferred mycelial or conidial 
cultures are preferentially used to reduce instability in resistant mutants. 

 The use of well characterized reference strains to obtain isogenic resistant 
mutants, having virtually identical genomes but differing for the mutated genes, 
makes it possible to identify the role of specifi c allelic variants on fungicide resis-
tance and their pleiotropic effects on fi tness. This can be accomplished with time- 
and labour-expensive classic backcrosses of resistant mutants with a recurrent 
reference strains and selection of suitable offspring (Pollastro et al.  1996 ) or in a 
much more quick and easy way by in vitro site-directed mutagenesis (e.g., Billard 
et al.  2012 ; Lalève et al.  2013 ). 

 As in other fungal pathogens, the most common mechanism of  B. cinerea  resis-
tance to site-specifi c fungicides is the occurrence of point mutations in major genes 
underlying the alteration of the target site protein which reduces fungicide binding. 
A large number of single nucleotide polymorphisms (SNPs) conferring resistance to 
several groups of fungicides have been identifi ed in fi eld and laboratory resistant 
mutants of  B. cinerea  (Chap.   10    ) and can be used as molecular markers for quickly 
detection and quantifi cation of resistant genotypes in fi eld samples of the pathogen. 

 Mutations conferring fungicide resistance frequently have negative effects on the 
fi tness of resistant mutants, compromising their chances to compete with wild-type 
sensitive strains and to survive in nature. For example, mutations in the  Daf1  gene 
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conferring a high level of resistance (HR) to dicarboximides and resistance to phe-
nylpyrroles in laboratory mutants of  B. cinerea  cause, as a pleiotropic effect, a 
strong reduction of tolerance to high osmotic pressure compared with wild-type 
sensitive (S) isolates or low resistant (LR) mutants occurring in the fi eld (Faretra 
and Pollastro  1993b ; Pollastro et al.  1996 ). Moreover, heterokaryon can overcome 
negative pleiotropic effects of the mutations responsible for fungicide resistance by 
maintaining wild-type sensitive nuclei and mutate nuclei in a balanced state. For 
instance, the coexistence of  Daf1HR  nuclei with  Daf1S  or  Daf1LR  nuclei can gener-
ate a phenotype highly resistant to dicarboximides showing an almost normal osmo-
tolerance. This is possible because the high resistance is dominant (or partially 
dominant) on sensitivity, and hypersensitivity to high osmolarity is recessive (or 
partially recessive) on normal osmotolerance (Faretra and Pollastro  1993a ). 

 So far, there are few examples of genes conferring resistance to antifungal com-
pounds located on extrachromosomal determinants. In several fungal pathogens 
resistance to QoI fungicides is caused by the G143A mutation in the mitochondrial 
 cytb  gene (Gisi et al.  2002 ). In  B. cinerea , the same mutation has been detected in 
both fi eld and laboratory QoI-resistant mutants that are often in a heteroplasmic state 
in which resistant and sensitive mitochondria co-exist in the same hyphal compart-
ment (Banno et al.  2009 ; Ishii et al.  2009 ; Jiang et al.  2009 ). Classical genetic analy-
sis of progeny from sexual crosses between resistant and sensitive isolates confi rmed 
that resistance is due to cytoplasmic determinants showing maternal (i.e. sclerotial) 
inheritance (De Miccolis Angelini et al.  2012a ). Sequence analysis of the  cytb  gene 
in  B. cinerea  has evidenced a highly polymorphic genetic structure leading to dis-
criminate up to six different types of  cytb  gene on the bases of the presence or absence 
of four intronic sequences (Yin et al.  2012 ). The presence of a group I self-splicing 
intron, adjacent to the codon 143 in sensitive isolates of the fungus, prevents the 
occurrence of the G143A mutation since it would be lethal impeding the correct exci-
sion of the intronic sequence from the gene transcript (Grasso et al.  2006 ).     
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    Chapter 4   
 Vegetative Incompatibility in  Botrytis                      

       Nadia     Korolev      and     Yigal     Elad   

    Abstract     In ascomycetes, vegetative compatibility is determined by a series of 
 het  or  vic  genes that exist in two or more allelic states. Strains that carry identical 
alleles at all  loci  are compatible; those that differ at one or more  loci  are incom-
patible. The genetic basis of vegetative incompatibility in  Botrytis cinerea  is not 
known, but is presumed conform to the system found in other ascomycetes. Using 
nitrate non- utilizing mutants, 66 distinct vegetative compatibility groups (VCGs) 
were identifi ed among fi eld and single ascospore isolates of  B. cinerea , an obser-
vation that is consistent with the presence of at least six  het  genes. Sulphate non-
utilizing mutants have also been used to identify multiple VCGs in this species. 
The large number of VCGs and the limited occurrence of isolates displaying the 
same VCG suggest that sexual recombination plays an important role in fi eld pop-
ulations of  B. cinerea . Mycelial compatibility groups (MCGs) recognized by the 
formation of interaction lines between isolates paired on agar media (barrages), 
indicate incompatibility in  B. cinerea , however, there is no direct correlation with 
VCGs recognized by complementation. Sexual crosses have been shown to gener-
ate new  B. cinerea  VCGs. Unlike the situation in  Neurospora crassa , in  B. cine-
rea , the  MAT1  locus does not act as a  het  gene. The homologue of the  N. crassa 
het - c  gene has been cloned and sequenced in  B. cinerea , but it does not act as a  vic  
gene in  B. cinerea .  
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4.1         Heterokaryosis 

 In fi lamentous ascomycetes, continual fusion between hyphae (anastomosis) yields 
networks of interconnected hyphae (mycelia) that make up fungal colonies. Hyphal 
networks can be formed by intercellular interactions within and between fungal 
colonies. In an individual colony, networked hyphae are presumably important for 
intra-hyphal communication and homeostasis during growth and reproduction. 
Different fungal colonies are also capable of hyphal fusion with each other to form 
a heterokaryon, in which genetically different nuclei may coexist in a common cyto-
plasm. Heterokaryon formation has the potential benefi ts of functional diploidy and 
mitotic genetic exchange (parasexual cycle) and may increase biomass for coopera-
tion in physiological efforts such as resource exploitation or asexual/sexual repro-
duction (Glass et al.  2000 ). Several researchers have observed the transfer of nuclei 
between  B. cinerea  isolates through hyphal anastomosis maintaining the presumed 
heterokaryotic condition (Hansen  1938 ; Lorbeer  1980 ; Jarvis  1977 ). 

 Although there are obvious benefi ts to the formation of heterokaryons, these 
interactions can be restricted by a self-/nonself-recognition mechanism, so that net-
works can only be formed between colonies that are identical at all self-/nonself- 
recognition  loci  labelled as heterokaryon incompatibility ( het ) or vegetative 
incompatibility ( vic ) depending on fungal species. The hyphal fusion between colo-
nies that are not identical at these  loci  results in the rapid induction of programmed 
cell death in the fusion compartment and subtending cells. In this case, the strains are 
vegetative incompatible and heterokaryon formation is not possible (Hutchinson and 
Glass  2012 ). Fungal species differ in the extent to which the resulting heterokaryons 
proliferate: two main patterns have been described. In fungi that exhibit the fi rst pat-
tern, including  Verticillium dahliae  and  Gibberella fujikuroi , heterokaryons are lim-
ited to actual fusion cells, nuclei do not migrate between cells and heterokaryons are 
continually reformed by repeated fusion events within mycelia. Among the fungi that 
exhibit the second pattern, including  Neurospora crassa  and  Podospora anserina , 
heterokaryotic cells proliferate and almost all cells within the mycelium are hetero-
karyotic (Glass et al.  2000 ; Glass and Kuldau  1992 ).  B. cinerea  is thought to exhibit 
the second pattern. The patterns of hyphal growth, branching and anastomosis in  B. 
cinerea  are typical of  Ascomycetes . The vegetative cells and conidia are multinucle-
ate containing generally 3-6 nuclei, and if the nuclei are genetically different, conidia 
are heterokaryotic (Chap.   3    ). Morphological diversity among monoconidial isolates 
derived from a single parent has often been regarded as evidence of the existence of 
heterokaryons among fi eld isolates. Mycelial (M), conidial (C) and intermediate 
types (M/C) of  B. cinerea  have been recognized (Hansen  1938 ). The mycelial and 
conidial types (presumed homotypes) generate only M- and C-type progeny, respec-
tively, whereas inconsistent, intermediate types (presumed heterotypes) can produce 
progeny of all three types. Hansen ( 1938 ) concluded that these intermediate types are 
natural heterokaryons that contain both C and M nuclei. Similar results were obtained 
by Menziger ( 1966 ) and Gringle ( 1979 ). However, Jinks (1959) and Grindle ( 1979 ) 
noted that although heterokaryosis might account for variations among monoconid-
ial progeny, the possible role of cytoplasmic elements should also be considered. In 
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the imperfect fungus  V. dahliae , known for its morphological instability, the presence 
or absence of microsclerotia in progeny derived from a single conidia (exhibiting a 
white, mycelial phenotype or grey-to- black, microsclerotial phenotypes) is at least 
partially controlled by mitochondria, which are self-replicating and transmitted 
through the cytoplasm of the conidia (Heale  1988 ). 

 Other evidence of heterokaryosis in  B. cinerea  has come from studies of fungi-
cide resistance. Heterokaryosis enables fungi to adapt to changing environmental 
conditions by adjusting the proportion of the two kinds of nuclei (sensitive and resis-
tant to the fungicide). Summers et al. ( 1984 ) demonstrated that a dicarboximide- 
resistant fi eld isolate was a presumed heterokaryon and, using monoconidial isolates, 
they were able to resolve it into homokaryotic sensitive and resistant types. They 
also showed that the relative balance of fungicide-resistant and fungicide- sensitive 
nuclei in the heterokaryon responded to the presence of fungicide in the medium. 
Other studies have found that isolates resistant to dicarboximide or dichlofl uanid 
may not always transmit their resistance to their sexual progeny and some asexual 
progeny might also be non-resistant, indicating that the parent isolates were hetero-
karyons that possessed both resistant and sensitive nucleotypes (Farerta and Pollastro 
 1993 ; Mamiev et al.  2013 ; Pollastro et al.  1996 ; Yourman and Jeffers  1999 ). 

 The most direct evidence for heterokaryosis in fi eld strains comes from studies of 
mating-types (Beever and Weeds  2004 ). Most fi eld strains of  B. cinerea  are hetero-
thallic, carrying one or another allele of the mating-type gene,  MAT1 - 1  or  MAT1- 2  . In 
addition, some fi eld strains that behave in a homothallic fashion ( MAT1 - 1 / 2  strains, or 
dual-maters) are presumed to be heterokaryotic. Monoconidial isolates of homothallic 
fi eld isolates either remained homothallic (i.e., were heterokaryotic  MAT - 1 - 1  +  MAT1 -
 2 ) or behaved in a heterothallic manner (i.e., were presumably either  MAT1 - 1  or 
 MAT1 - 2  homokaryons). These fi ndings indicate that segregation occurs during conid-
iogenesis, so that either or both alleles of the mating-type gene can be present in a 
single conidium (Faretra et al.  1988 ). Heterokaryosis is the main cause of such sec-
ondary homothallism in the fi eld and in the monoconidial isolates, if single multinu-
cleate conidia contains nuclei carrying opposite idiomorphs. This also indicates that 
the mating type idiomorphs do not cause vegetative incompatibility in  B. cinerea . 
Secondary homothallism was also observed in monoascosporic isolates. As the asco-
spore nuclei are derived from one haploid nucleus, such dual- mater strains cannot be 
explained by the possession of both  MAT1 - 1  and  MAT1 - 2  sequence in the same 
genome (Beever and Weeds  2004 ; Chap.   3    ). Instead, this phenomenon arises by 
changes elsewhere in the genome – it is unknown whether this form of mating-type 
switching has a monogenic or polygenic basis (Amsalem et al.  2011 ). 

 Sexual crossing has been shown to generate new VCGs in  B. cinerea  (Beever and 
Parkes  2003 ). The existence of homothallic strains that are heterokaryotic for mat-
ing type (Faretra et al.  1988 ) indicates that  MAT1  does not act as a  het  gene in this 
species, unlike the situation in  N. crassa . Formation of “forced” heterokaryons 
between auxotrophic mutants of  B. cinerea  under laboratory conditions have been 
clearly established (Beever and Parkes  2003 ; Delcan and Melgarejo  2002 ; Korolev 
et al.  2008 ; Weeds et al.  1998 ), and it is discussed in paragraph 4: Vegetative 
(heterokaryon) compatibility groups. 
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 Fusion of vegetative hyphae to form heterokaryotic cells is a common feature of 
the growth and development of fi lamentous fungi. The other case of hyphal fusion 
may occur between conidial germlings. Conidia can form specialized hyphae, called 
conidial anastomosis tubes (CATs), which are morphologically distinct from germ 
tubes and allow anastomosis with other nearby conidia (Glass et al.  2004 ). CATs 
have been recognized in 73 species of fi lamentous fungi, including  B. cinerea  
(reviewed in Roca et al.  2005 ). Fusion between conidial anastomosis tubes often 
contributes to the earliest phases of colony establishment, while anastomosis 
between mature hyphae increases interconnectedness within the mycelium. CATs 
develop in culture and in host–pathogen systems; they grow towards each other and 
CAT formation and fusion are increased on nutrient-poor media. Nuclei pass 
through fused CATs, allowing gene exchange between individuals, although the 
movement of organelles between two fused conidial germlings is much slower than 
that between fused hyphae. Heterokaryons resulting from fusion of the mature 
hyphae are incompatible if the hyphae contain nuclei with different  het  genes. 
However, such heterokaryons can form via CAT fusions without an incompatibility 
response. This type of heterokaryon has been obtained in  Colletotrichum  spp., 
 Neurospora  spp.,  Podospora  spp., and other fungi (Fisher-Harman et al.  2012 ; Read 
et al.  2012 ; Tong et al.  2014 ; Tsukasaki et al.  2014 ; Vittal et al.  2012 ). CAT fusion 
seems to be very common among fungi, but very little is known about the biology 
or signifi cance of this process (Roca et al.  2005 ). Researchers have been aware of 
conidial anastomosis in  B. cinerea  since the early 1930s (Hansen and Smith  1932 ) 
and, in the last decade, this process has been the subject of intense study (Roca et al. 
 2012 ; Tudzynski et al.  2012 ).  

4.2     Genetic and Molecular Systems Controlling 
the Formation of Heterokaryons 

 Genetic studies in several ascomycetes have shown that vegetative incompatibility is 
determined by a number of  het  loci (at least 11 in  N. crassa , 9 in  Podospora anserina , 
8 in  Aspergillus nidulans  and 7 in  Cryphonectria parasitica ) that exist in two or three 
allelic states (reviewed by Glass et al.  2000 ).  het  loci have been cloned and molecu-
larly characterized in  N. crassa  and  P. anserine . With the exception of  het - S , all  het  
loci have a non-allelic partner and, in almost all cases, that non-allelic partner encodes 
a protein containing a HET domain. HET domains are approximately 150 amino 
acids long and are specifi c for fi lamentous fungi. Genes encoding HET domain pro-
teins have been identifi ed as important players for both nonself recognition and pro-
grammed cell death, and almost always form genetic interactions with other loci. 
These other loci encode a diverse set of proteins with diverse cellular functions, 
including but not limited to membrane proteins, glycolipid transfer proteins, enzymes 
involved in DNA synthesis, transcriptional regulators, and even prions. Strong bal-
ancing selection maintains multiple alleles for many  het  loci, yet the degree of 
sequence variability and the number of alleles can vary (reviewed by Hutchinson and 
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Glass  2012 ). One of the best characterized heterokaryon- incompatibility loci is the 
 het -c/ pin -c system in  N. crassa . In that system, the  het -c locus encodes a glycine-rich 
plasma membrane protein and interacts with its partner for incompatibility,  pin -c, a 
highly polymorphic gene that encodes a protein harbouring a HET domain. The  het -c 
and  pin -c loci are closely linked and exist in three different haplotypes.  het -c and 
 pin -c alleles are under balancing selection: individuals carrying  het - c  and  pin - c  hap-
lotypes are equally frequent, show severe linkage disequilibrium (no recombination 
between  het - c pin - c  haplotypes) and exhibit trans-species polymorphism.  het -c and 
 pin -c homologs are present in many fi lamentous fungi, but they play a role in hetero-
karyon incompatibility only in  Neurospora  and closely related genera. Non-allelic 
interactions also may occur in which alleles at one locus interact with alleles at a 
second locus to block the formation of a stable heterokaryon. Such,  het  homologs in 
 P. anserina ,  Fusarium proliferatum  and  Aspergillus niger  do not exhibit allelic vari-
ability (Hutchinson and Glass  2012 ; Leslie  1993 ). 

 The genetic basis of vegetative incompatibility in  B. cinerea  is not known. 
Fournier et al. ( 2003 ) cloned and sequenced the  B. cinerea  homolog (Bc- hch ) of the 
vegetative-incompatibility loci of  N. crassa  (Nc- het - c ) and  P. anserina  (Pa- hch ). 
Bc- hch  polymorphism has been observed among  B. cinerea  fi eld isolates. Specifi cally, 
two allelic types were found among 117 isolates of  B. cinerea , and the haplotypes at 
the Bc- hch  strictly corresponded to the resistance phenotypes to fenhexamid. The use 
of Bc- hch  as a population marker revealed that natural  B. cinerea  populations can be 
divided into two groups (I and II) (Fournier et al.  2003 ). The authors supposed that 
the polymorphism observed at the Bc- hch  locus corresponds to the fi xation of two 
private alleles in two reproductively isolated populations, with no polymorphism 
observed within each group at this locus. Barrages were observed in confrontation 
assays between Group I and Group II isolates in Petri dishes, and barrages also were 
observed between Group II members, indicating that Group II includes several 
MCGs, although it is monomorphic at the Bc- hch  locus. This might indicate that the 
Bc- hch  locus does not function as  het  gene in  B. cinerea  (Fournier et al.  2005 ). Fertile 
progeny have been obtained from crosses between strains within each group, but not 
from crosses between the groups, indicating that these groups are reproductively 
isolated (Walker et al.  2011 ). A recent analysis of the  B. cinerea  genome identifi ed 
52 different genes that encode HET-domain-containing proteins (Aanen et al.  2010 ).  

4.3     Identifi cation of  het  Loci 

 Three basic techniques have been used to identify  het  loci: direct assessment of 
heterokaryon formation (usually by complementation of recessive auxotrophic 
markers), direct assessment of inability to form a heterokaryon (usually through 
barrage formation) and partial diploid analysis (Leslie  1993 ). In the last method, a 
strain with a duplication-generating chromosome rearrangement is crossed with a 
strain of unknown  het  gene constitution. Homokaryotic, partial-diploid progeny 
from such a cross that are heterozygous for a given  het  gene within the duplicated 
segment can be recognized as self-incompatible by phenotypic characteristics that 
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include slow growth, pigmentation and aberrant colony morphology. Partial dip-
loids that are homozygous at the relevant  het  locus look like the wild type. In  N. 
crassa  and other tested fungi, heterokaryon incompatibility tests and self- 
incompatible partial diploids tests yielded similar results: congruent incompatibility 
phenotypes and map locations (Micali and Smith  2003 ). To our knowledge, no simi-
lar study has been conducted in  B. cinerea . Two other methods for identifying 
incompatibility loci in  B. cinerea  are described below.  

4.4     Vegetative (Heterokaryon) Compatibility 
Groups (VCGs) 

 Fungal strains that carry identical alleles of vegetative-incompatibility genes are 
compatible and form a vegetative compatibility group (VCG). Direct evaluation of 
heterokaryon formation usually involves the establishment of a stable prototrophic 
heterokaryon under conditions in which neither of the two auxotrophic components 
could survive on its own. When a heterokaryon is forced between auxotrophic 
strains of the same VCG, then a prototrophic heterokaryon results. If the strains are 
of different VCGs, there will be no prototrophic growth. The introduction of nitrate 
non-utilising (Nit) mutants has provided a simple method of mutant hunt procedure 
(Puhalla  1985 ). Typically, a range of Nit mutant classes are recovered, but the most 
reliable are usually those defi cient in nitrate reductase apoenzyme ( nit1 ) and those 
defective in synthesis of the molybdenum-containing cofactor needed for nitrate 
reductase and xanthine dehydrogenase activity (NitM mutants) (Bayman and Cotty 
 1991 ; Beever and Weeds  2004 ; Korolev et al.  2000 ; Tomsett and Garrett  1980 ). 

 There have been a number of reports of  nit  mutants in  B. cinerea  (Beever and 
Parkes  2003 ; Delcan and Melgarejo  2002 ; Levis et al.  1997 ; Weeds et al.  1998 ; 
White et al.  1998 ). These mutants are resistant to chlorate and are selected on media 
amended with that substance, which is the toxic analogue of nitrate. Selenate is the 
toxic analogue of another common nutrient, sulphate, and can be used to select 
selenate-resistant mutants. Selenate-resistant mutants with altered sulphur transport 
and assimilation have been characterized in several fungal genera (Vialta et al. 
 1999 ; Harp and Correll  1998 ; Correll and Leslie  1987 ; Arst  1968 ). Different classes 
of sulphate non-utilising mutants have been described, one comprised of chromate- 
resistant mutants and several chromate-sensitive genotypes (Arst  1968 ; Marzluf 
 1970 ). Selenate-resistant mutants, both resistant and sensitive to chromate, have 
been described in  B. cinerea  (Weeds et al.  1998 ; Korolev et al.  2006 ,  2008 ). 

 Weeds et al. ( 1998 ) presented the fi rst evidence of self-compatibility of a  B. cine-
rea  strain and incompatibility between two different strains, as demonstrated by 
forced heterokaryosis between Nit mutants. When several  nit1  mutants from the 
same strain were paired with each other, some pairings complemented and this 
behaviour was attributed to intragenic complementation. Complementation was 
also demonstrated between sulphate non-utilising mutants and  nit1  mutants selected 
from the same parent, but not between mutants generated from different strains. 
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Delcan and Melgarejo ( 2002 ) obtained both  nit1  and NitM  B. cinerea  mutants and 
demonstrated the formation of heterokaryon between  nit1  and NitM mutants origi-
nating from the same parent strain. NitM ×  nit1  pairings of mutants from two differ-
ent isolates resulted in incompatible interaction. Beever and Parkes ( 2003 ) devised 
a method to facilitate the recovery of both  nit1  and NitM pairs and confi rmed the 
existence of multiple VCGs in this species, with all nine strains examined belonging 
to different groups. None of the parental strains was self-incompatible. Subsequent 
studies have shown that a large number of VCGs exist within the  B. cinerea  popula-
tion and, to date, 59 VCGs have been recognized amongst 82 strains from New 
Zealand, with a few strains assigned to the same group. An additional seven VCGs 
were found among the progeny of sexual crosses between two strains (Beever and 
Weeds  2004 ; Weeds and Beever personal communication). VCGs are determined 
by unique combinations of  het  genes, such that if six  het  loci with two alleles per 
locus are segregating in a population, 64 (2 6 ) VCGs are theoretically possible 
(Beever and Weeds  2004 ). The identifi cation of 66 distinct VCGs among fi eld and 
single-ascospore isolates (isolates derived from a single ascospores, under labora-
tory condition) of  B. cinerea  is consistent with presence of at least seven  het  genes 
with two alleles each. 

 Selenate-resistant sulphate non-utilising mutants (Sul) have been recovered from 
21  B. cinerea  strains found in Israel. These mutants exhibit two different pheno-
types: chromate-resistant and chromate-sensitive (Korolev et al.  2008 ). Vigorous 
heterokaryotic growth was obtained in all of the intra-strain pairings of the different 
sulphate non-utilising phenotypes (Fig.  4.1 ).

  Fig. 4.1    Pairings of chromate-sensitive ( chr −) and chromate-resistant ( chr +) sulphate non- 
utilising mutants of  B. cinerea . Heterokaryons formed between chromate-sensitive ( chr −) and 
chromate-resistant ( chr +) sulphate non-utilising mutants of  Botrytis cinerea , but not when mutants 
were paired with themselves or with mutants carrying the same type of mutation. The photo shows 
results for two chromate-sensitive and one chromate-resistant mutant of strain B4, paired in all 
possible combinations on minimal medium in 5-cm-diameter plates kept at 20–22 °C in the dark 
(Photo was taken 12 days after inoculation (Korolev et al.  2008 ))       
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   This demonstrates that: (i) chromate-sensitive and chromate-resistant Sul 
mutants complement each other and could be used for vegetative compatibility 
studies; (ii) heterokaryon self-compatibility is common among  B. cinerea  strains 
from Israel, similar to the self-compatibility observed between Nit mutants (Beever 
and Parkes  2003 ; Delcan and Melgarejo  2002 ) and in pairings of Sul and Nit mutants 
derived from the same strain (Weeds et al.  1998 ); and (iii) inter-strain incompatibil-
ity is widespread in  B. cinerea . The 22 strains were assigned to 12 single-member 
VCGs and 3 multi-member VCGs. Twenty-two VCGs, including an average of 1.8 
isolates per group, were identifi ed in a strawberry fi eld population of  B. cinerea  
(Habib et al. unpublished). 

 Some fungi carry mutations that prevent them from anastomosing with them-
selves. Such isolates have been described in many fungal genera, including  Fusarium  
spp. (Leslie  1993 ),  Neurospora  spp. (Glass et al.  2000 ) and  Verticillium  spp. 
(Korolev et al.  2000 ). Correll et al. ( 1989 ) determined that heterokaryon self- 
incompatibility (HSI) in  Gibberella fujikuroi  is controlled by a single segregating 
gene ( hsi - 1 ). The frequency of HSI mutants among fi eld isolates of  Fusarium 
moniliformae  and  Verticillium dahliae  was about 1–2 % (Leslie  1993 ; Korolev et al. 
 2000 ). The high proportion (>50 %) of HSI mutants observed in a collection of 
 Verticillium lecanii  (Korolev and Gindin  1999 ) suggests that, in this entomopatho-
genic species, HSI mutations may have some advantage for survival. All tested 
isolates of  B. cinerea  were found to be self-compatible (Beever and Parkes  2003 ; 
Delcan and Melgarejo  2002 ; Korolev et al.  2008 ). Self-compatibility was observed 
both as heterokaryon formation between complementary Sul mutants and as the 
absence of any strong barrage reaction between mycelia of fi eld isolates belonging 
to the same VCG, although weak antagonistic interactions did sometimes occur 
(Korolev et al.  2008 ).  

4.5     Mycelial Compatibility Groups (MCGs) 

 Three main types of interaction can occur when fungal hyphae from different myce-
lia of the same species grow towards each other: mutual intermingling, inhibition 
and mutual intermingling plus inhibition. In cases of mutual intermingling, the 
hyphae intermingle in the zone of contact and form numerous hyphal fusions via 
anastomosis. After a time, the border between the two mycelia becomes unrecog-
nizable. In the case of inhibition, when the different hyphae approach each other, an 
inhibition zone free of hyphae is formed between the two mycelia. This phenome-
non may be caused by unilateral or mutual interaction based on the secretion and 
diffusion of inhibitory substances. In the case of mutual intermingling plus inhibi-
tion, a barrage is formed. In that situation, as the two mycelia grow and intermingle, 
there is an antagonistic reaction. In contrast to inhibition by diffusible substances, 
the barrage reaction requires cytoplasmic contact via hyphal fusion. Nuclear 
exchange is not inhibited, but the two types of mycelia form abnormal and even 
lethal fusions. A line of contact appears as the culture ages. Barrages may be 
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colourless or pigmented (Esser  2006 ). Mutual intermingling describes the interac-
tion between vegetatively compatible strains and the two other types of interaction 
(inhibition and mutual intermingling plus inhibition) are incompatible interactions. 
All three types of interaction are seen in  B. cinerea  (Fig.  4.2 ).

   Often, the term ‘barrage’ is used in connection with both types of incompatible 
interactions and, broadly, a barrage is the line or zone of demarcation that may 
develop at the point of contact between genetically different fungi. In  N. crassa , at 
least three types of barrages have been identifi ed: a dark line, a clear zone and a 
raised aggregate of hyphae (Micali and Smith  2003 ). Two main types of barrages 
have been described in  B. cinerea : a dark line and a clear zone (Beever and Parkes 
 1993 ; Delcan and Melgarejo  2002 ; Korolev et al.  2008 ). 

 Beever and Parkes ( 1993 ,  2003 ) described barrages formed between fi eld iso-
lates and between ascospore isolates in  B. cinerea . Those authors found that strong 
interaction zones often formed between ascospore isolates grown on malt extract 
agar amended with 0.68 M NaCl. A distinct zone formed between the parents, as 
well as in 141 of 144 pairings of randomly selected progeny. The zones took the 
form of a discrete narrow black line or pair of black lines, which was sometimes 
associated with a brownish zone spreading out from the interaction line for a few 
mm. No such zones were formed when strains were paired with themselves. Based 

  Fig. 4.2    Formation of 
barrages between 
incompatible strains of  B. 
cinerea . ( a ) Pigmented 
interaction zone between 
incompatible strains B4 
and B21 ( left ) and the 
absence of a barrage 
between compatible strains 
B7 and B21 ( right ). ( b ) 
Interaction zone in the 
form of sparse mycelium 
between incompatible 
strains B4 and B7 ( top ) 
and the absence of a 
barrage when the strains 
were paired with 
themselves ( bottom ) on 
PDA in 5-cm-diameter 
plates maintained 
at 20–22 °C in the dark 
(Photo was taken 10 days 
after inoculation (Korolev 
et al.  2008 ))       
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on the observation of compatibility in only 2 % of the interactions, those authors 
suggested that the two parent strains differ at fi ve or six vegetative-compatibility 
 loci  (Beever and Parkes  1993 ). In that work, the scoring of zone formation between 
fi eld isolates proved diffi cult; many pairings resulted in a faint response that was 
diffi cult to distinguish from the merging reaction observed when isolates are paired 
with themselves. The formation of strong barrage lines between fi eld isolates of  B. 
cinerea  has been relatively infrequent in other study as well. Korolev et al. ( 2008 ) 
reported that 30 % of the pairings in their study did not yield a barrage and an addi-
tional 34 % of pairings were characterised by a weak or inconsistent antagonistic 
interaction (Korolev et al.  2008 ). 

 In their study of barrages in  N. crassa , Micali and Smith ( 2003 ) did not observe 
any barrage formation when wild-collected strains were paired. However, an 
increase in the frequency of pairings that produced barrages was observed among 
strains obtained by back-crossing wild strains with laboratory strains, or through 
successive rounds of inbreeding of wild-derived strains. Those authors suggested 
that wild strains might possess genes that suppress the barrage reaction. Similar 
barrage-suppressive mechanisms could exist in fi eld isolates of  B. cinerea . 

 The barrage phenomenon is often regarded as the opposite of prototrophic veg-
etatively compatible heterokaryon formation. In early work with  Cryphonectria 
parasitica  and  Podospora anserina , a correlation was observed between vegetative 
incompatibility, expressed as barrage, and heterokaryon incompatibility as assayed 
through complementation (Huber  1996 ; Rizet  1952 ). However, in  N. crassa , bar-
rages were sometimes observed between strains that were identical at all major 
heterokaryon incompatibility ( het ) loci and possessed the same mating-type gene, 
 mat1 , which acts as a heterokaryon incompatibility locus during the vegetative 
phase of  N. crassa . Examples of cases in which barrages did not form between 
strains that had genetic differences at  het - 6 ,  het - c , and  mat  were also reported. 
Taken together, these results suggest that the genetic control of barrage formation in 
 N. crassa  can operate independently from that of heterokaryon incompatibility and 
mating type (Micali and Smith  2003 ). Similarly, barrage formation is not necessar-
ily an indication of heterokaryon incompatibility in  Sclerotinia sclerotiorum  (Ford 
et al  1995 ) or  C. parasitica  (Smith et al.  2006 ). This observation may not be surpris-
ing considering that, through chemical signalling, a barrage can form between 
hyphae separated by some distance. A barrage can also form during cell-cell contact 
through surface molecules, or after cell fusion through heterokaryon incompatibil-
ity mechanisms. In some species,  het  genes may represent only a subset of all of the 
factors involved in vegetative incompatibility. Barrage formation and heterokaryon 
incompatibility are not different manifestations of the same process. Rather, evi-
dence indicates that heterokaryon incompatibility is one component of a vegetative 
incompatibility system that may also use cell-surface or extracellular factors to trig-
ger programmed cell death to modulate non self-recognition in fungi (Micali and 
Smith  2003 ; Smith et al  2006 ). In  B. cinerea , all pairings between single-ascospore 
tester strains representing nine VCGs recognized by complementation between  nit  
mutants resulted in the formation of barrage zones, indicating congruence between 
mycelial incompatibility and heterokaryon incompatibility (Beever and Parkes 
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 1993 ). However, in another study (Beever and Parkes  2003 ), single-ascospore 
strains of  B. cinerea , after a series of backcrosses, were complemented by  nit  
mutants, but still produced a dark interaction line. 

 Classifying fi eld strains into distinct groups using the mycelial compatibility test 
was often diffi cult in that work, with the number and intensity of dark lines varying 
depending on the combination. Beever and Parkes ( 2003 ) concluded that it was 
premature to equate mycelial and vegetative incompatibility in  B. cinerea . In another 
work, barrage formation between  B. cinerea  fi eld isolates, in the form of a zone of 
dark pigmentation or sparse mycelia with or without dark pigmentation along the 
line of confrontation, was observed in 36 % of the combinations and a weak antago-
nistic reaction was observed for an additional 34 % of the pairings. No visible 
adverse reaction was observed in 30 % of the pairings. There was no correspon-
dence between MCGs and VCGs (complementation between  sul  mutants), since 
pairings of strains from different VCGs did not necessarily produce barrages. 
However, self-compatibility was observed both as heterokaryon formation between 
complementary  sul  mutants and the absence of barrage between mycelia. Field iso-
lates belonging to the same VCG did not exhibit strong antagonistic reactions to one 
another; only weak antagonistic interactions were sometimes observed (Korolev 
et al.  2008 ).  

4.6     Population Implications and Biological Functions 
of Vegetative Incompatibility 

 VCGs serve as a natural means to subdivide fungal populations, and subdivisions 
induced by VCGs within a sexual population are quite different from those expected 
for an asexual population. In an asexual population, differences at the  het  loci effec-
tively limit the exchange of genetic information to those individuals that belong to 
the same VCG. Since sexual recombination does not occur, members of the same 
VCG will form a genetically isolated subpopulation (Leslie  1993 ). VCGs have been 
very useful for identifying such subpopulations in fungi that are largely asexual and, 
in those species, VCGs often correlate with pathogenicity and other traits (Korolev 
et al.  2000 ). 

 Sexually reproducing populations of ascomycetes are expected to have high lev-
els of VCG diversity. Typically, fi lamentous ascomycetes whose  het  loci have been 
mapped have eight to ten loci, with two to three alleles at each locus.  het  loci are not 
clustered, but scattered throughout the genome. Thus, for a species with eight  het  
loci and two alleles at each locus, there would be 256 (2 8 ) different allele combina-
tions and successful fusions between strains that are “self” or at least very closely 
related are likely to be almost nonexistent in nature (Hutchinson and Glass  2012 ).  B. 
cinerea  has a high level of vegetative incompatibility. A large number of VCGs have 
been identifi ed in this species and only a small proportion of those VCGs include 
more than one strain, suggesting that sexual recombination occurs in  B. cinerea  pop-
ulations (Beever and Weeds  2004 ; Habib et al. (unpublished); Korolev et al.  2008 ). 
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 Population studies using molecular markers have indicated that the  B. cinerea  
population is genetically very diverse with no indication of widespread clonal lin-
eages. The most common haplotypes accounted for only 5–8 % of all strains (Giraud 
et al.  1997 ,  1999 ). This extensive genotypic diversity indicates limited clonal propa-
gation and the signifi cant role of recombination (for more details see Chap.   6    ).  B. 
cinerea  is the anamorph of  Botryotinia fuckeliana , and sexual crossing studies indi-
cate that most strains are heterothallic and capable of crossing. However, apothecia 
are seldom found in nature and have never been found in areas with a warm dry 
climate, such as Israel or southern Spain (Raposo et al.  2001 ; Yunis and Elad  1989 ). 
The large proportion of fi eld strains infected by mycoviruses also suggests that, 
despite its critical role, sexual reproduction is infrequent. Beever and Weeds ( 2004 ) 
suggested that in the absence of the frequent sexual stage, the main mechanism for 
heterokaryon generation and the maintenance of high genetic diversity in  B. cinerea  
is mutation within long-lived somatic lineages. It is interesting to note that the new 
cryptic species  Botrytis pseudocinerea , which lives in sympatry with  B. cinerea  
(Walker et al.  2011 ), has only one MCG while there are numerous  B. cinerea  MCGs. 
No MCG overlapped the two groups (Fournier et al.  2003 ,  2005 ). 

 Vegetative incompatibility has signifi cant biological implications, primarily in 
preventing the transfer of deleterious genetic elements between colonies, including 
mycoviruses and senescence plasmids. Thus, differences in  het  loci signifi cantly 
reduce viral transmission in  C. parasitica  and completely block viral transfer in the 
black  Aspergilli . Genetic differences at  het  loci also restrict the transfer of 
hypovirulence- associated dsRNAs in  Sclerotinia homoecarpa . In addition to affect-
ing viral transmission, vegetative incompatibility has been shown to restrict the trans-
fer of a mitochondrial senescence phenotype in  P. anserina  and the transfer of 
mitochondrial senescence plasmids in  N. crassa  (Hutchinson and Glass  2012 ). Highly 
variable virus-like dsRNA is common in  B. cinerea . Over 70 % of isolates were found 
to be infected with viruses located in cytoplasm and associated with some cellular 
degeneration (Howitt et al.  1995 ; Rodriguez-Garcia et al.  2014 ). Hypovirulence-
associated dsRNA and ssRNA mycoviruses, which reduce the pathogenicity of their 
host fungi, are of special interest due to their potential for use as biological control 
agents. Such viruses have been identifi ed in  B. cinerea  (Cao et al.  2011 ; Castro et al. 
 2003 ; Pearson and Bailey  2013 ). However, the high level of vegetative incompatibil-
ity in  B. cinerea  may prevent the transmission of these viruses and be an obstacle for 
successful biocontrol. In some fungi, incompatibility barriers are suppressed during 
conidial anastomosis, which (conidial anastomosis) has been described in 73 species 
of fi lamentous fungi, including  B. cinerea  (Roca et al.  2005 ,  2012 ).  

4.7     Conclusions 

 The genetic basis of vegetative incompatibility in  B. cinerea  is not known, but is 
presumed conform to the system found in other ascomycetes. Using nitrate non- 
utilizing mutants, many distinct VCGs were identifi ed among fi eld and single 
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ascospore isolates of  B. cinerea , an observation that is consistent with the presence 
of at least six  het  genes. Sulphate non-utilizing mutants have also been used to iden-
tify multiple VCGs in this species. The large number of VCGs and the limited 
occurrence of isolates displaying the same VCG suggest that sexual recombination 
plays an important role in fi eld populations of  B. cinerea . This is surprising in view 
of the rare reports of actual apothecia presence in places where  B. cinerea  is an 
important pathogen. 

 Mycelial compatibility groups recognized by the formation of interaction lines 
between isolates paired on agar media (barrages), indicate incompatibility in  B. 
cinerea , however, there is no direct correlation with VCGs recognized by comple-
mentation. Sexual crosses have been shown to generate new  B. cinerea  VCGs. In 
practice, vegetative incompatibility has signifi cant biological implications, primar-
ily in preventing the transfer of deleterious genetic elements between colonies, 
including mycoviruses and senescence plasmids.     

   References 

    Aanen DK, Debets AJM, Glass NL, Saupe SJ (2010) Biology and genetics of vegetative incompat-
ibility in fungi. In: Borkovich KA, Ebbole DJ (eds) Cellular and molecular biology of fi lamen-
tous fungi. ASM Press, Washington, DC, pp 274–288  

    Amselem J, Cuomo CA, Van Kan JAL et al (2011) Genomic analysis of the necrotrophic fungal 
pathogens  Sclerotinia sclerotiorum  and  Botrytis cinerea . PLoS Genet 7:e1002230  

     Arst HN (1968) Genetic analysis of the fi rst steps of sulphate metabolism in  Aspergillus nidulans . 
Nature 219:268–270  

    Bayman P, Cotty PJ (1991) Vegetative compatibility and genetic diversity in the  Aspergillus fl avus  
population of a single fi eld. Can J Bot 69:1707–1711  

       Beever RE, Parkes SL (1993) Mating behavior and genetics of fungicide resistance of  Botrytis 
cinerea  in New Zealand. N Z J Crop Hortic Sci 21:303–310  

            Beever RE, Parkes SL (2003) Use of nitrate non-utilizing (Nit) mutants to determine vegetative 
compatibility in  Botryotinia fuckeliana  ( Botrytis cinerea ). Eur J Plant Pathol 109:607–613  

          Beever RE, Weeds PL (2004) Taxonomy and genetic variation of  Botrytis  and  Botryotinia . In: Elad 
Y, Williamson P, Tudzinski P, Delen N (eds)  Botrytis : biology pathology and control. Kluwer 
Academic, Dordrecht, pp 29–52  

    Cao JB, Zjou Y, Zhang L et al (2011) dsRNA-free transmissible hypovirulence associated with 
formation of intra-hyphal hyphae in  Botrytis cinerea . Fungal Biol 115:660–661  

    Castro M, Kramer K, Valdivia L, Ortiz S, Castillo A (2003) A double-stranded RNA mycovirus 
confers hypovirulence-associated traits to  Botrytis cinerea . FEMS Microbiol Lett 228:87–91  

    Correll JC, Leslie JH (1987) Recovery of spontaneous selenate-resistant mutants from  Fusarium 
oxysporum  and  Fusarium moniliforme . Phytopathology 77:1710  

    Correll JC, Klittich CJR, Leslie JF (1989) Heterokaryon self-incompatibility in  Gibberella fujiku-
roi  ( Fusarium moniliforme ). Mycol Res 93:21–27  

         Delcan J, Melgarejo P (2002) Mating behaviour and vegetative compatibility in Spanish popula-
tions of  Botryotinia fuckeliana . Eur J Plant Pathol 108:391–400  

    Esser K (2006) Heterogenic incompatibility in fungi. In: Kues U, Fisher R (eds) The mycota 
I. Growth, differentiation and sexuality. Springer, Berlin, pp 141–165  

    Faretra F, Pollastro S (1993) Genetics of sexual compatibility and resistance to benzimidazole and 
dicarboximide fungicides in isolates of  Botryotinia fuckeliana  ( Botrytis cinerea ) from nine 
countries. Plant Pathol 42:48–57  

4 Vegetative Incompatibility in Botrytis



68

     Faretra F, Antonacci E, Pollastro S (1988) Sexual behavior and mating system of  Botryotinia fuck-
eliana  ( Botrytis cinerea ). J Gen Microbiol 134:2543–2550  

    Fisher-Harman V, Jackson KJ, Munoz A et al (2012) Evidence for tryptophan being a signal mol-
ecule that inhibits conidial anastomosis tube fusion during colony initiation in  Neurospora 
crassa . Fungal Genet Biol 49:896–902  

    Ford EJ, Miller RV, Gray H, Sherwood JE (1995) Heterokaryon formation and vegetative compat-
ibility in  Sclerotinia sclerotiorum . Mycol Res 99:241–247  

      Fournier E, Levis C, Fortini D et al (2003) Characterization of Bc- hch , the  Botrytis cinerea  homo-
log of the  Neurospora crassa het - c  vegetative incompatibility locus, and its use as a population 
marker. Mycologia 95:251–261  

     Fournier E, Giraud T, Albertini K, Brygoo Y (2005) Partition of the  Botrytis cinerea  complex in 
France using multiple gene genealogies. Mycologia 97:1251–1267  

    Giraud T, Fortini D, Levis C, Brygoo Y (1997) RFLP markers show genetic recombination in 
 Botryotinia fuckeliana  ( Botrytis cinerea ) and transposable elements revealed two sympatric 
species. Mol Biol Evol 14:1177–1185  

    Giraud T, Fortini D, Levis C et al (1999) Two sibling species of the  Botrytis cinerea  complex, 
 transposa  and  vacuma , are found in sympatry on numerous host plants. Phytopathology 
89:967–973  

    Glass NL, Kuldau GA (1992) Mating type and vegetative incompatibility in fi lamentous ascomy-
cetes. Annu Rev Phytopathol 30:201–224  

       Glass NL, Jacobson DJ, Shiu PKT (2000) The genetics of fungal fusion and vegetative incompat-
ibility in fi lamentous fungi. Annu Rev Genet 34:165–186  

    Glass NL, Rasmussen C, Roca MG, Read ND (2004) Hyphal homing, fusion and mycelial inter-
connectedness. Trends Microbiol 12:135–141  

     Grindle M (1979) Phenotypic differences between natural and induced variants of  Botrytis cinerea . 
J Gen Microbiol 111:109–120  

      Hansen HN (1938) The dual phenomenon in imperfect fungi. Mycologia 30:442–445  
    Hansen HN, Smith RE (1932) The mechanism of variation in imperfect fungi:  Botrytis cinerea . 

Phytopathology 22:953–964  
    Harp TL, Correll JC (1998) Recovery and characterization of spontaneous selenate-resistant 

mutants of  Magnaporthe grisea , the rice blast pathogen. Mycologia 90:954–963  
    Heale JB (1988)  Verticillium  spp., the cause of vascular wilts in many species. Adv Plant Pathol 

6:291–312  
    Howitt RLJ, Beever RE, Pearson MN, Forster RLS (1995) Presence of double-stranded RNA and 

virus-like particles in  Botrytis cinerea . Mycol Res 99:1472–1478  
   Huber DH (1996) Genetic analysis of vegetative compatibility polymorphisms and horizontal 

transmission in the chestnut blight fungus  Cryphonectria parasitica . PhD dissertation, 
Michigan State University, East Lansing  

        Hutchinson EA, Glass NL (2012) Programmed cell death and heterokaryon incompatibility in fi la-
mentous fungi. In: Wytzany G (ed) Biocommunication of fungi. Springer, Dordrecht, pp 115–
138. doi:  10.1007/978-94-007-4264-2_8      

    Jarvis WR (1977)  Botryotinia  and  Botrytis  species: taxonomy, physiology, and pathogenicity. 
Research Branch, Canada Department of Agriculture, Ottawa  

  Jinks JL (1959) Lethal suppressive cytoplasms in aged clones of Aspergillus glaucus. J Gen 
Microbiol 21:397–409  

    Korolev N, Gindin G (1999) Vegetative compatibility in the entomopathogen  Verticillium lecanii . 
Mycol Res 103:833–840  

       Korolev N, Katan J, Katan T (2000) Vegetative compatibility groups of  Verticillium dahliae  in 
Israel: their distribution and association with pathogenicity. Phytopathology 90:529–536  

    Korolev N, Katan T, Elad Y (2006) Use of selenate-resistant strains as markers for the spread and 
survival of  Botrytis cinerea  under greenhouse conditions. Phytopathology 96:1195–1203  

               Korolev N, Elad Y, Katan T (2008) Vegetative compatibility grouping in  Botrytis cinerea  using 
sulphate non-utilizing mutants. Eur J Plant Pathol 122:369–383  

N. Korolev and Y. Elad

http://dx.doi.org/10.1007/978-94-007-4264-2_8


69

        Leslie JF (1993) Fungal vegetative compatibility. Annu Rev Phytopathol 31:127–150  
    Levis C, Fortini D, Brygoo Y (1997) Transformation of  Botrytis cinerea  with the nitrate reductase 

gene ( niaD ) shows a high frequency of homologous recombination. Curr Genet 32:157–162  
    Lorbeer JW (1980) Variation in  Botrytis  and  Botryotinia . In: Coley-Smith JR, Verhoeff K, Jarvis 

WR (eds) The biology of  Botrytis . Academic, London, pp 19–40  
    Mamiev M, Korolev N, Elad Y (2013) Resistance to polyoxin AL and other fungicides in  Botrytis 

cinerea  collected from sweet basil crops in Israel. Eur J Plant Pathol 137:79–91  
    Marzluf GA (1970) Genetic and metabolic controls for sulfate metabolism in  Neurospora crassa : 

isolation and study of chromate-resistant and sulfate transport-negative mutants. J Bacteriol 
102:716–720  

    Menziger W (1966) Zurvariabilität and Taxonomie von Arten and Formen der Gattung Botrytis 
Mich. Zentralblätt Bakteriologie Parasitenkunde Infektionskr Hyg 120:179–196  

        Micali CO, Smith ML (2003) On the independence of barrage formation and heterokaryon incom-
patibility in  Neurospora crassa . Fungal Genet Biol 38:209–219  

    Pearson MN, Bailey AM (2013) Viruses of  Botrytis . Adv Virus Res 86:249–272  
    Pollastro S, Faretra F, Di Canio V, De Guido A (1996) Characterization and genetic analysis of 

fi eld isolates of  Botryotinia fuckeliana  ( Botrytis cinerea ) resistant to dichlofl uanid. Eur J Plant 
Pathol 102:607–613  

    Puhalla JE (1985) Classifi cation of strains of  Fusarium oxysporum  on the basis of vegetative com-
patibility. Can J Bot 63:179–183  

    Raposo R, Gomez V, Urrutia T, Melgarejo P (2001) Survival of  Botrytis cinerea  in southern 
Spanish greenhouses. Eur J Plant Pathol 107:229–236  

    Read ND, Goryachev AB, Lichius A (2012) The mechanistic basis of self-fusion between conidial 
anastomosis tubes during fungal colony initiation. Fungal Biol Rev 26:1–11  

    Rizet G (1952) Les phenomenes de barrage chez  Podospora anserine : analyse genetique des bar-
rages entre souchess et S. Rev Cytologiquede Biol Veg 13:51–92  

      Roca MG, Read ND, Wheals AE (2005) Conidial anastomosis tubes in fi lamentous fungi. FEMS 
Microbiol Lett 249:191–198  

     Roca MG, Weichert M, Siegmund U, Tudzinski P, Fleiβner A (2012) Germling fusion via conidial 
anastomosis tubes in the grey mould  Botrytis cinerea  requires NADPH oxidase activity. Fungal 
Biol 116:379–387  

    Rodriguez-Garcia C, Medina V, Alonso A, Ayllon MA (2014) Mycoviruses of  Botrytis cinerea  
isolates from different hosts. Ann Appl Biol 164:46–61  

     Smith ML, Gibbs CC, Milgroom MG (2006) Heterokaryon incompatibility function of barrage- 
associated vegetative incompatibility genes ( vic ) in  Cryphonectria parasitica . Mycologia 
98:43–50  

    Summers RW, Heaney SP, Grindle M (1984) Studies of a dicarboximide resistant heterokaryon of 
 Botrytis cinerea . Br Crop Protect Conf Pests Dis 2:453–458  

    Tomsett AB, Garrrett RH (1980) The isolation and characterization of mutants defective in nitrate 
assimilation in  Neurospora crassa . Genetics 95:649–660  

    Tong LCH, Silar P, Lalucque H (2014) Genetic control of anastomosis in  Podospora anserina . 
Fungal Genet Biol 70:94–103  

    Tsukasaki W, Maruyama J, Katsuhiko K (2014) Establishment of a new method to quantitatively 
evaluate hyphal fusion ability in  Aspergillus orysae . Biosci Biotechnol Biochem 
78:1254–1262  

    Tudzynski P, Heller J, Siegmund U (2012) Reactive oxygen species generation in fungal develop-
ment and pathogenesis. Curr Opin Microbiol 15:653–659  

    Vialta A, Catani CF, Junior RB, Azevedo JL (1999) Isolation and characterization of selenate- 
resistant mutants of  Acremonium chrysogenum . Bras Arch Biol Technol 42:369–374  

    Vittal R, Yang HC, Hartman GL (2012) Anastomosis of germ tubes and migration of nuclei in 
germ tube networks of the soybean rust pathogen,  Phakopsora pachyrhizi . Eur J Plant Pathol 
132:163–167  

4 Vegetative Incompatibility in Botrytis



70

     Walker AS, Gautier A, Confais J et al (2011)  Botrytis pseudocinerea , a new cryptic species causing 
gray mold in French vineyards in sympatry with  Botrytis cinerea . Phytopathology 
101:1433–1445  

        Weeds PL, Beever RE, Long PG (1998) New genetic markers for  Botrytis cinerea  ( Botryotinia 
fuckeliana ). Mycol Res 102:791–800  

    White GJ, Dobinson K, Traquair JA (1998) Selection of nitrate-nonutilizing mutants in  Verticillium , 
 Alternaria , and  Botrytis . Can J Plant Pathol 20:340  

    Yourman LF, Jeffers SN (1999) Resistance to benzimidazole and dicarboximide fungicides in 
greenhouse isolates of  Botrytis cinerea . Plant Dis 83:569–575  

    Yunis H, Elad Y (1989) Survival of dicarboximide-resistant strains of  Botrytis cinerea  in plant 
debris during summer in Israel. Phytoparasitica 17:13–21    

N. Korolev and Y. Elad



71© Springer International Publishing Switzerland 2016 
S. Fillinger, Y. Elad (eds.), Botrytis – the Fungus, the Pathogen and its 
Management in Agricultural Systems, DOI 10.1007/978-3-319-23371-0_5

    Chapter 5   
 RNA Mycoviruses and Their Role 
in  Botrytis  Biology                     

       Mingde     Wu    ,     Jing     Zhang    ,     Long     Yang    , and     Guoqing     Li    

    Abstract     Mycoviruses are viruses inhabiting and replicating in cells of  fi lamentous 
fungi, yeasts, and oomycetes. Some mycoviruses can attenuate pathogenicity of 
their host fungi, thus having the potential for biocontrol of plant fungal diseases. 
RNA mycoviruses infecting  Botrytis  were fi rst recorded in 1995. So far, several 
 species of RNA mycoviruses (dsRNA or ssRNA) belonging to  Alphafl exiviridae , 
 Gammafl exiviridae ,  Narnaviridae ,  Partitiviridae ,  Totiviridae , and an unassigned 
viral family have been detected in  Botrytis , mostly in  B. cinerea . Genomes of a few 
RNA mycoviruses including  B  otrytis   c  inerea   m  ito   v  irus   1  (BcMV1),  B  otryotinia  
 f  uckeliana   t  oti  v  irus   1  (BfTV1),  B  otryotinia   f  uckeliana   p  artiti   v  irus   1  (BfPV1), 
 B  otrytis   c  inerea  CCg 378 v irus  1  (Bc378V1),  B  otrytis   v  irus   F  (BVF),  B  otrytis   v  irus  
 X  (BVX) and  B  otrytis   p  orri   R  NA   v  irus   1  (BpRV1) have been fully or partially 
sequenced. Three mycoviruses (BcMV1, BVF and BVX) in  B. cinerea  have a 
worldwide distribution. BpRV1 was detected in  B. porri  and  B. squamosa . Role of 
infection of  Botrytis  by BcMV1, BpRV1 and the 6.8-kb dsRNA mycovirus in atten-
uation of mycelium growth and pathogenicity of their host fungi has been deter-
mined. Vertical transmission of BcMV1 and BpRV1 from hyphae to conidia and 
horizontal transmission of the two mycoviruses from BcMV1- or BpRV1-infected 
hypovirulent isolates to virulent isolates of the same and the different VCGs were 
detected. The combined information suggests that RNA mycoviruses are wide-
spread in  Botrytis  and some can cause virulence (pathogenicity) attenuation of 
 Botrytis . Further studies on characterization of novel hypovirulence-causing 
(or hypovirulence-associated) mycoviruses are needed in order to use mycoviruses 
to control  Botrytis .  

  Keywords      Botrytis cinerea    •   dsRNA   •   Hypovirulence   •   Mycovirus   •   Biological 
control  
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5.1       Introduction 

 Mycoviruses or fungal viruses are a group of viruses infecting fi lamentous fungi, 
yeasts and oomycetes (Ghabrial and Suzuki  2009 ; Pearson et al.  2009 ). Mycovirus 
was fi rst recorded in 1948 as the causal agent of La France disease of a cultivated 
mushroom ( Agaricus bisporus ). Three different virus particles were observed in the 
abnormal sporophores of  A. bisporus  and this case was regarded the beginning of 
mycovirology (Hollings  1962 ). Then, a substance called “statolon” was detected in 
the cultural fi ltrates of  Penicillium stoloniferum . Statolon was found capable of 
inhibiting viral infection in animals through enhancing animal resistance to viral 
infection, as it can improve production of interferon in animals. The nature of stato-
lon was subsequently determined to be a mycovirus (Banks et al.  1968 ). So far, 
mycoviruses have been detected in all major taxonomic groups of plant pathogenic 
fungi including  Botrytis cinerea  and  B. porri  (Ghabrial and Suzuki  2009 ; Pearson 
et al.  2009 ; Wu et al.  2012 ,  2014 ). 

 In most cases, mycoviral infection does not cause visible changes in cultural, 
morphological and biological characteristics of the host fungi. However, infection 
by some mycoviruses causes abnormal symptoms in their host fungi including 
reduced mycelium growth and sporulation, suppressed production of secondary 
metabolites (pigments, toxins) and debilitated virulence/hypovirulence, compared 
to the mycovirus-free individuals (Ghabrial and Suzuki  2009 ; Nuss  2005 ; Nuss and 
Koltin  1990 ; Pearson et al.  2009 ). 

 Most reported mycoviruses have the genomes of double-stranded (ds) RNA or 
positive single-stranded (ss) RNA. Mycoviruses in seven families including 
 Chysoviridae ,  Megabirnaviridae ,  Endornaviridae ,  Partitiviridae ,  Quadriviridae , 
 Reoviride , and  Totiviridae  accommodate dsRNA genomes (Fukuhara and Gibbs 
 2011 ; Ghabrial and Suzuki  2009 ). The mycovirses in the families  Chysoviridae , 
 Megabirnaviridae ,  Partitiviridae ,  Quadriviridae  and  Reoviride  have divided dsRNA 
genomes, whereas the mycoviruses in the family  Totiviridae  and  Endornaviridae  
have undivided dsRNA genome (Fukuhara and Gibbs  2011 ; Ghabrial and Suzuki 
 2009 ). Mycoviruses in fi ve other families including  Alphafl exiviridae ,  Barnaviridae , 
 Gamma - fl exiviridae ,  Hypoviridae , and  Narnaviridae  accommodate + ssRNA 
genomes. In addition, Kondo et al. ( 2013 ) provided evidence indicating possible 
existence of negative single-stranded RNA (–ssRNA) mycoviruses in fungi. 

 Besides RNA mycoviruses, Yu et al. ( 2010 ) reported a single-stranded DNA 
virus,  S  clerotinia   s  clerotiorum   h  ypovirulence - a  ssociated   D  NA   v  irus   1  (SsHADV-1), 
in  S. sclerotiorum , the causal agent of Sclerotinia stem rot of oilseed rape ( Brassica 
napus ). Besides  S. sclerotiorum , SsHADV-1 has been detected in various environ-
ments including urban river sediments (Kraberger et al.  2013 ), near-surface atmo-
sphere (Whon et al.  2012 ) and in dragonfl ies (Rosario et al.  2012 ). 

 Mycoviruses can be used as biocontrol agents for control of plant fungal dis-
eases. The classical example is use of the RNA mycovirus  Cryphonectria hypovirus 
1  (CHV1) to control chestnut blight caused by  Cryphonectria  (=  Endothia )  para-
sitica  (Anagnostakis  1982 ; MacDonald and Fulbright  1991 ) in Europe. However, 
attempts to control this disease with CHV1 in USA were not as unsuccessful as did 
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in Europe, as there are more complex vegetative compatible groups (VCGs) in 
 populations of  C. parasitica  in Northern America than the VCGs in populations 
of this plant pathogen in Europe (Liu and Milgroom  1996 ; Milgroom and 
Cortesi  2004 ). 

 Numerous basic studies conducted by Nuss’s group using the CHV1- C. para-
sitica  system indicated that mycoviruses can be used as tools for deciphering molec-
ular mechanisms involved in interaction between viruses and hosts (Nuss  2011 ). 
Successful construction of infectious viral cDNA clone/transcript of CHV1 in 1990s 
made it possible to establish a reverse genetic system for manipulation of the genes 
in CHV1. Now, interaction between CHV1 and  C. paracitica  becomes a model 
system, which can be used for determining the function of related genes in other 
RNA mycoviruses (Nuss  2011 ). 

  Botrytis  is a genus accommodating more than 22 species (Hennebert  1973 ; 
Staats et al.  2005 ; Chap.   6    ).  B. cinerea  is the generalist in this genus causing grey 
mould disease on more than 1,400 plant species, including many economically 
important crops such as cucumber, strawberry, table grapes and tomato (Williamson 
et al.  2007 ; Chap.   20    ). The fi rst detailed description of mycoviruses infecting  B. 
cinerea  was based on observation of virus-like particles (VLPs) and on detection 
of dsRNAs from mycelial extracts (Howitt et al.  1995 ). The VLPs appearing in  B. 
cinerea  exhibited various shapes (isometric, bacilliform and fl exuous) (Howitt 
et al.  1995 ). In most cases, the presence of dsRNAs in mycelia of  B. cinerea  is co-
purifi ed with the corresponding VLPs (Howitt et al.  1995 ), indicating that the dsR-
NAs might be the genomes of the mycoviruses. With rapid development of cDNA 
sequencing technology, numerous species of RNA mycoviruses, including BVF 
( B  otrytis   v  irus   F ), BVX ( B  otrytis   v  irus   X ), BcMV1 ( B  otrytis   c  inerea   m  itovirus   1 ), 
BfTV1 ( B  otryotinia   f  uckeliana   t  otivirus   1 ), BfPV1 ( B  otryotinia   f  uckeliana   p  artiti-
virus   1 ) and Bc378V1 ( B  otrytis   c  inerea CCg   378 v  irus   1 ) infecting  B. cinerea , and 
BpRV1 ( B  otrytis   p  orri   R  VA   v  irus   1 ) infecting  B. porri , the causal agent of garlic 
leaf blight, have been characterized at the molecular level (Fig.  5.1 ; Table  5.1 ). 
This chapter is to review the research progress so far made in characterization of 
molecular features of a few RNA mycoviruses infecting  Botrytis  (BcMV1, 
Bc378V1, BfTV1, BfPV1, BVF, BVX, BpRV1), and of their effects on biology of 
 Botrytis . Information about genomes of some mycoviruses infecting  B. cinerea  has 
been reviewed by other authors (Ghabrial and Suzuki  2009 ; Pearson et al.  2009 ; 
Pearson and Bailey  2013 ).

5.2         RNA Mycoviruses in  Botrytis  

5.2.1     Genome Non-sequenced RNA Mycoviruses 

 Howitt et al. ( 1995 ) fi rst reported that 143 out of 200 isolates of  B. cinerea  from 
various host plants (blackberry, cucumber, French bean, grapes, kiwifruit, 
s trawberry, tomato) in New Zealand were detected to accommodate dsRNAs 
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ranging from 0.8 to 15 kb in size. Virus-like particles (VLPs) of isometric shape 
(approximately 30, 35, 40 and 45 nm in diameter) and bacilliform shape (approx. 
25 × 63 nm) were observed in three of the fi ve dsRNA-positive isolates of  B. cinerea  
(Howitt et al.  1995 ). Comparison of 12 dsRNA-positive isolates and 12 dsRNA-
negative isolates indicated that  B. cinerea  of the two groups differed slightly in 
radial growth rate, conidial yield, sclerotial yield and weight on agar media, and 
virulence or pathogenicity on plant tissues (Howitt et al.  1995 ). Therefore, mycovi-
rus infection does not always cause harmful effects on  B. cinerea . Mycovirus infec-
tion of  B. cinerea  was confi rmed by the later studies (Vilches and Castillo  1997 ; 
Castro et al.  1999 ,  2003 ) with the isolates CVg25, 55k and CCg425 of  B. cinerea  
collected from grapes in Chile. The isolate CVg25 had three dsRNA molecules of 
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  Fig. 5.1    Schematic diagrams of the genome organization of fully or partially sequenced RNA 
mycoviruses infecting  Botrytis. BVF   B  otrytis   v  irus   F ,  BVX   B  otrytis   v  irus   X ,  BcMV1   B  otrytis   c  ine-
rea   m  ito   v  irus   1 ,  BfTV1   B  otryotinia   f  uckeliana   t  oti   v  irus   1 ,  BfPV1   B  otryotinia   f  uckeliana   p  artiti  
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1.4 kb (S-dsRNA), 2.0 kb (M-dsRNA) and 8.3 kb (L-dsRNA), and isometric VLPs 
(approximately 40 nm in diameter) in hyphal cytoplasm forming clusters within 
membraneous structures (Vilches and Castillo  1997 ). L-dsRNA was encapsidated, 
whereas S-dsRNA and M-dsRNA were not unencapsidated (Vilches and Castillo 
 1997 ). The isolate 55k was infected by a mycovirus with the genome of 1.8 kb 
dsRNA and a coat protein of 68 kDa forming isometric virus particles of approxi-
mately 28 nm in diameter (Castro et al.  1999 ). The hyphal cells of  B. cinerea  
infected by this mycovirus exhibited degeneration symptoms characterized by for-
mation of abundant membranous structures and degeneration of cellular organelles 
(Castro et al.  1999 ). The isolate CCg425 contained a 33-nm isometric mycovirus 
with the 6.8-kb dsRNA genome (Castro et al.  2003 ). The isolate displayed lower 
conidial production, lower laccase activity and less aggressiveness than the dsRNA-
free virulent isolate CKg54 of  B. cinerea  (Castro et al.  2003 ). The causal effect of 
the mycovirus in CCg425 was successfully established by introducing the purifi ed 
virus particles into CKg54, as the resulting transfected isolate CKg54vi425 dis-
played similar phenotypes to those of the hypovirulent parental isolate CCg425 
(Castro et al.  2003 ). These studies suggest that RNA mycoviruses are widespread in 
populations of  B. cinerea , although the taxonomic status of these RNA mycoviruses 
was not clearly elucidated.  

5.2.2     Positive ssRNA Mycoviruses 

 Three mycoviruses (BVF, BVX, BcMV1) with +ssRNA genomes have been fully 
cDNA-sequenced (Table  5.1 ).  B  otrytis   v  irus   F  (BVF) is the fi rst fully sequenced 
mycovirus in  B. cinerea  (Howitt et al.  2001 ). It belongs to the family 
 Gammafl exiviridae  (Table  5.1 ). The genome of BVF is 6,827 nucleotides (nt) long 
with a poly (A) tail at the 3′-terminus (Fig.  5.1 ). Two open reading frames (ORFs), 
ORF1 and ORF2, were deduced in the genome of BVF. ORF1 encodes a 212-kDa 
polypeptide, whereas ORF2 encodes a 32-kDa polypeptide. The 212-kDa polypep-
tide shows homologous to RNA dependent RNA polymerase (RdRp) of plant 
‘tymo-’ and ‘potex-like’ viruses. The ORF1 for BVF appears different from the 
ORF1 for plant viruses, as the BVF ORF1 has an opal putative readthrough codon 
between the helicase and RdRp regions. The 32-kDa polypeptide was predicted to 
be the coat protein (CP), which is also homologous to those of plant ‘potex-like’ 
viruses in amino acid (aa) sequence. Moreover, there are three untranslated regions 
(UTR), 5′-UTR of 63 nt long, 3′-UTR of 70 nt long preceding the poly (A) tail and 
an internal UTR of 93 nt long located between ORFs 1 and 2. The purifi ed virus 
particles of BVF are fl exuous and rod-shaped (approximately 720 × 13 nm, 
length × diameter). A new virus genus,  Mycofl exivirus , was established to accom-
modate BVF (Adams et al.  2011a ). 

  B  otrytis   v  irus   X  (BVX) is a +ssRNA virus co-infested with BVF in the isolate 
RH106-10 of  B. cinerea  (Howitt et al.  2006 ). The virus particles are fl exuous and 
rod-shaped with a modal length of approximately 720 nm (Table  5.1 ). The virus 
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particles encapsidate the ssRNA genome of 6,966 nt long with a poly (A) tail at the 
3′ terminus (Fig.  5.1 ). There are fi ve deduced ORFs in the genome of BVX. Two 
ORFs, ORF1 and ORF3, encode polypeptides with homologues in the public data-
base NCBI (e.g.   http://www.ncbi.nlm.nih.gov/    ), ORF1 encoding a polypepetide 
with expected molecular mass of 158 kDa containing conserved domains for meth-
yltransferase, helicase and RdRp, and ORF3 encoding a 20-kDa polypeptide 
homologous to the CPs of plant ‘potex-like’ viruses. The remaining three ORFs 
(ORFs 2, 4, 5) encode three unknown polypeptides. BVX belongs to a new genus, 
 Botrexvirus  in the family  Alphafl exiviridae  (Adams et al.  2011b ). 

  B  otrytis   c  inerea   m  ito   v  irus   1  (BcMV1), formerly known as  Botrytis cinerea 
debilitation - related virus  (BcDRV), was detected in the hypovirulent isolate 
CanBc-1 of  B. cinerea  (Wu et al.  2007 ,  2010 ). BcMV1 is a mitovirus in the family 
 Narnaviridae  (Table  5.1 ). The genome of BcMV1 is 2,804 nt long and AU-rich 
(66.8 %). It was deduced to have one large ORF coding for RdRp based on the 
mitochondrial codon usage. The nucleotide sequence from 447 to 2,778 nt and the 
RdRp sequence of BcMV1 share 95 and 96 % identity to the full-length nucleotide 
sequence (1–2,332 nt) and the RdRp sequence in  O  phiostoma   n  ovo - u  lmi   m  itovirus  
 3b  (OnuMV3b), respectively. Therefore, BcMV1 and OnuMV3b might be the same 
mycoviral species. However, the sequence of BcMV1 is 472 nt (26 and 446 nt long 
at 3′- and 5′-terminal regions, respectively) longer than the nucleotide sequence of 
OnuMV3b. The BcMV1 RdRp contains six conserved amino acid sequence motifs 
(I–VI) and the motif I was considered to be a characteristic motif for mitoviruses 
(Hong et al.  1999 ). 

 A small defective mitovirus designated as BcMV1-S was detected in the isolate 
CanBc-1c-78, a single-conidium isolate of CanBc-1 (Wu et al.  2007 ,  2010 ). 
BcMV1-S is 2,171 nt long and derived from BcMV1 through a single internal 633- 
nt in-frame deletion at 1,145–1,777 nt in the genome of BcMV1. A recent report by 
Rodríguez-García et al. ( 2013 ) indicated that BcMV1 infects  B. cinerea  in Europe. 
Partial sequence analysis revealed the European strain of BcMV1 shares nucleotide 
sequence identity of 94 % at 312–1,772 nt compared to the corresponding region in 
the nucleotide sequence of Chinese strain of BcMV1 and shares amino acid (aa) 
identity of 96 % at 1–432 aa to the corresponding region in the RdRp sequence 
encoded by the Chinese strain of BcMV1.  

5.2.3     dsRNA Mycoviruses 

 Genomes of a few dsRNA mycoviruses including Bc378V1, BfPV1, BfTV1 and 
BpRV1 have been cDNA-sequenced.  B  otryotinia   f  uckeliana   t   oti   v   irus   1  (BfTV1) 
is a victorivirus belonging to the family  Totiviridae  (de Guido et al.  2007 ). The 
genome of BfTV1 is 5,261 bp long and possesses two large ORFs, ORF1 and ORF2 
(Fig.  5.1 ). ORF1 encodes a 765-aa polypeptide homologous to the coat proteins 
(CP) of victoviruses. ORF 2 encodes an 837-aa polypeptide homologous to myco-
viral RdRps. The stop codon of ORF1 overlaps the start codon of ORF 2 in four 
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nucleotides (AUGA) suggesting a coupled termination-reinitiation mechanism for 
translation of CP and RdRp. As the termination-reinitiation mechanism is an impor-
tant feature for differentiation of victoriviruses from totiviruses (Ghabrial and 
Nibert  2009 ). Therefore, BfTV1 might be a member of  Victorivirus  (Table  5.1 ). 

  B  otryotinia   uckeliana   p  artiti   v  irus   1  (BfPV1) possesses three dsRNAs including 
dsRNA1 (1,793 bp), dsRNA2 (1,566 bp) and dsRNA3 (1,383 bp) (de Guido et al. 
 2007 ) (Fig.  5.1 ; Table  5.1 ). The presence of all these dsRNAs was associated with 
isometric viral particles (approximately 40 nm in diameter). DsRNA1 encodes a 
540-aa polypeptide with highly homologous to RdRps of partitiviruses, whereas 
dsRNA2 encodes a putative 436-aa CP. DsRNA3 was determined to be a defective 
RNA of dsRNA2 with an internal deletion of a 210-bp region in the coding region. 

 Potgieter et al. ( 2013 ) reported a species of  Partitivirus  designated as Bc378V1 in 
the isolate CCg378 of  B. cinerea . Bc378V1 forms isometric viral particles (approxi-
mately 32 nm in diameter) containing two dsRNAs (1.95 and 2.2 kb) (Table  5.1 ) and 
a 70-kDa structural protein. The genome of Bc378V1 has not been fully sequenced 
(Fig.  5.1 ). Phylogenetic analysis of the sequence for coat protein of Bc378V1 sug-
gests that it is distantly related to BfPV1. 

  B  otrytis   p  orri   R  NA   v  irus   1  (BpRV1) is the fi rst mycovirus detected in the isolate 
GarlicBc-72 of  B. porri  (Wu et al.  2012 ), the causal agent of garlic leaf blight. The 
genome of BpRV1 comprises two dsRNAs, dsRNA-1 (6,215 bp) and dsRNA-2 (5,879 
bp) (Table  5.1 ). The two dsRNAs share sequence identities of 62 and 95 % at the 3′- 
and 5′-terminal regions, respectively. Two ORFs, ORF I on dsRNA-1 and ORF II on 
dsRNA2, were deduced (Fig.  5.1 ). The polypeptide deduced from the 3′-proximal 
coding region of ORF I shows sequence identities of 19–23 % with RdRps encoded 
by mycoviruses in the families  Totiviridae ,  Chrysoviridae , and  Megabirnaviridae . 
However, the remaining partial polypeptide encoded by ORF I and the popypeptide 
encoded by the whole ORF II lack sequence similarities to any reported virus proteins. 
Phylogenetic analysis indicated that BpRV1 is closely related to two insect viruses, 
Spissistilus festinus virus 1 and Cirulifer tenellus virus 1. BpRV1 is distantly related 
to other known RNA mycoviruses (Wu et al.  2012 ). BpRV1 forms isometric virions 
with the diameter of approximately 35 nm (Table  5.1 ). 

 Three structural proteins of 70, 80, and 85 kDa encoded by BpRV1 were detected 
in extracts of the virions of BpRV1. Peptide mass fi ngerprinting technique was used 
to locate genes on dsRNA1 and dsRNA2 coding for the structural proteins of 
BpRV1. The results revealed that the 80- and 85-kDa proteins are encoded by ORF 
I, whereas the 70-kDa protein is encoded by ORF II (Fig.  5.1 ). All the combined 
results suggest that BpRV1 is a novel bipartite dsRNA virus and possibly belongs to 
a new virus family. Moreover, another strain of BpRV1 was detected in  B. squa-
mosa , the causal agent of onion leaf blight (Wu et al.  2014 ). DsRNA1 and dsRNA2 
for the  B. squamosa  strain of BpRV1 (Wu et al.  2014 ) are 91.7 and 97.7 % identical 
to the corresponding dsRNAs for the  B. porri  strain of BpRV1 (Wu et al.  2012 ). The 
two polypeptides encoded by dsRNA-1 and dsRNA-2 of the  B. squamosa  strain of 
BpRV1 (Wu et al.  2014 ) shared 97.1 and 98.7 % sequence identity to the corre-
sponding polypeptides encoded by the  B. porri  strain of BpRV1 (Wu et al.  2012 ).   
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5.3     Mycovirus Transmission in  Botrytis  

5.3.1     Types of Mycoviral Transmission 

 Four types of mycoviral transmission have been reported in previous studies. They 
are extracellular transmission (Yu et al.  2013 ), vertical transmission (Nuss  2005 ), 
horizontal transmission (Nuss  2005 ) and interspecies transmission (Milgroom and 
Hillman  2011 ). Extracellular transmission was only detected in infection of  S. 
sclerotiorum  by the DNA mycovirus SsHADV-1 (Yu et al.  2013 ), but has not been 
detected in RNA mycovirues. However, previous studies showed that purifi ed virus 
particles of a few RNA mycoviruses such as the 6.8-kb dsRNA mycovirus in  B. 
cinerea  and BpRV1 in  B. porri  can be used to transfect protoplasts of mycovirus- 
free isolates of  B. cinerea  and  B. porri , respectively, under mediation of polyethyl-
ene glycol (Castro et al.  2003 ; Wu et al.  2012 ). 

 Vertical transmission refers to transmission of viruses from parents to offsprings 
through sexual and/or asexual reproduction (Nuss  2005 ). Generally, vertical trans-
mission of mycoviruses is common through asexual reproduction, but is not com-
mon through sexual reproduction (Lecoq et al.  1979 ). Transmission effi ciency 
varies with different mycoviruses and different host fungi. For example, the trans-
mission effi ciency was high (approximately 100 %) for dsRNA mycoviruses infect-
ing  Aspergillus  spp. (Coenen et al.  1997 ; Van Diepeningen et al.  2006 ), 
 Helicobasidium mompa  (Ikeda et al.  2004 ), the causal agent of plant purple root rot, 
and  Chalara elegans  (=  Thielaviopsis basicola ), the causal agent of plant black root 
rot (Park et al.  2006 ), and for  Cryphonectria mitovirus 1  (CMV1) infecting  C. para-
citica  (Polashock and Hillman  1994 ). However, the transmission effi ciency was low 
(3–55 %) for  Heterobasidion annosum virus  infecting  Heterobasidion annosum , the 
causal agent of root rot of many forest trees (Ihrmark et al.  2002 ). 

 Wu et al. ( 2007 ) reported that 75 out of 94 (79.8 %) single-conidium (SC) iso-
lates of  B. cinerea  CanBc-1 were hypovirulent (HV), whereas the other 19 SC iso-
lates (20.2 %) were virulent (V). Four randomly selected hypovirulent SC isolates 
were detected positive for BcMV1 (containing 3.0-kb dsRNA) infection, whereas 
four randomly selected virulent SC isolates were detected negative for BcMV1 
infection (Wu et al.  2007 ). This result suggests that BcMV1 can be transmitted from 
hyphae to conidia during asexual reproduction with the effi ciency of 79.8 %. The 
transmission effi ciency of BVX to conidia of  B. cinerea  was estimated to be about 
72 % (Tan et al.  2007 ). Another study by Wu et al. ( 2012 ) showed that 34 out of 35 
(97.1 %) SC isolates derived from the hypovirulent isolate GarlicBc-72 of  B. porri  
were detected positive for BpRV1 infection, whereas the other one SC isolate was 
detected negative for BpRV1 infection. This result suggests that BpRV1 can be 
vertically transmitted from hyphae to conidia in  B. porri  with the transmission effi -
ciency of 97.1 %. 

 Viral transmission through sexual reproduction was not as effi cient as that 
through asexual reproduction. For example,  Cryphonectria hypovirus 1  (CHV1) are 
unable to be transmitted to ascospores in  C. parasitica  (Anagnostakis  1982 ). 
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In order to improve transmission of CHV1 to ascospores, the hypovirus infectious 
cDNA of CHV1 was constructed and successfully integrated into the genome of  C. 
parasitica  (Choi and Nuss  1992 ). The viral cDNA can be inherited to the ascospore 
progeny and transcribed to viral RNA of CHV1 (Chen et al.  1993 ). Most mitovi-
ruses in  O. novo - ulmi  cannot be transmitted to ascospores (Brasier  1983 ; Rogers 
et al.  1986 ). In some cases, transmission of mitoviruses through sexual reproduction 
is possible. For example, CMV1 was found transmissible to ascospores from the 
CMV1-infected female parent with the frequency of ~50 % (Polashock et al.  1997 ). 
 B. cinerea  and other species of  Botrytis  rarely conduct sexual reproduction 
(Williamson et al.  2007 ). In spite of this, evidence showed that BVX in  B. cinerea  
can be transmitted to ascospores of this fungus through sexual reproduction (Tan 
et al.  2007 ). The transmission frequency was 34 % for the BVX-infected “male” 
parent, whereas was 53 % for the BVX-infected “female” parent (Tan et al.  2007 ). 
Whether other RNA mycoviruses such as BcMV1, BVF and BpRV1 can be verti-
cally transmitted through sexual reproduction or not remains unknown and needs 
further characterizations. 

 Horizontal transmission refers to transmission of mycoviruses between two indi-
viduals through hyphal contact or anastomosis (hyphal fusion) (Nuss  2005 ). Wu 
et al. ( 2007 ,  2012 ) reported that BcMV1 and BpRV1 in the hypovirulent isolates of 
CanBc-1 ( B. cinerea ) and GarlicBc-72 ( B. porri ) were successfully transmitted to 
virulent SC isolates CanBc-1c-66 (derived from CanBc-1) and GP72SC35 (derived 
from GarlicBc-72), respectively, through hyphal contact (possibly through hyphal 
fusion). However, BcMV1 and BpRV1 failed to transfect the virulent isolates 
CanBc-2 ( B. cinerea ) and OnionBc-95 ( B. porri ), respectively, through hyphal con-
tact (Wu et al.  2007 ,  2012 ). It is well recognized that horizontal transmission of 
RNA mycoviruses is usually restricted by the vegetative incompatibility or hetero-
karyon incompatibility, which acts as a barrier (Anagnostakis  1982 ; Brasier  1983 ; 
Charlton and Cubeta  2007 ; Dalzoto et al.  2006 ). Fungal vegetative incompatibility 
is a complex system controlled by  vic  genes or  het  genes (Cortesi and Milgroom 
 1998 ; Saup  2000 ). If two fungal isolates have different alleles at one or more  vic  
loci, they are incompatible and considered as different vegetative compatibility 
groups (VCGs) (Saup  2000 ; Chap.   3    ).  Liu et al. (2003)  reported that there were at 
least seven anastomosis groups (AG1 to AG7) among 92 isolates of  B. cinerea  from 
vegetables in Shanxi Province, China, based on analysis of vegetative incompatibil-
ity. Beever and Weeds ( 2004 ) identifi ed 66 VCGs in  B. cinerea  isolates of their 
collection. Existence of different VCGs may restrict horizontal transmission of 
mycoviruses like BcMV1 in  B. cinerea  and BpRV1 in  B. porri . 

 Interspecifi c transmission refers to transmission of mycoviruses between differ-
ent fungal species through hyphal fusion. Interspecies transmission of mycoviruses 
has been reported in  Aspergillus niger / A. nidulans  (Coenen et al.  1997 ),  S. 
sclerotiorum / S. minor  (Melzer et al.  2002 ), and  C. parasitica / C. nitschkei  ( Liu et al. 
2003 ). Wu et al. ( 2007 ,  2010 ) reported that the nucleotide sequence and the RdRp 
sequence of BcMV1 share 95 and 96 % identity to the nucleotide sequence of 
 Ophiostoma novo - ulmi mitovirus 3b  (OnuMV3b), suggesting that there may exist 
an interspecies mitovirus transmission between  B. cinerea  and  O. novo - ulmi , the 
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causal agent of Dutch elm disease. Wu et al. ( 2012 ,  2014 ) reported that BpRV1 
infects both  B. porri  and  B. squamosa , suggesting that there may be an interspecies 
transmission of BpRV1 in these two species of  Botrytis , which can infect garlic 
plants.  

5.3.2     Geographic Distribution and Incidence of RNA 
Mycoviruses in  Botrytis  

 Like viruses infecting other hosts (animals and plants), mycoviruses may have a 
wide geographical distribution although information about epidemiology of myco-
viruses is very limited so far. Evidence showed that the RNA mycoviruses BVF, 
BVX, BcMV1 and BpRV1 have a wide distribution (Pearson and Bailey  2013 ; 
Rodríguez-García et al.  2013 ; Kecskeméti et al.  2014 ; Wu et al.  2014 ). Studies con-
ducted by Howitt et al. ( 2001 ,  2006 ) indicated that 17.2 and 18.8 % of  B. cinerea  
isolates in New Zealand were infested with BVF and BVX, respectively. BVF was 
detected to be present alone or together with BVX in the isolates of  B. cinerea  in 
England, France, and Israel, whereas BVX was detected to be present alone in the 
isolates of  B. cinerea  in Belgium, Greece, Italy, Portugal, Switzerland and USA 
(Pearson and Bailey  2013 ). The average percentages of BVF and BVX in the inves-
tigated isolates of  B. cinerea  in the above-mentioned countries were 16.1 and 29 %, 
respectively. In Germany, none of the two mycoviruses (BVF and BVX) was 
detected in 53 isolates of  B. cinerea  in 2008, whereas in 2010, 31, 3, and 3 % iso-
lates of  B. cinerea  ( n  = 100) were detected to be infested with BVF alone, BVX 
alone and BVF + BVX, respectively (Kecskeméti et al.  2014 ). 

 It seems that infection  B. cinerea  by BVF or BVX varies in different years and 
different locations. The mycovirus BcMV1 was fi rst reported to infect  B. cinerea  in 
China (Wu et al.  2007 ,  2010 ). Rodríguez-García et al. ( 2013 ) reported BcMV1 was 
detected in approximately 30.2 % isolates of  B. cinerea  ( n  = 96) collected from the 
southern and central Spain. These studies suggest BcMV1 may have a wide geo-
graphic distribution. The mycovirus BpRV1 was fi rst reported to infect  B. porri  in 
China (Wu et al.  2012 ). It was detected to infect  B. squamosa  (Wu et al.  2014 ) and 
 Sclerotinia sclerotiorum  (L. J. Liu and D. H. Jiang, unpublished data) in this coun-
try. These results suggest that BpRV1 may have a wide host range.   

5.4     Effects of Mycoviral Infection on the Biology of  Botrytis  

 Infection of different host fungi by different mycoviruses may result in different 
effects on the host fungi (benefi cial, neutral and harmful) (Nuss and Koltin  1990 ). 
For example, killer proteins produced by RNA mycovirus-infected isolates of the 
yeast  Saccharomyces cerevisiae  and the basidiomycetous fungus  Ustilago maydis , 
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the causal agent of maize smut, can enhance their survival through inhibiting growth 
of mycovirus-free isolates of  S. cerevisiae  and  U. maydis , respectively (Magliani 
et al.  1997 ). Interestingly, to better maintain the killer protein production, the 
mycovirus- infected yeast isolates usually lose the ability to produce the proteins 
argonaute (AGO1) and dicer (DCR1), two key proteins in the RNA silencing- 
mediated anti-viral system, and defi ciency in this antiviral system may create an 
optimum intracellular environment for viral proliferation in cells of  S. cerevisiae  
(Drinnenberg et al.  2011 ). In contrast, infection of  A. bisporus  by La France isomet-
ric virus causes La France disease on cultivated mushroom (Hollings  1962 ). Plant 
pathologists get interested in studies on mycoviruses as infection by mycoviruses 
may cause fungal virulence (pathogenicity or aggressiveness) debilitation or attenu-
ation (hypovirulence). Hypovirulence-causing (or associated) mycoviruses have 
been reported in many plant pathogenic fungi including  B. cinerea  and  B. porri . 

5.4.1     The 6.8-kb dsRNA Mycovirus and Hypovirulence in  B. 
cinerea  

 The 6.8-kb dsRNA mycovirus in the isolate CCg425 of  B. cinerea  was the fi rst 
reported dsRNA mycovirus conferring hypovirulence in  B. cinerea  (Castro et al. 
 2003 ). CCg425 caused smaller lesions than the mycovirus-free isolate CKg54 of  B. 
cinerea  on bean leaves. It was suppressed for growth, sporulation and laccase activ-
ity compared to CKg54 in cultural media. In order to confi rm that the causal effect 
of the 6.8-kb dsRNA mycovirus on hypovirulence and the hypovirulence-associated 
traits, Castro et al. ( 2003 ) introduced the purifi ed viral particles from CCg425 to 
protoplasts of CKg54. The resulting mycovirus-infected isolate CKg54vi425 from 
protoplast regeneration displayed similar abnormal phenotypes to those exhibited 
by the parental isolate CCg425.  

5.4.2     BcMV1 and Hypovirulence in  B. cinerea  

 Studies by Wu et al. ( 2007 ,  2010 ) revealed that infection of  B. cinerea  by BcMV1 
is closely associated with hypovirulence of  B. cinerea . Compared with the virulent 
isolates of  B. cinerea , the BcMV1-infected isolate CanBc-1 of  B. cinerea  grew 
slowly on potato dextrose agar and was nearly avirulent on leaves of oilseed rape 
( Brassica napus ) (Fig.  5.2 ). Wu et al. ( 2010 ) observed mitochondrial morphology in 
hyphal cells of CanBc-1 (hypovirulent) and CanBc-1c-66 (a single-conidum isolate 
of CanBc-1, virulent) of  B. cinerea  using transmission electron microscope (TEM). 
They found that in hyphae of CanBc-1c-66, normal oblong-shaped mitochondria 
with abundant cristae inside were frequently observed. In hyphal cells of CanBc-1, 
however, besides normal mitochondria, abnormal mitochondria with swollen 
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appearance, and remnants of degenerated cristae and fi brous matrix materials inside 
were observed. Wu et al. ( 2010 ) also found that BcMV1 is co-purifi ed with mito-
chondria. These results suggest that mitochondria in hyphal cells of  B. cinerea  
CanBc-1 might be the target for the attack by BcMV1.

   Zhang et al. ( 2010 ) conducted a study to investigate mechanisms involved in 
hypovirulence of CanBc-1. The hypovirulent isolate CanBc-1 was compared with 
the virulent isolates CanBc-1c-66 and CanBc-2 of  B. cinerea  for formation of infec-
tion cushions on onion bulbs and on leaves of oilseed rape and tomato, as well as for 
production of pectinase, toxic metabolites, oxalic acid and laccase in different 

  Fig. 5.2    Colony morphology ( top two rows ) and pathogenicity ( bottom two rows ) of the isolates 
CanBc-1 and CanBc-2 of  Botrytis cinerea , and eight single-conidium isolates of CanBc-1. All the 
cultures on potato dextrose agar (PDA) were incubated at 20 °C for 2 weeks. Leaves of oilseed rape 
inoculated with the isolates were incubated at 20 °C for 72 h.  (a – j ) PDA cultures of CanBc-1c-55, 
CanBc-1c-64, CanBc-1c-66, CanBc-1c-93, CanBc-2, CanBc-1c-50, CanBc-1c-73, CanBc-1c-78, 
CanBc-1c-82 and CanBc-1, respectively, and leaf lesions caused by these isolates, respectively. 
Note normal growth of CanBc-1c-55 ( a ), CanBc-1c-64 ( b ), CanBc-1c-66 ( c ), CanBc-1c-93 ( d ) 
and CanBc-2 ( e ), and necrotic leaf lesions caused these isolates, whereas suppressed growth of 
CanBc-1c-50 ( f ), CanBc-1c-73 ( g ), CanBc-1c-78 ( h ), CanBc-1c-82 ( i ) and CanBc-1 ( j ), and no 
lesion formation on leaves inoculated with these isolates. DsRNA +  and dsRNA −  indicate positive 
detection and negative detection of 3.0-kb dsRNA of BcMV1, respectively, in mycelial extracts of 
the ten isolates ( a – j ) by agarose gel electrophoresis       
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growth media. They found that formation of infection cushions was common on 
epidermis of onion bulbs and on leaves of oilseed rape and tomato inoculated with 
the isolates CanBc-1c-66 or CanBc-2, but was rare on these plant tissues inoculated 
with the isolate CanBc-1. The three isolates were found capable of production of 
pectinases, toxic metabolites, oxalic acid and laccase in pure cultures. Therefore, 
defi ciency in formation of infection cushions and attenuated mycelium growth are 
probably responsible for hypovirulence of the BcMV1-infected isolate CanBc-1 of 
 B. cinerea . 

 Additionally, Wu et al. ( 2010 ) detected very low titer of BcMV1 in mycelial 
extracts of the virulent SC isolate CanBc-1c-66 of  B. cinerea  using quantitative real- 
time PCR (qPCR). However, the 3.0-kb dsRNA (the replication intermediate of 
BcMV1) in the mycelial extracts of CanBc-1c-66 was not detected by agarose gel 
electrophoresis. This result suggests that infection of  B. cinerea  by BcMV1 at low 
titer (latent or cryptic infection) may have no harmful effect on hyphal growth and 
pathogenicity of  B. cinerea .  

5.4.3     BpRV1 and Hypovirulence in  B. porri  

 Wu et al. ( 2012 ) reported that BpRV1 is the causal agent for hypovirulence of  B. 
porri . The BpRV1-infected isolate GarlicBc-72 of  B. porri  grew slowly on potato 
dextrose agar with the formation of numerous mycelial sectors at the colony margin 
and caused smaller lesions on leaves of garlic ( Allium sativum ) compared to virus- 
free isolates of  B. porri . The cytoplasm of hypovirulent isolate GarlicBc-72 con-
tained abundant vacuole-like membranous structures and small membranous 
vesicles and the membranous vacuoles/vesicles. Introduction of the purifi ed virus 
particles of BpRV1 into the virulent isolate GarlicBc-38 of  B. porri  resulted in a 
signifi cant pathogenicity attenuation of this isolate (Wu et al.  2012 ).  

5.4.4     Impacts of BVF and BVX on Biology of  B. cinerea  

 Evidence so far achieved indicates that BVF and BVX have no signifi cant effects on 
pathogenicity of  B. cinerea . Some natural BVX-infected isolates of  B. cinerea  
showed a marginal increase in growth rates on malt extract agar plates and a slightly 
decrease of virulence compared to the mycovirus-free isolates of  B. cinerea  (Pearson 
and Bailey  2013 ). Kecskeméti et al. ( 2014 ) reported that at 10–30 °C, BVF-infected 
isolates of  B. cinerea  showed no detectable difference in growth rate from the 
mycovirus- free isolates of  B. cinerea . However, at 4 and 7 °C, the BVF-infected 
isolates were reduced for mycelial growth compared to the mycovirus-free isolates 
(Kecskeméti et al.  2014 ).   
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5.5     Conclusions and Future Perspectives 

 Infection of  B. cinerea  by RNA mycoviruses was fi rst reported in 1995 (Howitt 
et al.  1995 ). So far, RNA mycoviruses in  B. cinerea  have been recorded in southern 
America (e.g. Chile), Asia (e.g. China and Lebanon), Europe (e.g. Germany and 
Spain) and Oceania (e.g. New Zealand). Several RNA mycoviruses in  B. cinerea , 
including BVF ( Gammafl exiviridae ), BVX ( Alphafl exiviridae ), BcMV1 
( Narnaviridae ), Bc378V1 ( Totiviridae ), BfTV1 ( Partitiviridae ), BfPV1 
( Partitiviridae ), and in  B. porri  such as BpRV1 possibly belonging to a novel family 
have been fully or partially characterized at the molecular level. Meanwhile, many 
other RNA mycoviruses reported in previous studies (Castro et al.  1999 ,  2003 ; 
Habib et al.  2013 ; Howitt et al.  1995 ; Kecskeméti et al.  2014 ; Vilches and Castillo 
 1997 ) have not been sequenced for their genomes. These results suggest that  B. 
cinerea  accommodates diversifi ed species of RNA mycoviruses. 

 Infection of  B. cinerea  either by the 6.8-kb dsRNA mycovirus (Castro et al. 
 2003 ) or by BcMV1 (Wu et al.  2007 ,  2010 ), and infection of  B. porri  by BpRV1 
(Wu et al.  2012 ) were observed to cause (or to be closely associated with) virulence 
attenuation (hypovirulence) of the host fungi. Both BcMV1 and BpRV1 were 
detected vertically transmissible from hyphae to conidia of  B. cinerea  and  B. porri , 
respectively, through asexual reproduction, and horizontally transmissible to other 
virulent isolates of corresponding host fungi through hyphal contact (Wu et al. 
 2007 ,  2012 ). These results suggest that RNA mycoviruses may have potential to be 
exploited to control  B. cinerea  and  B. porri . 

 Previous studies indicated that a high proportion of  B. cinerea  isolates harboring 
virus-like particles and/or dsRNA elements (Habib et al.  2013 ; Howitt et al.  1995 ; 
Kecskeméti et al.  2014 ). Besides BpRV1 infecting  B. porri , mycoviruses in other 
species of  Botrytis  have not been detected so far. Novel mycoviruses possibly exist 
in populations of  B. cinerea  and its relatives. From the point of view of fundamental 
studies, it is necessary to discover and to characterize novel mycoviral species in 
 Botrytis , to disclose interaction between mycoviruses and  Botrytis , and to investi-
gate epidemics of mycoviruses in populations of  Botrytis . 

 Mycoviruses can cause hypovirulence in plant pathogenic fungi including  B. 
cinerea  (Nuss and Koltin  1990 ; Pearson et al.  2009 ). Wu et al. ( 2007 ,  2010 ,  2012 ) 
reported that BcMV1 and BpRV1 infect  B. cinerea  and  B. porri , respectively, con-
ferring hypovirulence for the two fungi. However, horizontal transmission of both 
mycoviruses among different isolates of  B. cinerea  and  B. porri  has been found to 
be possibly restricted by vegetative incompatibility (Wu et al.  2007 ,  2012 ). For 
example, transmission of BcMV1 in the isolate CanBc-1 of  B. cinerea  was success-
ful from CanBc-1 to the isolate CanBc-1c-66, a single-conidium isolate of CanBc- 1, 
but was unsuccessful from CanBc-1 to the isolate CanBc-2 of  B. cinerea  (Wu et al. 
 2007 ). Vegetative incompatibility between the isolates CanBc-1 and CanBc-2 might 
be responsible for the failure of BcMV1 transmission from CanBc-1 to CanBc-2. 
Therefore, in order to use mycoviruses to control plant diseases caused by  Botrytis , 
it is necessary to screen mycoviruses capable of overcoming vegetative incompati-
bility in horizontal transmission. 
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 Recent progress in use of the DNA mycovirus SsHADV-1 to control  S. sclerotio-
rum  provided a good example (Yu et al.  2013 ). SsHADV-1 in the isolate DT-8 of  S. 
sclerotiorum  is transmissible to isolates of  S. sclerotiorum  belonging to various veg-
etative compatibility groups (VCGs) different from the VCG of DT-8. Purifi ed virus 
particles of SsHADV-1 were detected directly infectious to hyphae of  S. sclerotiorum  
belonging to different VCGs, suggesting that SsHADV-1 can extracellularly transfect 
hyphae of  S. sclerotiorum  (Yu et al.  2013 ). Whether there exist DNA/RNA mycovi-
ruses in  Botrytis  similar to SsHADV-1 in terms of horizontal transmissibility or not 
remains unknown and needs further large-scale screening and characterization.     
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    Chapter 6   
 Diversity Within and Between Species 
of  Botrytis                      

       Anne-Sophie     Walker    

    Abstract     The genus  Botrytis  is highly diverse, with numerous species differing in 
terms of their biology, ecology, morphological features and host range. Progress 
in molecular genetics, and the development of relevant phylogenetic markers in 
particular, has resulted in the establishment of  30 species, a hybrid and a species 
complex. At least seven new species have been identifi ed in the last decade, albeit 
with limited scientifi c support in some cases.  B. cinerea  has long been known to 
display broad population diversity, possibly due to intense recombination and large 
population sizes. The introduction of powerful markers, such as SSRs, has provided 
new insight into the respective contributions of the forces driving this diversity. 
It has recently been shown that populations may be structured, not only by the host 
plant as shown in preliminary studies, but also by other factors, such as cropping 
system, geography and fungicide applications. Evidence of recombination and gene 
fl ow, between and within compartments, has also been obtained. Finally, this chapter 
focuses on the biological and genetic characteristics of  Botrytis  spp. favouring their 
adaptation to their local environment and speciation. This information is particu-
larly useful for improving the management of diseases on cultivated hosts.  

  Keywords     Adaptation   •   Phylogeny   •   Population genetics   •   Species   •   Structuring 
factor  

6.1       Introduction 

 Diversity is the degree of variation within a group. In population biology, diversity 
makes it possible to distinguish between individuals on the basis of the variation of 
phenotypic (morphological, physiological or behavioral characteristics) or geno-
typic (based upon the examination of one or several combined loci) criteria. 
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Evolution is thus based on variation of the characteristics of organisms at several 
scales: (1) differences between individuals within a population, and/or (2) between 
populations and species. At the population scale, the frequencies of the different 
variants, characterized by their alleles at the loci considered, can be predicted by 
Mendel’s laws in ideal conditions of Hardy-Weinberg equilibrium. Any violation of 
this equilibrium modifi es the frequencies of the variants in populations. The evolu-
tionary path of a given allelic variant may therefore be affected by the effects of four 
evolutionary forces ( i.e.  genetic drift, mutation, migration, and selection), acting in 
isolation or in combination, and of the mode of reproduction, which may affect the 
probability of particular gametes coming together during mating. In some cases, 
divergence between populations may be driven by ecological forces alone (ecologi-
cal specialization), with the selection of specifi c variants in different environments. 
This may ultimately lead to speciation if reproductive isolation occurs. Speciation 
thus links microevolution (occurring within populations and species) and macro-
evolution (diversifi cation of higher taxa). This chapter aims to describe the diversity 
occurring within the genus  Botrytis  and within individual species of this genus, and 
the determinants of this diversity. We will focus, in particular, on the factors under-
lying the partitioning of the population, with the long-term aim of adapting agricul-
tural practices appropriately so as to decrease the impact of grey mould.  

6.2     Diversity in the Genus  Botrytis  

6.2.1     General Comments 

 The defi nition of the term “species” has long been a matter of debate, mostly 
because it has been confused with the species criteria (or species concepts) used to 
delimit species. It is now widely agreed by biologists that species are segments of 
evolutionary lineages that evolve independently from each other, without exchang-
ing genes any more. Speciation can thus be defi ned as the splitting of one species 
into two or more daughter species (Samadi and Barberousse  2006 ; De Queiroz 
 1998 ). 

 Up to 22 species concepts are available for species delimitation (Mayden  1997 ), 
but it is generally accepted that several of these concepts are required for the correct 
defi nition of species boundaries (Sites and Marshall  2004 ). Four of these concepts 
are recognized as being of particular utility in fungi (Giraud et al.  2008 ; Taylor et al. 
 2000 ): (1) the biological species concept (BSC), focusing on reproductive isolation, 
(2) the morphological species concept (MSC), focusing on morphological diver-
gence, (3) the ecological species concept (ESC), focusing on adaptation to a par-
ticular ecological niche and (4) the phylogenetic species concept (PSC), and its 
extension, genealogical concordance phylogenetic species recognition (GCPSR), 
focusing on the lack of gene fl ow between lineages and nucleotide divergence.  
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6.2.2     Taxonomy and Species Identifi cation 
in the Genus  Botrytis  

  Botrytis  spp. are Ascomycete fungi of class  Leotiomycetes , order  Heliotiales  and 
family  Sclerotiniaceae . The genus  Botrytis  was fi rst described in 1729 by Pier 
Antonio Micheli, who listed it in the “ Nova Plantarum Genera ”. Most of the spe-
cies were eventually established by Hennebert ( 1973 ), Groves and Loveland ( 1953 ), 
and Beever and Weeds ( 2004 ). This genus is very closely related to  Sclerotinia , with 
the proteins encoded by the genomes of  B. cinerea  and  S. sclerotiorum  displaying 
83 % identity (Amselem et al.  2011 ). The genus  Botrytis  contains more than 30 spe-
cies (Table  6.1 ). The life cycle of  Botrytis  spp. can be generalized as follows. There 
is a somatic (vegetative) stage, in which the mycelium produces asexual macroco-
nidia, sclerotia and microconidia (spermatia). This is essentially the anamorph stage 
of  Botrytis . There is then a sexual stage, during which microconidia may fertilize 
sclerotia to produce apothecia, in which meiosis occurs and ascospores are pro-
duced (the  Botryotinia  teleomorph stage, named by Whetzel,  1945 ). More details 
about the biology and genetics of  Botrytis  species are provided in Chaps.   2     and   3    . 
Not all  Botrytis  spp. have known teleomorphs. Moreover, in a recent paper, 
Wingfi eld et al. ( 2012 ) pleaded the cause of a simplifi cation of fungi taxonomy, 
which has become possible with the advent of molecular tools, which have made the 
need to split morphs obsolete. At a recent meeting (Bari, Italy, June 2013), the 
 Botrytis  research community unanimously decided to retain the asexual name, 
 Botrytis , which is also the oldest and most widely used name, for fungi from this 
genus (Chap.   1    ). The teleomorph name should therefore no longer be used. Johnston 
et al. ( 2014 ) put forward the proposal for this taxonomic change and provided 
 Botrytis  names for the only two  Botryotinia  species lacking a  Botrytis  equivalent.

6.2.2.1       Identifi cation on the Basis of the Morphological Species Concept 

  Botrytis  spp. have mostly been delimited on the basis of morphological and culture 
characteristics (MSC species concept). All species of  Botrytis  display the common 
morphological feature that gave rise to the name of the genus: the botryose, or 
cluster-of-grape shape of the conidiophores (the conidiophores bear clusters of 
macroconidia that resemble clusters of grapes). The size and shape of the macroco-
nidia have repeatedly been used as criteria for distinguishing species, as have the 
number, organization and size of the sclerotia and the morphology of the mycelium 
on artifi cial media (Jarvis  1977 ; Hennebert  1973 ; Zhang et al.  2010a ,  b ; Lorenzini 
and Zapparoli  2014 ; Li et al.  2012 ). However, many species are morphologically 
similar ( e.g. B. cinerea  and  B. pseudocinerea  (Walker et al.  2011 );  B. aclada  and 
 Botrytis  sp. B83 (Lorenzini and Zapparoli  2014 )). Growing conditions may also 
signifi cantly infl uence variation (Grindle  1979 ; Martinez et al.  2003 ). Moreover, 
high levels of morphological diversity may also be recognized in a single species. 
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      Table 6.1    Some species of  Botrytis    

  Botrytis  sp. 
(anamorph) a  

  Botryotinia  sp. 
(teleomorph) e   Mating system  Major hosts  Refs f  

  B. aclada  Fresen.  –  –   Allium   4,7,8,16 
  B. allii  Munn  –  –   Allium   4,8,16 
  B. anthophila  
Bondartsev b,a  

 –  –   Trifolium   4,8,12 

  B. byssoidea  
Walker c  

 –  –   Allium   4,7,8,16 

  B. calthae  
Hennebert 

  Bt. calthae  
Hennebert & Elliott 

 –   Caltha   4,6,7,8,9,25 

  B. caroliniana   –  –   Rubus   17 
  B. cinerea  Pers.:Fr   Bt. fuckeliana  (de 

Bary) Whetzel 
 Heterothallic  Polyphagous  4,7,8,9 

  B. convallariae  
(Kleb.) Ondřej a  

 –  –   Convallaria   8 

  B. convoluta  
Whetzel & Drayton 

  Bt. convoluta  
(Drayton) Whetzel 

 –   Iris   4,7,8,9 

  B. croci  Cooke & 
Massee 

 –  –   Crocus   7,8,11 

  B. deweyae   Heterothallic   Hemerocallis   18 
  B. elliptica  (Berk.) 
Cooke 

 ?  Botryotinia  sp.  Heterothallic   Lilium   4,7,8,13,14 

  B. fabae  Sardiña   Bt. fabae  Lu & Wu  –   Vicia   7,8,15 
  B. fi cariarum  
Hennebert 

  Bt. fi cariarum  
Hennebert 

 –   Ficaria   6,7,8,9 

  B. fabiopsis   –  –   Vicia   19 
  B. galanthina  (Berk. 
& Broome) Sacc. 

 –  –   Galanthus   4,7,8 

  B. gladiolorum  
Timmerm. 

  Bt. draytonii  
(Buddin & Wakef.) 
Seaver 

 –   Gladiolus   4,7,8,9 

  B. globosa  Raabe   Bt. globosa  Buchw.  Homothallic   Allium   1,7,8,9 
  B. hyacinthi  
Westerd. & Beyma 

 –  –   Hyacinthus   4,7,8 

  B. mali  a   –  –   Malus   24 
  B. narcissicola  
Kleb. Ex Westerd. & 
Beyma 

  Bt. narcissicola  
(Greg.) Buchw. 

 –   Narcissus   4,7,8,9 

  B. paeoniae  Oudem.  –  –   Paeonia , 
 Allium  

 4,7,8,9 

  B. pelargonii  Røed   Bt. pelargonii  Røed  –   Pelargonium   7,8,9 
  B. polyblastis  
Dowson 

  Bt. polyplastis  
(Greg.) Buchw. 

 –   Narcissus   4,7,8,9 

  B. porri  Buchw.   Bt. porri  (Beyma) 
Whetzel 

 Homothallic   Allium   3,7,8,9 

  B. ranunculi  
Hennebert 

  Bt. ranunculi  
Hennebert & 
Groves 

 Heterothallic   Ranunculus   4,6,7,8,9 

(continued)
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Table 6.1 (continued)

  Botrytis  sp. 
(anamorph) a  

  Botryotinia  sp. 
(teleomorph) e   Mating system  Major hosts  Refs f  

  B. prunorum    –   –   Prunus   26 
  B. pseudocinerea    Bt. 

pseudofuckeliana  
 Heterothallic  Polyphagous  20 

  B. ricini  Buchw. a    Bt. ricini  (Godfrey) 
Whetzel 

 Homothallic   Ricinus   4,5,7,8,9 

  B. sinoallii   –  –   Allium   21 
  B. sinoviticola   –  –   Vitis   22 
  Botrytis fritillarii- 
pallidifl ori  (Chen & 
Li) Seifert & Kohn 

  Bt. fritillarii- 
pallidifl ori  Chen & 
Li 

 –  –  10 

  Botrytis  sp. a    Sclerotinia 
spermophila  Noble b  

 Homothallic   Trifolium   4,8,9,12 

  Botrytis  sp. B83 d   –  –  Polyphagous  23 
  B. sphaerosperma  
Buchw. 

  Bt. sphaerosperma  
(Greg.) Buchw. 

 –   Allium   7,8,9 

  B. squamosa  Walker   Bt. squamosa  
Vienn.-Bourg. 

 Heterothallic   Allium   2,4,7,8,9 

  B. tulipae  Lind  –  –   Tulipa , 
 Allium , 
 Lilium  

 4,7,8,9 

  Modifi ed and updated from Beever and Weeds ( 2004 ) 
  a List of species established from published data. Some species could not be recovered from ancient 
collections, to check their delimitation in the genus phylogeny (Staats et al.  2005 ; Van Kan, pers. 
com.) and their status is therefore potentially doubtful.  B. mali  is a herbarium specimen for which 
no living culture is available 
  b It has been assumed ( e.g.  Farr et al.  1989 ) that  Sclerotinia spermophila  is the teleomorph of  B. 
anthophila  but Noble ( 1948 ) discussed this possibility and concluded that further evidence was 
required to confi rm this link 
  c It has been assumed ( e.g.  Jarvis ( 1980 ) that  Bt. allii  (Sawada) Yamam. is the teleomorph of  B. 
byssoidea . However, (Kohn  1979 ) provided evidence that Yamamoto was wrong to conclude that 
Sawada’s species produced a  Botrytis  anamorph and she regrouped  Sclerotinia allii  (Sawada) as 
 Ciborina allii  (Sawada) Kohn. Nevertheless, Yamamoto ( 1949 ), who worked on Japanese isolates, 
identifi ed the anamorph as  B. byssoidea , in which case the teleomorph he describes is that of  B. 
byssoidea . However, the relationships of the Japanese fungus require further investigation 
(Hennebert  1963 ; Nielsen et al.  2001 ) 
  d This new entity is actually represented by only one strain collected in Italy, but the available infor-
mation confi rm that it almost certainly corresponds to a new species (Lorenzini and Zapparoli 
 2014 ) 
  e Teleomorph names are given wherever possible, to make it possible to refer to older studies. 
However,  Botrytis  has been accepted over  Botryotinia  for the genus name (Johnston et al.  2014 ). 
Therefore, only  Botrytis  (anamorph names) should be used in future publications 
  f 1 = Buchwald  1953 ; 2 = Bergquist and Lorbeer  1972 ; 3 = Elliott  1964 ; 4 = Farr et al.  1989 ; 
5 = Godfrey  1923 ; 6 = Hennebert and Groves  1963 ; 7 = Hennebert  1973 ; 8 = Jarvis  1980 ; 9 = Kohn 
 1979 ; 10 = Li and Chen  1987 ; 11 = Moore  1959 ; 12 = Noble  1948 ; 13 = Van den Ende and Pennock 
 1996 ; 14 = Van den Ende and Pennock-Vos  1997 ; 15 = Wu and Lu  1991 ; 16 = Yohalem et al.  2003 ; 
17 = Li et al.  2012 ; 18 = Grant Downton et al.  2014 ; 19 = Zhang et al.  2010a ; 20 = Walker et al. 
 2011 ; 21 = Zhang et al.  2010b ; 22 = Zhou et al.  2014 ; 23 = Lorenzini and Zapparoli  2014 ; 
24 = O’Gorman et al.  2008 ; 25 = Plesken et al.  2015 ; 26 = Ferrada et al.  2015   
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For example, in  B. cinerea , the mycelium has been described as short, aerial or 
woolly, and the sclerotia have been described as organized randomly, in circles or at 
the edge of Petri dishes, with conidial density differing between cultures (Martinez 
et al.  2003 ). Phenotypic differences can usually be found in complete sets of asco-
spores from single asci, and in independent cultures established from a single asco-
spore or conidium from the same wild isolate. Moreover, morphotypes may not 
remain stable during subculture (Lorenz  1983 ).  

6.2.2.2     Identifi cation on the Basis of the Biological Species Concept 

 The use of the biological species concept (BSC), which is based on interbreeding, 
is limited to species for which sexual crosses can be conducted  in vitro , however 
laborious. For example, the putative new species  Botrytis  sp. B83 only rarely pro-
duces sclerotia, preventing the use of BSC criteria to confi rm its existence (Lorenzini 
and Zapparoli  2014 ). Respect for the mating system is another essential condition. 
Some species, such as  B. porri  and  B. globosa , have been reported to be homothallic 
( i.e.  self-fertile) and can produce sexual progeny in a single culture (Elliott  1964 ; 
Buchwald  1953 ). Others are heterothallic ( i.e.  self-sterile) and require strains with a 
compatible mating type to produce their progeny. Mating is governed by a mating- 
type locus (two alleles, MAT 1-1 and MAT 1-2; Faretra et al.  1988 ) in  B. cinerea , 
with each locus carrying two different, non-homologous genes (Amselem et al. 
 2011 ). The use of the BSC is dependent on mating experiments and is therefore 
limited and has been largely restricted to elucidation of the sexual system. 
Nevertheless, the BSC has been successfully used to differentiate between  B. squa-
mosa  and  B. cinerea  (Bergquist and Lorbeer  1972 ) and between  B. cinerea  and  B. 
pseudocinerea  (Walker et al.  2011 ).  

6.2.2.3     Identifi cation on the Basis of the Ecological Species Concept 

 The ESC seems to have been more successfully used for the defi nition of species. 
Indeed, most  Botrytis  spp. are host-specifi c or have a narrow host range.  B. fabae , 
for example, infects only plants from the same botanical family  Fabaceae  (Jarvis 
 1977 ).  Botrytis  species are, therefore, usually named after their host plants (Table 
 6.1 ). Only two species have been reported to have multiple host plants from differ-
ent botanical families in the wild:  B. cinerea  and  B. pseudocinerea  (Walker et al. 
 2011 ; Jarvis  1980 ; Fekete et al.  2012 ).  Botrytis  spp. can infect more than 1,400 host 
species, including not only wild plants, but also major ornamental, greenhouse and 
fi eld crops, such as tomato, grapevine, lettuce, strawberry, tulip, rose and onion 
(Chap.   21    ). They are all necrotrophs, inducing host-cell death, leading to the pro-
gressive decay of infected plant tissue. They are also commonly found as sapro-
phytes on dead tissues. However, there is an exception. The newly described species 
 B. deweyae , which infects  Hemerocallis , was recently shown to have an endophytic 
lifestyle under appropriate conditions (Grant Downton et al.  2014 ).  B. cinerea  
may also be found as an endophytic contaminant of  Primula  and lettuce seeds 
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(Barnes and Shaw  2003 ; Sowley et al.  2010 ). Moreover, ecological preferences may 
not be governed solely by the host.  B. pseudocinerea , which is sympatric with  B. 
cinerea  on the same hosts, is regularly found to be more abundant in the spring than 
in the autumn. It is also mostly found on dead fl ower parts from grapevine rather 
than on living berries. Finally, unlike  B. cinerea , the distribution of this species is 
not uniform worldwide, or even within a particular region (Walker et al.  2011 ; 
Johnston et al.  2013 ). This suggests that at least some  Botrytis  species are capable 
of fi ne- niche adaptation, but this aspect requires further investigation.  

6.2.2.4     Identifi cation on the Basis of the Phylogenetic Species Concept 

 The PSC is undoubtedly the most widely used concept in  Botrytis  taxonomy. The 
phylogenetic approach to systematics has been boosted by advances in DNA 
sequencing and by the identifi cation, over the last 10 years, of genes highly relevant 
to the resolution of  Botrytis  phylogeny. As a consequence, seven new species have 
come to the fore in the last four years (Table  6.1 ). The ITS rDNA region has been 
extensively used for the species-level discrimination of fungal species. Unfortunately, 
the number of informative sequence characters is too small in  Botrytis  for the full 
resolution of relationships between all species. This approach was nevertheless suc-
cessfully used to infer a preliminary phylogeny of the family  Sclerotiniaceae  (Holst- 
Jensen et al.  1998 ). Universal-primed polymerase chain reaction (UP-PCR) 
fi ngerprinting, coupled with the restriction of ITS rDNA regions also led to the 
identifi cation of fi ve groups:  B. cinerea ,  B. squamosa ,  B. byssoidea  and two groups 
of  B. aclada  (Nielsen et al.  2001 ), one of which was subsequently recognized as the 
hybrid between  B. aclada  and  B. byssoidea  and renamed  B. allii  (Nielsen and 
Yohalem  2001 ; Yohalem et al.  2003 ). Moreover, a method coupling ITS rDNA 
sequencing and the multiplex PCR amplifi cation of two laccase introns can identify 
several species from the  Sclerotiniaceae , including  B. cinerea  (Hirschhäuser and 
Fröhlich  2007 ). Finally, the intergenic spacer (IGS) rDNA region was successfully 
used in preliminary studies as an RFLP marker for distinguishing between  B. cine-
rea  and  B. pseudocinerea  (Giraud et al.  1997 ). 

 According to the GCPCSR, as discussed for fungi by Taylor et al. ( 2000 ), the 
best way to demonstrate a lack of gene fl ow between evolutionary lineages ( i.e.  the 
defi nition of a phylogenetic species) is to compare the phylogenies obtained for 
several independent loci: barriers to gene fl ow (or species limits) correspond to the 
nodes from which independent phylogenies become incongruent. The identifi cation 
of relevant protein-coding genes has greatly improved the resolution of the  Botrytis  
phylogeny. Three genes, in particular, are used: the glyceraldehyde 3-phosphate 
dehydrogenase ( G3PDH ), heat shock protein 60 ( HSP60 ) and DNA-dependent 
RNA polymerase subunit II ( RPB2 ) genes. Staats et al. ( 2005 ) combined these 
genes in a comprehensive phylogenetic analysis of the whole genus. The combined 
analysis of all three loci provides greater resolution than individual gene phyloge-
nies. As a result, these authors were able to confi rm the morphological and host 
plant-based classifi cation of the  Botrytis  genus and divided the genus into two well 
separated clades. The fi rst of these clades contains only fi ve species ( B. cinerea , 

6 Diversity Within and Between Species of Botrytis



98

 B. fabae ,  B. pelargonii ,  B. calthae , and  B. pseudocinerea , added after further inves-
tigation) that infect only eudicot plants, whereas the second clade contains all the 
other species, infecting either eudicot or monocot plants. Interestingly, the host and 
pathogen topologies were incongruent (particularly for the species infecting the 
same host,  Allium , clustered in different clades), suggesting regular host shifts 
rather than co-speciation. Alternatively, host range may have been underestimated 
for some species currently thought to be strict single-host pathogens. This study 
also confi rmed the hybrid nature of  B. allii . Finally, these authors investigated the 
mode of reproduction in each species. Their results suggested that sexual reproduc-
tion had been lost at least three times during the evolution of the genus, due to nega-
tive selection. This work probably paved the way for the delimitation of many new 
species (see next section and Li et al.  2012 ; Lorenzini and Zapparoli  2014 ; Zhang 
et al.  2010a ,  b ; Grant Downton et al.  2014 ). An updated phylogenetic tree, adapted 
from the work of Staats et al. ( 2005 ) and including these new taxa is presented in 
Fig.  6.1 .

   In other studies, one or several of these genes have been used in combination 
with other genes for the identifi cation of other species. The Funybase phylogenetic 
database containing 1:1 orthologs from 30 fungal genomes of the highest informa-
tive value at the desired taxonomic level, can be considered a good source of genes 
useful for phylogenetic analyses (Marthey et al.  2008 ). For example, Walker et al. 
( 2011 ) used the ATP-dependent RNA helicase gene ( MS547 ) to help determine the 
systematic position of  B. pseudocinerea  in the genus. Andrew et al. ( 2012 ) also 
refi ned the phylogeny of the  Sclerotiniaceae , by combining  G3PDH  and  HSP60  
topologies with that for the calmodulin gene. Khan et al. ( 2013 ) recently distin-
guished between species causing neck rot disease on onion in New Zealand, using 
a combination of data for the  ITS  and  IGS  regions and the  G3PDH  sequence, which 
greatly improved the molecular identifi cation of species. Interestingly, sequences 
established with the  G3PDH  and β-tubulin genes confi rmed the existence of  B. mali  
from herbarium apple specimens (O’Gorman et al.  2008 ), following the initial 
approximate and, therefore, dubious description of this species (Ruehle  1931 ). The 
fi ndings for these genes suggest that this species would probably cluster with  B. 
paeoniae . Finally, in addition to the previous markers, two genes encoding the 
necrosis and ethylene-inducing proteins,  NEP1  and  NEP2 , were found to be highly 
relevant for establishment of the phylogeny of  Botrytis  phylogeny (Staats et al. 
 2007a ) and for refi ning the systematic positions of new species (Lorenzini and 
Zapparoli  2014 ; Li et al.  2012 ; Zhang et al.  2010a ). The trees established with these 
genes were entirely congruent with the concatened trees established by Staats et al. 
( 2005 ), with the exception of  B. gladiolorum , which was located in a different posi-
tion in the  NEP2  tree. The  NEP1  and  NEP2  genes are involved in interactions with 
the plant and have been shown to have evolved under positive selection (Staats et al. 
 2007a ). Caution is therefore required in their use and their neutrality should be 
checked before their use for phylogenetic purposes, particularly if they are to be 
used for dating. 

 Recent developments in molecular phylogenetics have generated a set of relevant 
genes for delimiting  Botrytis  spp. They have been shown to be of signifi cant interest 
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in at least one phylogenetic study and it is, therefore, diffi cult to rank them. However, 
it has now been established that the most appropriate approach for correctly delimit-
ing distinct evolutionary lineages ( i.e.  for placing species boundaries) is to use sev-
eral independent genes and to evaluate the congruence of their phylogenies. 
Unfortunately, the congruence of gene topologies is only rarely quantifi ed, although 
at least one useful congruence index has been published (de Vienne et al.  2007 , 
 2009 ). Moreover, given these limitations, new species should not be delimited 
exclusively on the basis of molecular phylogenetic data (a tempting approach as it 
would minimize the amount of laboratory work required), but on the basis of a body 
of evidence accumulated from as many of the species concepts as possible.   
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  Fig. 6.1    Updated phylogenetic tree of  Botrytis  sp., based on concatenated sequences of the 
G3PDH, HSP60 and RPB2 genes (From Hyde et al.  2014 ). The tree was constructed with the 
maximum likelihood method. Some species from Table  6.1  could not be integrated in this tree, due 
to a lack of published sequences or an inability to obtain fresh cultures from collections for the 
establishment of these sequences       
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6.2.3     Recently Discovered  Botrytis  Species 

  B. fabiopsis  was fi rst collected from 35 locations in Hubei Province (Central China), 
between 2006 and 2009. It was sympatric with  B. cinerea  and  B. fabae  on broad 
bean ( Vicia faba ) (Zhang et al.  2010a ). It was the second most frequently identifi ed 
species in this sampling campaign after  B. cinerea , accounting for 36.4 % of the 
strains. It may therefore have a signifi cant epidemiological impact on this crop. The 
“chocolate spot” symptoms were similar to those usually observed with the other 
two species. Host range was not investigated further. This fungus formed pale grey 
colonies with short aerial mycelia and produced grey to black sclerotia in concentric 
rings on PDA medium. It differed from  B. cinerea  and  B. fabae  in terms of sclero-
tium production and the size of its conidia. Phylogenetic analysis with  G3PDH , 
 HSP60 ,  RPB2 ,  NEP1 , and  NEP2  sequences placed this species in clade II of the 
most recent phylogeny (Staats et al.  2005 ), well separated from  B. cinerea  and  B. 
fabae  (clade I). Instead, it was found to be a sister species to  B. galanthina , which 
infects snowdrop ( Galanthus nivalis ). 

  B. caroliniana  was fi rst isolated in 2010 from infected blackberries ( Rubus fruti-
cosus ) on several farms in South Carolina, USA (Li et al.  2012 ). It was sympatric 
with  B. cinerea . It was shown to be pathogenic on broad bean leaves and tomato in 
laboratory conditions, and to produce lesions, without conidiation, on apple, pear, 
orange lemon, table grape, and raspberry (Schnabel and Li, pers. com.). Phylogenetic 
analysis with  G3PDH ,  HSP60 ,  RPB2 ,  NEP1  and  NEP2  sequences showed this spe-
cies to be most closely related to  B. fabiopsis  (infecting broad bean) and to  B. galan-
thina  (infecting snowdrop), and to belong to clade II of the most recent phylogeny 
(Staats et al.  2005 ). This fi nding contrasts with what would be expected on the basis 
of host plant data, which would suggest phylogenetic relatedness to  B. cinerea . It 
forms white to pale grey colonies with a short, tufted aerial mycelium and produces 
black sclerotia on PDA at 20 °C. Its conidia are similar to those of  B. cinerea , but 
smaller than those of  B. fabiopsis  and  B. galanthina . Little is known about its eco-
logical requirements, and its frequency in  Botrytis  populations from blackberry. It is 
therefore diffi cult to draw any fi rm conclusions about its relevance for blackberry 
production. 

  B. deweyae  was isolated in 2009 from daylilies ( Hemerocallis  hybrids) in the 
UK, as the causal agent of “spring sickness”, an emerging disease of this ornamen-
tal plant. It produces slightly fl uffy, whitish to pale brown colonies on artifi cial 
medium, but its principal characteristic is the absence of macroconidial conidiation, 
particularly on plants. Two alleles were detected at the mating-type locus homolo-
gous to that of  B. cinerea , suggesting heterothallism. This new species is genetically 
related to  B. elliptica  ( ITS ,  G3PDH ,  NEP1 ), which can also affect daylilies. This 
suggests that the emergent pathogen  B. deweyae  may have arisen from  B. elliptica  
after a host shift. The distribution and abundance of this species in populations are 
unknown, as only a few specimens have been isolated. Given its morphological 
features, the absence of macroconidia and the nature of disease development, 
 B. deweyae  may be an endophyte undergoing the transition to a more aggressive 
pathogenic state (Grant Downton et al.  2014 ). 
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  B. sinoalli  was fi rst collected in 2006 from green onion ( Allium fi stulosum ) and 
then from other  Allium  crops at seven sites in Hubei Province (Central China; Zhang 
et al.  2010b ). Within populations, it was found in association with  B. cinerea ,  B. 
squamosa ,  B. porri , or  B. byssoidea , but accounted for only 2.2 % of the population. 
This species produces white mycelia and abundant small sclerotia and can be distin-
guished from the other species on the basis of its conidium production on living host 
tissues, but not on PDA. Phylogenetic analysis with the  G3PDH ,  HSP60 , and  RPB2  
genes showed that  B. sinoallii  formed a single lineage within clade II that was 
closely related to  B. squamosa , but only distantly related to other species growing 
on  Allium , including  B. cinerea ,  B. porri ,  B. aclada ,  B. allii ,  B. byssoidea ,  B. glo-
bosa  and  B. sphaerosperma.  

  B. pseudocinerea  is a new cryptic species recently distinguished from  B. cinerea  
(Walker et al.  2011 ). It is described in more detail below, in the section on the 
 Botrytis  species complex. 

  B. sinoviticola  was isolated between 2004 and 2012 from  Botrytis -infected table 
grapes collected in two Chinese provinces, but little is known about its relevance in 
natural populations (Zhou et al.  2014 ). It produces whitish colonies and abundant 
small sclerotia. Its conidia appear to be thinner than those produced by  B. cinerea  
and they carry characteristic villiform appendages on their surface. Phylogenetic 
analysis ( G3PDH ,  HSP60 , and  RPB2 ) placed this species in a single lineage of 
clade I, separate from  B. cinerea  and  B. pseudocinerea , although closely related to 
these species.  B. sinoviticola  has an intermediate level of sensitivity to the fungicide 
fenhexamid, between those of  B. cinerea  (sensitive) and  B. pseudocinerea  (natu-
rally resistant). However, resistance to the full range of modes of action of fungi-
cides, as in  B. pseudocinerea  (as described in Leroux et al.  1999 ), has not been 
assessed. Finally, the inoculation of grapevine leaves with mycelium showed this 
species to be less virulent than  B. cinerea  and  B. pseudocinerea , suggesting that it 
may also occur on other plants. 

 A new species was recently collected from withered grapes ( Vitis vinifera ) in a 
fruit drying room in Valle dei Laghi (Trentino, Italy) (Lorenzini and Zapparoli 
 2014 ). This species is currently represented by a single strain,  Botrytis  sp. B83, and 
further collections and analyses are thus required to confi rm the status of this new 
entity and to identify its diagnostic features. The morphology of  Botrytis  sp. B83 
colonies on PDA was different from that of  B. cinerea , which usually produces 
colonies of various shades of grey.  Botrytis  sp. B83 instead produces a moderately 
deep and fl occose aerial white-cream mycelium on PDA. Sclerotia are produced 
rarely, and only under specifi c conditions. More generally, several characters indi-
cate that this strain is different from but closely related to  B. aclada  in clade II, as 
confi rmed by phylogenetic analysis with  G3PDH ,  HSP60 ,  RPB2 ,  NEP1 , and  NEP2  
sequences. Conversely, its host range indicates that  Botrytis  sp. B83 behaves like  B. 
cinerea , acting as a pathogen of many different plant hosts exclusively infected with 
grey mould ( i.e.  grapevine, green bean, kiwifruit, pepper, cucumber, strawberry, 
hortensia, blackcurrant, sage, and tomato). Its presence in a fruit drying room may 
therefore be incidental. 
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 At last,  B. prunorum  was recently isolated from asymptomatic fl owers of 
Japanese plums ( Prunus salicina ) in the Central Valley of Chile (Ferrada et al. 
 2015 ). They were supposed to cause blossom blight, together with  B. cinerea . The 
authors described low-sporulating isolates, developing a white cottony mycelium 
and scarce conidiation on several media. Sclerotia were obtained only in restricted 
conditions. Molecular analysis with  G3PDH ,  HSP60 ,  RPB2 ,  NEP1 , and  NEP2  
sequences established this entity as a new species within clade II, related to  B. pae-
oniae  and  B. aclada . No further description was provided about the ecology and 
host range of this new species. 

 In conclusion, given the large number of newly established species, mostly iden-
tifi ed through the use of recently developed relevant markers,  Botrytis  taxonomy 
seems to be at an early stage. Many more species may remain undiscovered, some 
parasitic but others endophytic, and therefore much harder to detect (Van Kan et al. 
 2014 ). For example, six ‘new’  Botrytis  spp. from  Centaurea stoebe  ( Asteraceae ) 
have been identifi ed as endophytes and their further characterization is planned in 
the near future (Shipunov et al.  2008 ). One of these species is very closely related 
to some  B. pseudocinerea  strains from a specifi c New-Zealand clade (P. Johnston, 
pers. com.). A foliar pathogen of  Hosta  that is closely related to  B. tulipae  is also 
currently awaiting full identifi cation (Laundon  1978 ). In addition, the quality of 
new species descriptions is highly heterogeneous. Biological and ecological charac-
teristics are often not recorded and few studies describe the mode of reproduction 
of the new species and provide intra- and interspecifi c crossing data (BSC). 
Moreover, population surveys are also often required to delimit geographical and 
host ranges. Recently developed tools should also prove useful for refi ning the 
descriptions of long-known species, such as  B. calthae  (Plesken et al.  2015 ; 
Hennebert and Groves  1963 ).  

6.2.4      The  Botrytis  Species Complex 

 Cryptic species have identical morphological features but can be distinguished on 
the basis of their molecular sequences. They often inhabit the same environment. 
Thus, cryptic fungal species often parasitize the same host, produce similar symp-
toms and, therefore, form what is called a species complex. In the genus  Botrytis , 
several species may correspond to this description.  B. pelargonii  and  B. cinerea  
produce identical symptoms on  Pelargonium ; molecular phylogenetics studies do 
not support the separation of these two species (Staats et al.  2005 ,  2007a ; Walker 
et al.  2011 ) and the existence of  B. pelargonii  is therefore doubtful. 

 Within  B. cinerea , a subdivision into two distinct genetic groups has long been 
proposed, based on the presence or absence of the transposable elements  Boty  
(Diolez et al.  1995 ) and  Flipper  (Levis et al.  1997 ). The presence/absence of these 
two elements has been used to describe four transposon types in populations: 
 vacuma  (strains with neither of these elements),  transposa  (strains with both 
 elements),  Boty  and  Flipper  (strains with one or other of the two elements). For a 
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limited number of strains, this subdivision coincided with two sympatric species, 
“group I” (only  vacuma ) or “group II” (the other three types), but this pattern was 
subsequently shown to be invalid in independent studies of larger datasets. The 
identifi cation of “group I” as a new species was corroborated by the polymorphism 
of many genes:  Bc - hch  (encoding the homolog of the  Neurospora crassa  het-c veg-
etative incompatibility locus; Fournier et al.  2003 ),  cyp51  (encoding the eburicol 
14α-demethylase, target of azole fungicides; Albertini et al.  2002 ),  erg27  (encoding 
the 3-cetoreductase, target of the fungicide fenhexamid; Albertini and Leroux 
 2004 ),  sdhA / B / C / D  (genes encoding the four subunits of succinate dehydrogenase; 
Leroux et al.  2010 ), for example. All these loci display many fi xed polymorphisms 
within groups I and II, and an absence of shared polymorphisms between groups I 
and II, strongly suggesting an ancient divergence, with a complete absence of gene 
fl ow between these two groups. This was also confi rmed by population genetics 
studies based on PCR-RFLP markers (Giraud et al.  1997 ) or SSRs (Walker et al. 
 2011 ). This body of evidence led to the establishment of  Botrytis  “group I” as the 
new species  B. pseudocinerea  (Walker et al.  2011 ; Fournier and Giraud  2008 ; 
Fournier et al.  2005 ). The classifi cation based upon transposable elements became 
obsolete, because some  transposa  strains were found in  B. pseudocinerea , albeit at 
low frequencies (Walker et al.  2011 ; Johnston et al.  2013 ; Fekete et al.  2012 ). 

 Several phylogenetic studies using  Bc - hch ,  cyp51 ,  63 - R  and/or  β - tub  (Fournier 
et al.  2005 ; Johnston et al.  2013 ), or  G3PDH ,  HSP60  and/or  MS547  (Walker et al. 
 2011 ; Johnston et al.  2013 ) clearly identifi ed strains from groups I and II as belong-
ing to different species within clade I of the  Botrytis  phylogeny. However, these 
studies showed that these species were not sisters, because  B. cinerea  was closer to 
 B. fabae  than to  B. pseudocinerea . Indeed, a molecular clock analysis demonstrated 
that these two species diverged between 7 and 18 million years ago. Until recently, 
 B. pseudocinerea  had been detected only in European countries (Walker et al.  2011 ; 
Fekete et al.  2012 ) and was thought to originate from this part of the world. However, 
strains have recently been found in the Southern hemisphere, in Chile, New Zealand 
and South Africa (Johnston et al.  2013 ; Wessels et al.  2013 ; Munoz et al.  2015 ) and 
also in Central China on tomato (Li et al.  2014 ) and on blueberry in North America 
(Saito et al.  2014 ), suggesting that human activities may have mediated the migra-
tion of this species. Interestingly, two clades were resolved within  B. pseudocinerea  
samples from New Zealand, only one of which has been reported in European vine-
yards, although this clade contained only a small number of strains (Johnston et al. 
 2013 ).  B. cinerea  and  B. pseudocinerea  have identical morphological features. 
Mating between these two species generates no progeny or a sterile progeny, sug-
gesting the possible existence of a reproductive barrier based on prezygotic isola-
tion. Moreover, the two species have different patterns of susceptibility to fungicides. 
Among many other fungicide markers,  B. pseudocinerea  is naturally resistant to 
fenhexamid and hypersensitive to morpholines (Albertini et al.  2002 ; Leroux et al. 
 1999 ). Both are polyphagous (Plesken et al.  2015 ; Giraud et al.  1999 ; Walker et al. 
 2011 ) and they are sympatric on the same hosts, but  B. pseudocinerea  is more abun-
dant on dead fl ower parts in the spring (Johnston et al.  2013 ; Walker et al.  2011 ). 
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 Recent studies of German strawberry fi elds identifi ed a predominant new entity 
called  Botrytis  group S (for strawberry). These strains are present on other crops, 
such as grapevine, but at a lower frequency (Walker unpublished data; Leroch et al. 
 2013 ; Johnston et al.  2013 ). They have a morphology similar to that of  B. cinerea . 
They display a 21-bp deletion in a transcription factor-encoding gene,  mrr1 , which 
is routinely used for their identifi cation. Some group S strains express an original 
multidrug-resistant phenotype (MDR1h), conferring a higher resistance factor than 
the previously described MDR1 phenotype (Leroux and Walker  2013 ; Kretschmer 
et al.  2009 ), due to an additional 3-bp deletion in the same  mrr1  gene (Leroch et al. 
 2013 ). The phylogenetic tree established with  mrr1 ,  MS547 ,  FG1020 ,  HSP60 , and 
 NEP2  did not clearly resolve this clade, strains from group S being grouped together 
with  B. cinerea  or considered a different species more closely related to  B. fabae , 
depending on the gene considered (Johnston et al.  2013 ; Leroch et al.  2013 ). More 
information, from the sequencing of these genomes, is required for fi rm conclusions 
to be drawn about whether this new entity can be considered to be a separate spe-
cies. Population genetics studies may also help to determine whether  Botrytis  group 
S corresponds to a subpopulation particularly adapted to strawberry and other plants 
or whether it is a sympatric new species present in grey mould populations.   

6.3     Diversity of  B. cinerea  Populations 

6.3.1     General Comments 

  B. cinerea  is the  Botrytis  species for which by far the most information on diversity 
at the population level has been provided. In association with taxonomists (see pre-
vious section), diversity was fi rst assessed and quantifi ed together with morphologi-
cal features in populations. Isolates were classifi ed by several authors and quantifi ed 
in populations as being of a “mycelial type”, with various categories, based upon 
the absence of sclerotia, conidiation and the appearance of the mycelium on syn-
thetic medium, or of a “sclerotial type”, based on the number, size and organization 
of sclerotia in Petri dishes (Martinez et al.  2003 ; Mirzaei et al.  2009 ). Diversity is 
also evident if metabolic criteria are considered. For example, the production of 
secondary metabolites may differ between strains (Chap.   15    ). In particular, only a 
very small number of strains in populations produce the pink polyketide bikaverin 
pigment, due to the acquisition of a fully functional six-gene cluster possibly by 
horizontal gene transfer from  Fusarium  sp., probably before the divergence of the 
genus, this cluster being partially inactivated in most strains (Schumacher et al. 
 2013 ). Finally, diversity in acquired resistance to fungicides may also be observed 
in populations, with strains displaying adaptation to most of the available modes of 
action of fungicides and the selection of original resistance mechanisms (Chap.   10    ). 

A.-S.Walker
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 Over the last two decades, diversity within populations has mostly been assessed 
with a number of neutral molecular markers. Population genetics studies have fl our-
ished over the last decade (Table  6.2 ) and have helped to improve our knowledge of 
 B. cinerea  populations in various environments, to identify the factors shaping pop-
ulation structure and to understand the relationships between the various compart-
ments. Outdoor populations are often shown to have high levels of genic and 
genotypic diversity, consistent with the large size of these populations, strong gene 
fl ow and regular recombination events. Haplotypic diversity may be low in some 
greenhouse populations, due to the predominance of selected genotypes. Diversity 
indices estimated with SSR markers were recently compiled and compared for vari-
ous situations (Leyronas et al.  2015a ). Genetic diversity has also been observed at a 
very fi ne scale: lesions from a single grapevine plant have been shown to be caused 
by different haplotypes, and up to fi ve haplotypes have been distinguished from a 
single lesion on a berry (Giraud et al.  1997 ). Finally, population genetics studies 
may also provide information about the mode of reproduction at work in popula-
tions. Some indoor tomato populations favor clonal reproduction (Walker et al. 
 2015 ), but regular recombination, consistent with cryptic sexual reproduction, is 
observed in outdoor populations, as shown by the low proportion of clones and low 
level of linkage disequilibrium (Fournier and Giraud  2008 ; Giraud et al.  1997 ,  1999 ; 
Walker et al.  2015 ; Vaczy et al.  2008 ). Nevertheless, a key exception has been 
reported, for outdoor populations of rooibos seedlings in the Western Cape, South 
Africa, which displayed higher clonal fractions, accompanied by disequilibrium of 
mating type ratios (Wessels et al.  2013 ).

6.3.2        Molecular Markers Available for Population Genetics 

 Some studies have used random amplifi ed polymorphic DNA (RAPD) to assess 
genetic diversity in populations (Table  6.2 ), mostly because this technique has been 
shown to be a powerful tool for genetic analysis and has been applied to a wide 
range of organisms. Commercial random decamer primers are easily obtained, mak-
ing it relatively easy to gain rapid access to this technique. However, Moyano et al. 
( 2003 ) showed that these markers were less polymorphic than amplifi ed-fragment 
length polymorphism (AFLP) markers for  B. cinerea  (Vos et al.  1995 ). Surprisingly, 
AFLP analyses have been carried out in only a small number of studies (Table  6.2 ). 
In addition to these multi-locus techniques, various studies have used restriction 
fragment length polymorphism after PCR (PCR-RFLP) to measure diversity, 
because this single-locus technique is more reproducible and precise for the estima-
tion of genetic parameters (high levels of polymorphism). Many genes have been 
used for this technique: the IGS, nitrate reductase, ATP synthase, ADP-ATP trans-
locase (Giraud et al.  1997 ; Baraldi et al.  2002 ; Munoz et al.  2002 ,  2010 ; Giraud 
et al.  1999 ; Kretschmer and Hahn  2008 ) and  Bc - hch  (Fournier et al.  2003 ) genes. 
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 The transposable elements (TEs)  Boty  and  Flipper  (Sect.  2.4 ) are probably the 
most widely used markers in population studies (Table  6.2 ). Indeed, they were 
among the fi rst markers to be identifi ed and are rapid and convenient to use in any 
laboratory. However, even though the subdivision between  vacuma  and  transposa  
led to the discovery of  B. pseudocinerea , new results from genome sequencing have 
called into question the utility of these markers for population studies. TEs are 
thought to account for 0.4–0.6 % of the  B. cinerea  genome and are highly diverse 
(Chap.   3    ; Amselem et al.  2011 ). A single genome may contain not only various 
numbers of full-length copies of TEs, but also truncated copies or, for retro- 
transposons, solo-LTRs, resulting from recombination between the LTRs of ances-
tral TE copies. Consequently, diversity studies based on TE classifi cation may 
principally refl ect transposition dynamics within a genome, rather than exclusively 
population processes, as expected for canonical nuclear “neutral” markers. 
Moreover, several techniques are available for detecting  Boty  and  Flipper : dot-blot 
hybridization (Giraud et al.  1997 ) and PCR detection with transposon-specifi c 
primers. Several pairs of primers are available for PCR detection. Some fl ank the 
transposon whereas others partially overlap it (Munoz et al.  2002 ; Ma and 
Michailides  2005 ; Martinez et al.  2008 ; Kretschmer and Hahn  2008 ; Johnston et al. 
 2013 ). These partially overlapping primers detect transposon copies in a specifi c 
genomic environment. The results obtained for a given strain may therefore differ 
according to the technique used, making comparisons of results diffi cult, as demon-
strated by some reported unsatisfactory concordance rates (Martinez et al.  2008 ). 

 More recent studies have been based on the use of microsatellite or single 
sequence repeat (SSR) markers. These markers are thought to be neutral, and it is 
easy to test for departure from expectations for neutrality. They can be combined in 
multiplex PCR and are often highly polymorphic. This technique is easy to use and 
highly reproducible. A set of nine SSRs, named Bc1 to Bc10 (Fournier et al.  2002 ), 
has been used in all but one study. Bc9 and Bc10 may be linked, as they were iso-
lated from the same clone. This SSR set has been shown to be highly discriminating 
for use in population studies (Karchani-Balma et al.  2008 ). Another set of 16 
MP-PCR markers amplifying microsatellite motifs was also developed for the anal-
ysis Californian populations (Ma and Michailides  2005 ).  

6.3.3     Confi rmation of Species Boundaries Through the Use 
of Population Genetics Markers 

 In addition to phylogenetic genes, population genetics markers have also proved 
useful for the confi rmation and recognition of species boundaries, because some of 
these markers may have specifi c (‘private’) alleles for some species and/or highly 
contrasting frequencies of shared alleles in natural populations. This property has 
been used to identify fungi, including several  Botrytis  spp., from symptomless 
strawberries by RAPD fi ngerprinting (Rigotti et al.  2002 ). However, it has chiefl y 
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been used to confi rm the existence of a barrier to gene fl ow between  B. cinerea  and 
 B. pseudocinerea  in populations, with either RFLP (Fekete et al.  2012 ; Fournier 
et al.  2003 ; Giraud et al.  1997 ,  1999 ) or SSR markers (Walker et al.  2011 ; Fekete 
et al.  2012 ). Allelic diversity was found to be lower at locus Bc4 and a private allele 
(size 86 bp) was identifi ed at locus Bc6 in  B. pseudocinerea , in a study based on 
SSR markers (Walker et al.  2011 ; Walker unpublished). These differences con-
fi rmed the delimitation of the two species after population genetics analysis, with 
indices of differentiation between the two species increasing and signifi cantly 
greater than those usually observed between populations from the same species. 
Bayesian analysis with no prior assumptions about the species of the strain unam-
biguously assigned individuals into two distinct, independent clusters, confi rming 
the absence of gene fl ow between them (Walker et al.  2011 ). Population genetics 
may thus constitute a powerful tool for the discovery of new cryptic species, but the 
taxonomic status of these entities as species must subsequently be confi rmed by 
phylogenic approaches (see above). The specifi city of the available SSR markers 
should nevertheless be checked in  Botrytis  sp.  

6.3.4     Geography as a Structuring Factor 

 Studies of geographic distance as a factor potentially structuring population diver-
sity are justifi ed by the ability of pathogens to disperse gradually over space, due to 
their biological features and the properties of their spores and the presence of natu-
ral elements ( e.g.  mountain chains, oceans or rivers) that may prevent dispersal. 
This has important consequences for disease propagation. Indeed, this factor was 
explored in 51 % of the papers reviewed here (Table  6.2 ). The effect of geographic 
distance is mostly dependent on the scale studied. Very little, or no differentiation 
has been reported at the regional (Kerssies et al.  1997 ; Giraud et al.  1999 ; Alfonso 
et al.  2000 ; Moyano et al.  2003 ; Ma and Michailides  2005 ; Calpas et al.  2006 ; 
Vaczy et al.  2008 ; Rajaguru and Shaw  2010 ; Wessels et al.  2013 ), and national 
scales (Choi et al.  1998 ; Isenegger et al.  2008b ; Valiuskaite et al.  2010 ; Walker et al. 
 2015 ; Fournier and Giraud  2008 ; Munoz et al.  2010 ; Mirzaei et al.  2009 ; Esterio 
et al.  2011 ). By contrast, differentiation has been reported for some Tunisian popu-
lations separated by the Great Dorsal, a mountain chain constituting a geographic 
barrier to gene fl ow (Karchani-Balma et al.  2008 ). Differentiation is observed at the 
continental scale, between populations collected on different hosts in Australia and 
South Asia (Bangladesh, Nepal, India) (Isenegger et al.  2008a ). High levels of 
genetic differentiation have also been observed between grapevine populations in 
France and Argentina (Munoz et al.  2010 ). These fi ndings suggest that effective 
population sizes are large and that migration rates are high at the regional and 
national scales. This intense migration may also be facilitated by the large number 
of hosts that can potentially be contaminated, constituting as many transient reser-
voirs within an agricultural or natural landscape.  
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6.3.5     Host as a Structuring Factor 

 Adaptation to the host is a key issue for generalist pathogens such as  B. cinerea , 
because it sets crucial levels for disease management (role of different hosts as 
within-  vs . between-crop reservoirs or in the diffusion of fungicide resistance alleles, 
for example). Indeed, wild ( e.g.  Giraud et al.  1999 ; Rajaguru and Shaw  2010 ) or 
cultivated ( e.g.  Leyronas et al.  2015a ; Karchani-Balma et al.  2008 ) host plants were 
found to have been studied as a structuring factor in 42 % of the population studies 
available (Table  6.2 ). Studies carried out with TE markers have shown that  trans-
posa  strains predominate in populations collected from grapes, strawberries and 
tomatoes, whereas  vacuma  strains dominate  B. cinerea  populations from kiwi fruit 
and apples (Esterio et al.  2011 ; Johnston et al.  2013 ; Martinez et al.  2005 ; Munoz 
et al.  2002 ; Samuel et al.  2012 ). However, there is currently no clear explanation for 
these observations. Moreover, in studies based on the use of SSRs, differentiation 
indices or analysis recognize the host as the most powerful structuring factor for 
populations, ahead of geography ( e.g.  Fournier and Giraud  2008 ; Walker et al. 
 2015 ). Thus, populations collected from the same host in distant regions may be 
more genetically similar than populations collected from different hosts within the 
same region. An exception has been reported, for Californian populations, for which 
no genetic differentiation was observed between populations collected from differ-
ent host plants (various fruit spp.) (Ma and Michailides  2005 ). However, this study 
used an original set of markers, ruling out comparisons with other studies. Similarly, 
no differentiation was observed between populations collected from grapevine and 
those collected from the surrounding litter (dead and decaying plant tissues lying on 
the ground) (Walker et al.  2015 ). 

 The coexistence in sympatry of subdivided populations ( i.e.  with restricted gene 
exchange) developing on different hosts in agricultural and natural environments 
suggests an effect of ecological divergence due to adaptation to the host. Indeed, 
fungal life cycles are unusual in that there is no migration between development on 
a host and reproduction: a given individual can reproduce with another individual 
that developed on the same host. Thus, the probability of a particular individual 
mating is dependent solely on its genotype, which favours or disfavours its develop-
ment on a particular host. Specialization ( i.e. , selection for genotypes with the best 
fi tness on one host) therefore acts as a “magic trait” (Gavrilets  2004 ) in some fungi, 
pleiotropically allowing both adaptation to the host and reproductive isolation, thus 
facilitating sympatric divergence (Giraud et al.  2008 ). 

 Many studies highlighting the existence of sympatric subdivided  B. cinerea  pop-
ulations on different hosts, thus suggesting ecological adaptation to the host, also 
showed that ecological divergence was not “complete”, with some gene fl ow con-
tinuing between the different demes. Indeed, signifi cant proportions of spillover 
individuals ( i.e.  individuals collected on one host but belonging to a genetic group 
specialized on another host) are regularly recorded (Fournier and Giraud  2008 ; 
Leyronas et al.  2015a ; Walker et al.  2015 ). This may be because host adaptation in 
 B. cinerea  is mostly based on quantitative, rather than in “all or nothing”  mechanisms. 

A.-S.Walker



115

Thus, gene fl ow and mating can still occur between host-specialized sub- populations 
and individuals are able to infect several host plants, although differences in aggres-
siveness may be recorded. As discussed by Anderson et al. ( 2004 ), ecological diver-
gence, even if incomplete, should be accompanied by a trade-off in the aggressiveness 
of the pathogen on a different host ( i.e.  a local adaptation pattern for quantitative 
traits). This issue has seldom been addressed and further investigations are war-
ranted. Leyronas et al. ( 2015a ) showed that the host specialization of  B. cinerea  on 
tomato and lettuce grown in the same greenhouses was not always accompanied by 
signifi cant measurable differences in aggressiveness. This may refl ect the large, 
diverse and sophisticated biochemical arsenal of  B. cinerea , with numerous alterna-
tive pathways deployed during the various steps of penetration, development, and 
decomposition processes (Chap.   12    ; Amselem et al.  2011 ; Van Kan  2006 ). This 
would allow basal growth to occur on a large range of hosts, with very small quan-
titative differences. 

 Moreover, although host adaptation may be incomplete in  B. cinerea , recent 
studies have suggested that it may operate at a very fi ne scale. Indeed, Walker et al. 
( 2015 ) demonstrated the surprising subdivision of grapevine-adapted populations 
into three genetic clusters co-existing on this host and only partially subsisting over 
time, due to recurrent recombination between them and/or with strains from clusters 
specialized on other hosts. The reasons for this fi ne-scale adaptation are unclear, but 
may involve specifi c host tissues, organs or elements of host physiology. Indeed, 
preliminary studies have shown that the frequencies of  vacuma  and  transposa  iso-
lates differ signifi cantly as a function of grapevine phenological stage and organ 
(Martinez et al.  2005 ,  2008 ), however, these markers may not always be relevant 
(see discussion above). Moreover, this clustering may refl ect differences in the life-
style of  B. cinerea , as it has been suggested that this species can display both 
 facultative cryptic endophytic behavior and classical necrotrophic behavior (Van 
Kan et al.  2014 ).  

6.3.6     Cropping System as a Structuring Factor 

 The cropping system may signifi cantly affect the genetics and dynamics of  Botrytis  
populations. Indeed, many  B. cinerea  hosts are not cultivated outdoors, where gene 
fl ow is thought to be affected by host adaptation and geography. Instead, they are 
grown indoors, in greenhouses. The diversity of populations sampled from the air, 
within greenhouses or outdoors, has been shown to be high (Decognet et al.  2009 ; 
Kerssies et al.  1997 ; Bardin et al.  2014 ), consistent with the hypothesis that substantial 
amounts of inoculum from the external environment frequently fi nd their way into the 
greenhouse (Chap.   7    ). Nevertheless, a comprehensive SSR-based study assessing 
diversity in populations collected from various ecological niches demonstrated that 
isolates collected from greenhouse tomatoes in several French regions clustered 
together and displayed a high degree of differentiation from isolates collected out-
doors on other crops. This suggests that, together with host specialization, cropping 
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system could be a powerful structuring factor (Walker et al.  2015 ). The proportion of 
clonal genotypes in populations was low or rising, depending on the greenhouse con-
sidered and, particularly, its technological equipment and the prophylaxis measures 
implemented ( i.e.  the efforts made to limit gene fl ow from the outside). 

 Similarly, high levels of diversity were also detected by RAPD analysis in green-
houses from the Almeria region in south-eastern Spain, but the comparison may 
have been biased by the collection of only a small number of strains per greenhouse 
(Alfonso et al.  2000 ; Moyano et al.  2003 ). However, in this region of intensive 
indoor cropping concentrated in a limited area and over a short time period, the 
diversity of the crops grown, together with the associated epidemics and poor pro-
phylaxis (Alfonso et al.  2000 ), may favor the regular migration of genotypes within 
and between greenhouses. Considerable genetic diversity was also detected in 
tomato populations from northern Algerian greenhouses, in which it was suggested 
that recombination might occur (Adjebli et al.  2015 ). By contrast, in some tomato 
greenhouses in south-eastern France, a limited number of genotypes, or even a sin-
gle well adapted genotype, may colonize the whole greenhouse. This highlights the 
importance of the secondary inoculum produced within the crop during long grow-
ing seasons and suggests that the polycyclic development of grey mould epidemics 
may occur in such situations (Bardin et al.  2014 ; Decognet et al.  2009 ). It may also 
explain why some genotypes collected on various indoor hosts could be grouped 
together, after RAPD analysis, according to the greenhouse of origin (Calpas et al. 
 2006 ). Finally, as host specialization is thought to be limited, successive crops ( e.g.  
tomato and lettuce) may be infected by endogenous inoculum, maintaining the epi-
demic throughout the year. Nevertheless, differences in cropping practices for these 
two hosts may result in differences in the epidemiological features of the disease 
and may account for the more frequent production of secondary inoculum on tomato 
than on lettuce, resulting in lower levels of genotypic diversity on this host (Leyronas 
et al.  2015a ).  

6.3.7     Fungicides as a Structuring Factor 

 Fungicides may exert an intense selection pressure on populations, logically leading 
to an increase in the frequency of resistance within populations. However, little is 
known about their ability to shape population structure. A fi rst set of studies (Table 
 6.2 ) investigated whether resistant strains clustered together in analyses with neutral 
markers. Resistant strains collected in Bordeaux vineyards (France) tended to be of 
the  transposa  type (Martinez et al.  2005 ), although the limitations of this marker 
must be borne in mind, as discussed previously. Yourman et al. ( 2000 ) found that all 
isolates from greenhouses in South Carolina, USA were different, but observed 
some clustering according to fungicide sensitivity, whereas Moyano et al. ( 2003 ) 
barely detected this pattern in Spanish populations collected in Almerian green-
houses. This suggests that, in some situations, resistance is selected in a limited 
number of neutral genetic backgrounds that recombine poorly with other genetic 
backgrounds. 
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 A second set of studies (Table  6.2 ) investigated whether fungicides could induce 
the differentiation of populations subjected to various spraying programs. Fungicide 
treatments were found to have no effect on neutral subdivision, in Chilean popula-
tions collected from table grapes and subjected to RAPD analysis (Esterio et al. 
 2011 ) or in populations from Champagne vineyards subjected to SSR analysis 
(Walker and Fournier  2014 ). Moreover, in this last study, diversity (measured as 
gene diversity) and the mode of reproduction (measured as clonal richness), were 
similar in treated and untreated plots. Nevertheless, signifi cant differences in allelic 
richness and private allele richness between the untreated and treated plots were 
observed for two of the three sites studied. This is consistent with greater genetic 
drift, leading to the loss of alleles, particularly for the rarest alleles, in populations 
that regularly shrink due to fungicide applications (bottlenecks). Moreover, as 
expected, resistance frequency was signifi cantly higher in treated plots, but only for 
loci under contemporary selection, not for loci selected by ancient modes of action. 
Interestingly, the frequency of resistance decreased at all sites, for all four loci, 
probably due to the combined effect of winter migration and negative selective pres-
sure (resistance cost). Fungicide-mediated selection was also demonstrated by the 
detection of clines (patterns of resistance organized into a spatial gradient between 
the treated and untreated plots), especially at vintage time for loci under contempo-
rary selection (Walker and Fournier  2014 ). Resistance frequencies could therefore 
be used to model the evolution of these traits over a period of years and to provide 
estimates of the magnitude of the evolutionary forces at work in vineyards ( e.g.  
migration, positive selection, negative selection of resistance cost).  

6.3.8     Other Hypotheses Relating to the Structuring 
of Populations 

 Three additional studies explored the differentiation of the population according to 
additional factors. Baraldi et al. ( 2002 ) detected no genetic differentiation in RFLP 
analyses of isolates from kiwi fruit that had and had not been stored in the cold, 
despite the demonstration of a clear adaptation to cold in cold-stored populations. 
Fournier et al. ( 2013 ) used microsatellite genotyping and clustering methods to 
determine whether isolates sampled from plants displaying grey mould and isolates 
from plants displaying noble rot symptoms in three French regions belonged to 
genetically differentiated populations. The inferred population structure matched 
geography rather than the type of symptom. Noble rot symptoms therefore do not 
seem to be caused by a specifi c  B. cinerea  population, depending instead essentially 
on microclimatic conditions, with implications for the production of sweet wines. 
At last, Leyronas et al. ( 2015b ) identifi ed eight strongly differentiated genetic clus-
ters from  B. cinerea  populations collected from the air, in southern France. Cluster 
abundance showed temporal variation and was linked to the season, the climatic 
parameters and the origin of air masses.  B .  pseudocinerea  strains were also isolated 
and their frequency varied over time, tending to be greater in winter. The relation-
ship between airborne and terrestrial clusters remains to establish but may help 
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understanding the emergence of grey mould epidemics on crops, as well as the 
 distribution of fungicide resistant alleles in populations from distinct compartments. 

 In conclusion, considerable amount of information about population genetics has 
been obtained for  B. cinerea  over the last decade, due to sophisticated marker use 
and data analysis. In the future, efforts should be made to harmonize the sampling 
and analysis of isolates in different situations, to improve the comparability of 
results and to synergize knowledge acquisition by different research groups. Some 
studies are clearly based on a limited number of isolates (Table  6.2 ), and poor or 
false information may be extracted from populations of fewer than 20 or 30 indi-
viduals, particularly if these individuals are collected from different hosts or sites. 
Sampling schemes should dissociate structuring factors, to measure their respective 
impacts and to prevent situations such as the comparison of populations from toma-
toes grown in a greenhouse with populations from outdoor crops or the comparison 
of populations from one host with those from another host in another country, for 
example.   

6.4     Diversity the Populations of Other Botrytis spp. 

 Much less is known about the population genetics and genetic diversity of other 
species of  Botrytis  than about  B. cinerea . 

6.4.1      Botrytis elliptica  and  B. tulipae  

 Population genetics studies have been carried out on  B. elliptica  with 69 isolates 
from Taiwan and the USA and RAPD markers (Huang et al.  2001 ). In total, 43 
unique haplotypes were identifi ed, falling into two clusters according to country of 
origin. Further investigations compared the abilities of three molecular typing meth-
ods (multi-locus sequencing, restriction analysis of IGS region, AFLP) to assess 
variability within  B. cinerea ,  B. elliptica , and  B. tulipae . AFLP analysis was found 
to be the most effective method and was therefore used for the subsequent popula-
tion genetics studies. In total, 105 genotypes were identifi ed for 174  B. elliptica  
isolates sampled from lilies in the Netherlands. Linkage disequilibrium scores were 
low and clonal genotypes were detected only within the growing season, at a single 
site (Staats et al.  2007b ). These results suggest that sexual reproduction plays a 
signifi cant role in determining population diversity in this species, although apothe-
cia have been observed in the fi eld only in the Netherlands, with few details reported 
(Van den Ende and Pennock-Vos  1997 ). 

 By contrast, only 25 genotypes could be distinguished for 170  B. tulipae  isolates, 
and clonal genotypes were frequently found in different growing seasons and differ-
ent locations from the Netherlands. Higher linkage disequilibrium indices con-
fi rmed that the  B. tulipae  population was mostly clonal, with some recombination 
(Staats et al.  2007b ).  
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6.4.2      Botrytis  Species from Onion 

 Morphological mutants of  B. squamosa  have been recovered by chemical mutagen-
esis, and mutants resistant to the fungicide botran have also been obtained, with this 
resistance segregating as a single gene (Bergquist and Lorbeer  1972 ). Variation has 
been investigated in a number of onion-associated species, by UP-PCR (Nielsen 
et al.  2001 ).  B. squamosa  was found to be highly diverse, with 10 of the 11 isolates 
studied having unique haplotypes, consistent with the known heterothallic sexual 
reproduction of this species (Carisse et al.  2011 ). By contrast,  B. aclada  and  B. allii  
displayed little variation, consistent with a high degree of clonality and the absence 
of known teleomorphs for these species. Only three isolates of  B. byssoidea  were 
examined. All were identical, despite originating from different sites in the USA, 
the Netherlands and the UK, suggesting that the populations of this species may be 
mostly clonal (Nielsen et al.  2001 ).  

6.4.3      Botrytis pseudocinerea  

 The formal description of this species was accompanied by a population study 
(Walker et al.  2011 ). Indeed, sympatric populations of  B. cinerea  and  B. pseudoci-
nerea  from Champagne vineyards clustered separately, demonstrating the lack of 
gene fl ow between these two species. Genotypic diversity was high, of the same 
order of magnitude as in  B. cinerea ; the clonal fraction was small, and weak linkage 
disequilibrium was observed, suggesting that recombination regularly occurs in  B. 
pseudocinerea  populations, through sexual reproduction. The two species are 
thought to have similar population genetics, but the infl uence of possible structuring 
factors has not yet been evaluated in  B. pseudocinerea .   

6.5     Conclusions 

 Our knowledge of  Botrytis  diversity has greatly increased over the last decade, fol-
lowing the development of relevant techniques and markers and the sequencing of 
two  B. cinerea  genomes. This knowledge is not only of academic interest, but may 
also be very useful for disease management. Delimiting species causing similar 
symptoms and characterizing their biological features and epidemiological impor-
tance will undoubtedly contribute to the appropriate adaptation of control strategies. 
Accurate and complete characterization is thus required, together with depositions 
in international collections and a relevant multi-criterion determination tool cover-
ing all known species. Identifying barriers to gene fl ow between the various popula-
tion compartments of  B. cinerea  in natural and agricultural environments should 
facilitate their manipulation, improving prophylaxis, host deployment or appropri-
ate antifungal compound applications, for example. Finally, although  B. cinerea  is 

6 Diversity Within and Between Species of Botrytis



120

the model species within this genus, similar developments, particularly in  population 
genetics, would also be useful to improve disease control on major crops affected by 
other  Botrytis  species.     
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    Chapter 7   
 Epidemiology and Aerobiology of  Botrytis  spp.                     

       Odile     Carisse    

    Abstract     A thorough understanding of the epidemiology and aerobiology of 
 Botrytis -induced diseases is essential for the design of rational management strate-
gies.  B. cinerea  and other  Botrytis  spp. are important pathogens of ornamental, fruit, 
vegetable, and legume crops, and  Botrytis -induced diseases can be found in nurser-
ies, fi elds, greenhouses, and in storage. Although a generic outline of the life cycle 
of  Botrytis  spp. can be drawn, there are large variations depending on the host, 
agricultural practices, environmental conditions, and the geographical region. A 
 Botrytis  epidemic comprises a sequence of processes (perennation and infection, 
colonization, conidiation, and conidia dispersal), each of which is infl uenced by the 
host and the surrounding environment. The survival of  Botrytis  spp. between crop-
ping seasons and the dispersal of conidia to uninfected plants are critical phases of 
the  Botrytis -induced disease cycle, because if either phase is prevented, the disease 
will be delayed or will not occur. For most  Botrytis -induced diseases, the pathogen 
reproduces profusely and asexually by air-dispersed conidia. Hence aerobiology 
plays a key role in understanding the epidemiology of  Botrytis  spp., which have 
developed a variety of strategies to infect and colonize their host. With a view to the 
design of best management practices, this chapter reviews the epidemiology and 
aerobiology of some important  Botrytis -induced diseases and discuss the infl uence 
of the host, the environment, and agricultural practices on disease development.  
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7.1       Introduction 

  Botrytis -incited diseases are among the most important diseases worldwide (Dean 
et al.  2012 ). This ranking can be explained by a number of factors: the exceptionally 
wide host range of  Botrytis  spp., particularly  B. cinerea ; the endemic nature of 
 Botrytis  epidemics and the extent of crop losses that they cause; the ability of  Botrytis  
spp. to cause quiescent infections; the remarkable adaptation of  Botrytis  spp. to vari-
ous environments; the genetic plasticity of  Botrytis  spp., including adaptation to fun-
gicides; the lack of host resistance; and the fl exible lifestyle of  Botrytis  spp. (from 
saprophyte to pathogen). Because  B. cinerea  is one of the most important plant 
pathogens, its entire genome sequence has been determined (Williamson et al.  2007 ). 

 The ecology of  Botrytis  spp. and the epidemiology of the diseases that they cause 
were reviewed in a previous edition of this textbook (Elad et al.  2004 ), which fol-
lowed the textbook published in 1980 by Coley-Smith et al. ( 1980 ). In addition, 
several reviews and reports have addressed the epidemiology of  Botrytis  diseases in 
specifi c pathosystems, including grape (Elmer and Michailides  2007 ; Nair and 
Nadtotchei  1987 ; Nair et al.  1988 ,  1995 ; Seyb  2004 ), strawberry (Boff  2001 ; Boff 
et al.  2001 ; Braun and Sutton  1987 ; Stromeng et al.  2009 ; Sutton  1990 ; Sutton et al. 
 1988 ), kiwifruit (Michailides and Elmer  2000 ), pear (Spotts and Cervantes  2001 ; 
Spotts and Serdani  2006 ), boysenberry (Walter et al.  1997 ,  2004 ), sweet cherry 
(Borve and Stensvand  2004 ; Borve et al.  2005 ), and onion (Carisse et al.  2009 ; 
Sutton  1990 ). 

 Because of the wide host range of  Botrytis  spp., reviewing the epidemiology of 
 Botrytis  diseases in only the most important pathosystems would be a huge task, 
Nevertheless, such a review would contain repetition, because several of these dis-
eases share common features.  Botrytis  epidemics involve a sequence of events, 
starting with the production and dispersal of initial inoculum, followed by primary 
infection and by the production and dispersal of secondary inoculum, and com-
pleted by the production of survival structures. This chapter takes a broad approach, 
with the disease cycle as a conceptual framework for the discussion of  Botrytis  
diseases (Fig.  7.1 ). Hence, this chapter presents the epidemiology of  Botrytis  dis-
eases according to the major components of the life cycle: perennation, inoculum, 
and infection. In addition, special attention is given to the aerobiology of  Botrytis  
spp., as inoculum production and dispersal are key phases in the development of 
these airborne diseases.

   An epidemiology-based approach was chosen because, in most cases, manage-
ment programs that are based on a thorough knowledge of the epidemiology and 
disease cycle are more effective (de Wolf and Isard  2007 ). Each stage in disease 
development is infl uenced by environmental conditions such as temperature, rain, 
humidity, and wind; by cultural practices such as fertilization and fungicide usage; 
and by host factors such as tolerance and phenology. To illustrate the epidemiology 
of  Botrytis  diseases, this chapter will look mainly at  Botrytis  grey mould caused by 
 B. cinerea  as an example of a fruit pathogen (Fig.  7.2 ) and  Botrytis  leaf blight 
caused by  B. squamosa  as an example of a leaf pathogen (Fig.  7.3 ). See also Chap. 
  2    , Fig.   2.1    .
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  Fig. 7.1    Generic  Botrytis  disease cycle       

  Fig. 7.2    Example of a life cycle of fl ower-infecting  Botrytis  spp.       
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7.1.1         Botrytis  Diseases 

  Botrytis  diseases are among the most common diseases of berry and fruit crops, 
vegetables, ornamentals (including cut fl owers), and some fi eld crops.  Botrytis  dis-
eases are found in various environments, including fi elds, nurseries, greenhouses, 
storage rooms, and transit houses. The most common disease is probably fruit rot or 
grey mould of grapes, berries, fruits, and tomatoes. However,  Botrytis  spp. also 
cause blossom blight, stem cankers, leaf spot, damping-off, and tuber, corm, bulb, 
and root rot. Examples of such diseases are grey mould of strawberry,  Botrytis  
bunch rot of grape,  Botrytis  leaf blight of onion, onion neck rot, calyx end rot of 
apple, and bulb rot of gladiolus. Once fruits, berries, vegetables, and fl owers have 
been harvested,  Botrytis  spp. may cause secondary soft rot during storage or transit 
or even in the marketplace. Damping-off diseases may occur on seedlings grown in 
cold frames but are also possible in the fi eld when seeds are contaminated with 
 Botrytis  sclerotia (Fig.  7.4 ).

  Fig. 7.3    Example of a life cycle of leaf-infecting  Botrytis  spp.       
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7.1.2        Effect on Yield 

 Despite the worldwide importance of  Botrytis  diseases, reliable estimates of crop 
losses are scarce in the scientifi c literature. Elmer and Michailides ( 2007 ) reported 
that internationally, the economic impact of  Botrytis  bunch rot of grape is estimated 
at up to US$2 billion. Depending on the pathosystem,  Botrytis  spp. may cause direct 
crop losses when the agricultural product, such as berries, fruits, fl owers, or bulbs, 
is affected to such an extent that it is unmarketable. In Florida, it was found that 
direct losses due to  Botrytis  strawberry fruit rot could range from 0.5 to 13 % in 
fungicide-sprayed plots and that in unsprayed plots, pre-harvest losses could reach 
35 % and post-harvest losses could be signifi cant (Mertely et al.  2000 ). Shoemaker 
and Lorbeer ( 1971 ) reported onion yield losses caused by  B. squamosa  ranging 
from 7 to 30 % in unsprayed plots. Similarly, yield losses of 26 % were reported in 
the Netherlands (De Visser  1996 ). 

  Botrytis  spp. also cause indirect losses. In grapes,  Botrytis -infected berries may 
be unsuitable for wine production because of a laccase enzyme that is produced by 
 B. cinerea  and affects the fl avour, colour, and storage stability of wine. The presence 
of  Botrytis  may also dictate that crops be harvested before they have reached the 
maturity required for commercialization for a particular purpose. 

  Fig. 7.4    Symptoms of  Botrytis cinerea  on raspberry ( a ), strawberry ( b ) grapes ( c ), and tomato 
stem ( d ), and of leaf spot ( e ) and leaf blight ( f ) on onion leaves caused by  Botrytis squamosa        
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 In addition, plant parts infected by  Botrytis  can provide entry for or increase 
susceptibility to other organisms such as  Penicillium  (blue-green mould), which 
produces geosmin, a compound that causes strong, damp, earthy aromas in wine. 
The threat of  Botrytis  may also include economic costs resulting from a longer time 
required for harvest (related to different sorting requirements) and from the disposal 
of damaged products. Losses caused by  Botrytis  are often reported in terms of the 
cost of control. For example, in New Zealand’s wetter regions, direct crop losses 
caused by  Botrytis  bunch rot are up to NZ$5000/ha, while the cost of control is 
NZ$1500/ha (Hoksbergen  2010 ).   

7.2     Perrenation of  Botrytis  Diseases 

 Most  Botrytis  spp. overwinter or over-season in the soil as sclerotia in decayed plant 
material. In general, more sclerotia are produced during wet periods. Sclerotia of  B. 
squamosa  form on blighted onion leaves near and after harvest, as well as on onion 
bulb necks, seed stalks, and the inner leaf sheaths in the neck region of bulbs. The 
sclerotia of different  Botrytis  species vary in size but are all composed of mycelium 
surrounded by a melanized rind and β-glucans that protect the sclerotia from desic-
cation, UV radiation, and microbial parasitism (Backhouse and Willets  1984 ). Even 
though sclerotia are structures adapted to survive adverse conditions, some condi-
tions may affect survival and only a small proportion of the sclerotia population 
may maintain viability. Nevertheless, depending on the size of the population, even 
a small number of surviving sclerotia will generally have considerable inoculum 
potential. 

 Survival periods of sclerotia ranging from several weeks to several years were 
reported for different  Botrytis  spp. (Coley-Smith and Cooke  1971 ; Entwistle  1987 ), 
including 15 months for  B. tulipae  (Coley-Smith and Cooke  1971 ; Coley-Smith and 
Javed  1970 ; Javed  1977 ), 5–9 months for  B. cinerea  (Thomas et al.  1983 ), and up to 
21 months for  B. squamosa  (Ellerbrock and Lorbeer  1977a ). However, survival is 
infl uenced by how deeply sclerotia are buried in the soil, with survival percentages 
of 30 % after 8 months when  B. squamosa  sclerotia overwintered at the soil surface 
and survival after 21 months of 7 and 66 % when  B. squamosa  sclerotia overwin-
tered at soil depths of 3 or 15 cm, respectively (Ellerbrock and Lorbeer  1977a ). 

 In perennial strawberry,  B. cinerea  overwinters as sclerotia but also as mycelium 
in leaves, petioles, crop debris, straw mulches, and weeds (Braun and Sutton  1987 ). 
Conidia produced from mycelium that overwinters are the main source of primary 
inoculum (Jarvis  1962a ,  b ,  c ; Braun and Sutton  1987 ,  1988 ). In Scotland, however, 
Jarvis  1962a ,  b ,  c  reported that sclerotia were found in barley-straw mulch (bearing 
sclerotia) and that mummifi ed berries and weeds were important sources of primary 
inoculum (conidia). For greenhouse crops such as roses, sclerotia are not considered 
an important source of  B. cinerea  initial inoculum, in part because sclerotia have not 
been found but mainly because there is a constant, year-round supply of infected, 
diseased tissue (Araujo et al.  2005 ; Raposo et al.  2001 ). In organic soil, Ellerbrock 
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and Lorbeer ( 1977b ) reported that  B. squamosa  mycelium does not survive in onion 
leaf debris. However, mycelium of that species was found to survive for up to 17 
months in association with onion seeds, although the percentage of infected seeds 
was low, with a maximum of 6 %. In warm regions survival during summer is usu-
ally as mycelium in plant debris (Yunis and Elad  1989 ).  

7.3     Production of Inoculum 

 As for most fungal diseases, inoculum is a key component of  Botrytis  epidemics, 
because the inoculum source, amount, and type signifi cantly infl uence the onset of 
an epidemic, the rate of disease progress and, indirectly, yield losses.  Botrytis  inocu-
lum can be divided into initial (or primary) and secondary inocula, where initial 
inoculum is the inoculum that has survived the winter or non-cropping period and 
that triggers new epidemics, and secondary inoculum is the inoculum produced as a 
result of the completion of the fi rst infection–conidiation cycle (Fig.  7.1 ). 

7.3.1     Initial Inoculum Production 

 For most  Botrytis  spp., sclerotia can undergo carpogenic germination: sclerotia are 
spermatized, and apothecia that contain asci are produced, with each ascus contain-
ing eight binucleate ascospores. However, ascospores are considered a minor source 
of primary inoculum. In eastern Canada, apothecia of  B. fuckeliana  are reported to 
be observed rarely in strawberry fi elds (Braun and Sutton  1987 ). In addition, under 
fi eld conditions from November to June, non-spermatized sclerotia of  B. cinerea  
were found to fail to produce apothecia, although apothecia could be produced from 
several crosses under laboratory conditions (Braun and Sutton  1987 ). In most 
instances, initial inoculum is made up of conidia that formed from myceliogenic 
germination of sclerotia, that formed directly from mycelium, or that survived the 
non-cropping period. 

 For several  Botrytis  spp., such as  B. squamosa , several cohorts of conidia are 
produced on each sclerotium, and thus initial inoculum is produced over an extended 
period from the spring until the early summer (Ellerbrock and Lorbeer  1977b ). 
Similarly,  B. cinerea  sclerotia conidiate continuously for up to 12 weeks after the 
production of the fi rst cohort of conidia (Nair and Nadtotchei  1987 ). When sclerotia 
germination occurs, temperature is generally not a limiting factor; for example,  B. 
squamosa  conidia are produced on sclerotia at temperatures ranging from 3 to 27 
°C. In the absence of onions,  B. squamosa  conidia were found to survive for up to 2 
months in natural soil under both controlled and fi eld conditions. However, high 
temperatures reduced survival, and the amount of conidia declined rapidly in soil 
that was alternately dried and remoistened.  
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7.3.2     Secondary Inoculum Production 

 The formation of conidia is stimulated by specifi c wavelengths of light (Epton and 
Richmond  1980 ), although some isolates conidiate in darkness. For example,  B. squa-
mosa  conidia are produced on necrotic tissues primarily at night, when onion leaves 
are wet for at least 12 h and the mean temperature during the period of leaf wetness is 
between 8 and 22 °C (Alderman and Lacy  1984a ). Conidiation occurs during shorter 
periods of leaf wetness only if the preceding day was humid (relative humidity above 
70 % for at least 6 h) and if the necrotic tissues are moist. In the  B. cinerea –grape 
pathosystem, conidiation on grape rachides occurs at temperatures of 10–30 °C, pro-
vided that the rachides are wet for a minimum of 3 h. Conidiation increases as the 
length of the wetness period increases, with optimum conidiation after 36 h at 10 °C 
and 24 h at 25 °C. On strawberry, the optimum temperature for conidiation on wet 
dead leaves is around 18 °C, and only a few conidia are produced at 30 °C.  

7.3.3     Inoculum Sources and Dispersal 

 The scientifi c literature contains little information on  Botrytis  spp. inoculum disper-
sal. One explanation for that paucity of information is the ubiquitous nature of  B. 
cinerea  and the general assumption that inoculum is always present, even though 
that is not the case for all crops or for all  Botrytis  spp. Nevertheless, from an epide-
miological standpoint, inoculum dispersal is an essential step in  Botrytis  disease 
progress, as dispersal ensures population survival, disease progress through the 
colonization of new host tissues (healthy areas), and reproduction. For most  Botrytis  
spp., inoculum is made up of conidia, and dispersal can be broken down, as for most 
airborne diseases, into release, transport, and deposition on host tissues.  

7.3.4     Inoculum Release 

 The release of conidia is regulated by a hygroscopic mechanism as well as by leaf 
vibrations, air movements, and rain splashes (Jarvis  1962a ,  b ,  c ,  1980b ; Sutton  1990 ; 
Thomas et al.  1988 ). For most  Botrytis  spp., there is a circadian periodicity in airborne 
conidia concentration: the maximum occurs at about midday, which corresponds to 
the highest wind speed and turbulence near the ground (Fig.  7.5 ). In general, this peri-
odicity is correlated positively with increasing temperature and wind velocity and 
negatively with increasing percentage of relative humidity (RH) and the presence of 
dew. In raspberry plantings, the maximum numbers of conidia trapped during the day 
were found to coincide with increasing temperatures and decreasing RH and were 
sometimes followed by a smaller peak in the evening (Jarvis  1962b ,  c ). Dispersal 
occurs mostly during the day but also happens at night in conjunction with rain (Jarvis 
 1962a ). Lorbeer ( 1966 ) reported that 80 % of airborne  B. squamosa  conidia were 
observed between 8:00 and 16:00, an observation that was supported by the report by 
Sutton et al. ( 1978 ) that most conidia were observed between 9:00 and 12:00.
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   The release of  Botrytis  conidia from conidiating material is infl uenced by wind 
speed, and the removal of conidia generally increases with increasing wind speed. 
However, depending on how strongly conidia are attached to conidiophores, not all 
conidia may be removed from conidiating material at commonly occurring wind 
speeds (Harrison and Lowe  1987 ). The release of conidia is also infl uenced by the 
size of the spores or spore clumps, which affects the drying rate required for release. 
Infected wind-blown fl ower petals containing  B. cinerea  mycelium serve as disper-
sal propagules (Johnson and Powelson  1983 ).  

7.3.5     Inoculum Transport 

 The next step following the release of conidia from the source is transport of the 
inoculum. The size and weight of  Botrytis  conidia suggest that the scale of aerial 
dispersal is probably measurable in kilometres. Despite this dispersal potential, 
most inoculum comes from within the fi eld for perennial crops and from nearby 
sources for annual crops, because the dead tissues of numerous plants, seeds, and 
soil are potential sources of inoculum (Coley-Smith  1980 ; Jarvis  1980a ,  b ). 
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  Fig. 7.5    Periodicity of airborne concentration of  Botrytis cinerea  conidia above a strawberry fi eld 
monitored using rotating arm sampler and a qPCR assay for quantifi cation of conidia       
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 Inoculum is transported either within or outside the plant canopy. Harrison and 
Lowe ( 1987 ) reported that the dispersal of  B. fabae  and  B. cinerea  increased with 
increasing wind speed up to 2.8 km/h. However, the proportion of conidia that escape 
the canopy, assuming that the source is within it, depends on the equilibrium between 
deposition and turbulent transport and on the vertical position of the inoculum source. 
When conidia are produced on a source near the ground or in the lower canopy, they 
are exposed to slow wind speeds, low turbulence, and rapid rates of sedimentation, 
conditions that are conducive to short-distance transport. Chastagner et al. ( 1978 ) 
reported that in tomato fi elds, wind velocities above the canopy of up to 9.6 km/h cor-
responded to wind velocities within the canopy, where stem cankers are located, of 
less than 0.5 km/h. The same author reported that grey mould was observed within 
8 m of the inoculum source. A similar pattern was reported for  B. cinerea  dispersal in 
snap bean fi elds (Johnson and Powelson  1983 ). In a study using laboratory-grown 
inoculum placed on the ground, inoculum dispersal was monitored as the number of 
viable  B. cinerea  conidia washed from bean foliage. Overall, the results showed that 
dispersal during blooming was limited to 3 m from the source. Similar observations 
were reported for grapevines in New Zealand: Seyb ( 2004 ) reported that 95 % of air-
borne  B. cinerea  conidia landed within 1.6 m of their source, and thus the most impor-
tant source of inoculum is within the vine canopy in close proximity to grape bunches. 

 These observations are supported by the results of a recent study on the relative 
importance of trash type as a source of inoculum for  Botrytis  bunch rot of grapes 
caused by  B. cinerea . Jaspers et al. ( 2013 ) reported that the most important source of 
 B. cinerea  inoculum was infected rachides, followed by tendrils, petioles, and cane 
pieces, which had mean conidiation potentials of 1.0 × 10 4 , 5.6 × 10 3 , 3.3 × 10 3 , and 
1.7 × 10 3  conidia per quadrat (0.25 m 2 ), respectively. The same authors studied the 
conidiation potential of necrotic grape tissue over time and showed that potential 
diminished from fl owering to harvest, with mean conidia numbers decreasing from 
3.9 × 10 5  to 2.7 × 10 3  per ground rachis and from 3.5 × 10 5  to 2.6 × 10 4  per canopy 
rachis. Similarly, although strawberry leaves infected by  B. cinerea  are generally 
symptomless, they serve as an inoculum reservoir, and large amounts of inoculum 
could be produced for several months on these infected leaves when they senesce and 
die (Braun and Sutton  1987 ). In addition to leaves, other important sources of inocu-
lum are senescent sepals, petals, and stamens (Powelson  1960 ). These reports are 
supported by a recent study analyzing airborne  B. cinerea  inoculum curves from 
strawberry, raspberry, and grape plantings (Carisse et al.  2015 ). That quantitative 
analysis showed that inoculum is continuously produced and released and that the 
rate of inoculum progress varies depending on the crop (Carisse et al.  2015 ). 

 Following release and dispersal,  Botrytis  conidia become airborne and can be 
monitored (Carisse et al.  2015 ). In fl ower-infecting  Botrytis  pathosystems, the sea-
sonal progress of airborne  B. cinerea  in berry plantings is characterized generally by 
an airborne conidia concentration that is initially low but then increases during fruit 
ripening and until the last fruit harvest (Fig.  7.6 ). In these systems, the airborne 
conidia concentration is curtailed by harvest (Carisse et al.  2015 ). In  Botrytis  leaf 
blight systems, however, the airborne conidia concentration increases logarithmi-
cally with the accumulation of dead leaf tissue in the crop unless the soil tempera-
ture is above 30 °C (Carisse et al.  2011 ).
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7.3.6        Inoculum Deposition 

 Most of what is known about the deposition of  Botrytis  spp. conidia was derived 
from controlled or simulated wind conditions experiments, with single conidia or 
clumps consisting of a few conidia each (Harrison and Lowe  1987 ). Knowledge on 
the deposition of airborne conidia under uncontrolled or fi eld conditions on 
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  Fig. 7.6    Dynamics of  B. cinerea  airborne conidia monitored in raspberry ( a ), strawberry ( b ), and 
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different plant surfaces such as leaves, shoots, and fruits is scarce.  B. cinerea  inocu-
lum is deposited on grape berries mostly as single airborne conidia (Jarvis  1962a ,  b , 
 c ). That observation suggests that infection by solitary conidia, and not by conidial 
clusters, likely plays a major role in the epidemiology of  Botrytis  diseases. However, 
some conidia are dispersed either within or at the surface of raindrops. 

 Spotts and Holz ( 1996 ) showed that conidia stick more strongly when they are 
applied in water suspension or to the wet surface of a grape berry than when they are 
dry and are applied to a dry surface. The results of these studies with dry and wet 
 Botrytis  conidia suggest that the types of inoculum (wet or dry) infl uence not only 
conidial germination and growth on plant surfaces but also the resulting symptom 
development. For example, on gerbera fl owers, typical necrotic lesions such as 
those found in commercial productions were obtained only following inoculation 
with dry  B. cinerea  conidia (Salinas et al.  1989 ). On grape berries, a 14-h wetness 
period was required for 63 % disease incidence at 23 °C, whereas dry conidia did 
not produce any symptoms on berries even after 96 h of wet conditions (Coertze and 
Holz  1999 ; Coertze et al.  2001 ). Based on these fi nding, it is expected that under 
humid or wet conditions, airborne conidia have an equal potential to infect dry and 
wet berry surfaces.   

7.4     Infection, Colonization, and Symptom Development 

7.4.1     Infection Pathways 

 For  B. cinerea , fl oral organs are important infection courts. Depending on the host, 
 B. cinerea  can infect various fl ower organs. For example, in blackcurrant,  B. cinerea  
infects fl owers through the style or the carpels (McNicol and Williamson  1989 ), 
whereas in pear, grape, and strawberry, the style may not be an important penetra-
tion site (Bristow et al.  1986 ; De Kock and Holz  1992 ; Holz et al.  2003 ). In pear, the 
most important infection sites are the stamens. In grape, conidia infect mainly the 
fl ower receptacle and, to a lesser extent, the stigma and style (Viret et al.  2004 ). For 
several  Botrytis  spp., conidia can penetrate undamaged host tissues directly or enter 
through natural openings. This infection pathway is common to several  Botrytis  leaf 
blight pathogens such as  B. squamosa . That species penetrates onion leaves through 
stomata or the cuticle but, like many necrotrophs, produces lesions more readily on 
old leaves than on young ones (Alderman and Lacy  1984a ,  1984b ). On Oriental lily 
leaves,  B. elliptica  conidia were found to germinate on both the adaxial and abaxial 
surfaces, but penetration occurred only on the abaxial surface (Hsieh et al.  2001 ). 
Similarly,  B. cinerea  can penetrate bean leaves, plum fruits, and nectarine fruits 
directly. Lastly, most  Botrytis  spp. can infect their host through wounded tissues. 
Following penetration,  B. cinerea  often remains in a quiescent state for varying 
periods of time before rotting leaves, fl owers, or mature fruits.  
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7.4.2     Infl uence of the Environment on Infection 

 Regardless of the infection route, the germination of a  Botrytis  conidium is infl u-
enced by the presence of free surface water or high relative humidity (above 93 %), 
which is essential for both germination and penetration. Shoots, fl owers, leaves, and 
fruits can become infected by  B. cinerea  under a wide range of temperature and 
humidity conditions, with optimal infection generally occurring at 15–20 °C, pro-
vided that free water or RH above 90 % is present for at least 4 h. Slow drying 
conditions in conjunction with high RH (above 90 %) favour the development of 
 Botrytis . As for several other fungal pathogens, there is an interaction between tem-
perature and length of the wet or humid period: the wet period required becomes 
longer as the temperature departs further from the optimum. 

 Under controlled conditions,  B. cinerea  can infect grape berries at temperatures 
from 12 to 30 °C, but infection was found to develop in only 9 and 37 % of berries 
after 4 h of berry wetness at 12 and 30 °C, respectively. The incidence of infected 
berries was found to increase with increasing duration of wetness, up to 90 % at 
12–20 °C and 24 h of wetness (Broom et al.  1995 ). The optimum temperature for 
strawberry fl ower infection is around 20 °C, provided that the fl owers are wet for 24 
h (Bulger et al.  1987 ). Signifi cantly fewer infected fl owers were observed at 
 temperatures below 15 °C or above 25 °C, and the incidence of infected fl owers 
increased with increasing duration of fl ower wetness. 

 The infection of onion leaves by  B. squamosa  is infl uenced by temperature, dura-
tion of leaf wetness, epicuticular wax, leaf age, and conidia concentration. In con-
trolled experiments, regardless of the duration of leaf wetness, the number of lesions 
increased as the temperature increased from 10 to 20 °C, but the number then 
decreased at 25 °C, and only a few lesions developed at 30 °C. Between 10 and 25 
°C, the number of lesions per square centimetre of leaf area was found to increase 
gradually as the duration of leaf wetness increased from 12 to 72 h (Carisse et al. 
 2012 ). When the leaf wetness period is interrupted, the number of lesions is reduced 
proportionally to the length of the dry period, and as little as 0.3–1.7 h of dryness 
was found to be suffi cient to signifi cantly reduce the number of lesions produced 
(Alderman et al.  1985 ). Dry conidia applied to dry onion leaves survived for up to 2 
days in the absence of leaf wetness and retained the potential to induce lesions when 
the leaves were subsequently wetted (Alderman et al.  1985 ).  

7.4.3     Symptom Development 

 In perennial strawberry,  B. cinerea  infects young leaves as they appear in the spring. 
The pathogen then remains latent and, as the leaves senesce and die, colonizes the 
tissues and conidiates. These conidia are an important source of inoculum for fl ower 
infection. Following fl ower infection, the rate at which  B. cinerea  colonizes fruits 
depends on temperature and fruit maturity.  B. cinerea  conidiates profusely on 
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diseased fruits, and the conidia formed on these tissues contribute to fruit rot 
 epidemics in day-neutral and annual strawberries (Fig.  7.4b ). Unlike in grape, direct 
infection of strawberry and raspberry fruits by conidia is not considered important 
(Elmer and Michailides  2007 ; Marois et al.  1986 ), although healthy fruit could be 
infected by contact with adjacent infected fruits. 

 After  B. squamosa  penetrates onion leaves, colonization is limited to a small area 
around the infection site, resulting in small lesions that appear 24–48 h after inocu-
lation. These lesions are whitish and 1–5 mm in length and are usually bordered by 
a greenish-white halo that fi rst appears water-soaked (Fig.  7.4e ). This phase of dis-
ease development is often called the “leaf-spotting phase.” As the leaf ages,  B. squa-
mosa  progressively invades the leaf’s tissues. Under optimum conditions, partial or 
complete leaf blighting occurs within 5–12 days after initial lesion development 
(Fig.  7.4f ). Prolonged leaf wetness, high temperatures, and increased leaf age favour 
colonization and leaf dieback (Alderman and Lacy  1983 ; Shoemaker and Lorbeer 
 1977 ). Blighted leaves are the main sites for secondary conidia production. The 
optimum temperature for disease development is 18–20 °C, with a maximum tem-
perature for lesion development of 24 °C.  

7.4.4     Relationship between Airborne Inoculum and Disease 
Development 

 The infl uence of inoculum on disease progress or crop yield has been studied mostly 
for soil-borne diseases, and very little is known about the relationship between 
 Botrytis  inoculum and disease development. The interaction between inoculum pro-
duction and dispersal on one hand and infection on the other is poorly understood 
for most  Botrytis  diseases. The infl uence of airborne conidia concentration in a 
tomato greenhouse on both fl ower and stem-wound infections by  B. cinerea  was 
studied (Carisse et al.  2015 ). Regardless whether the temperature was 15, 20, or 25 
°C, the proportion of infected fl owers remained low when the airborne conidia con-
centration was below 10 conidia/m 3 . Above that level, fl ower infection increased 
with increasing airborne conidia concentration. For stem infections, no infected 
wounds were observed when the airborne conidia concentration was below 100 
conidia/m 3 . Above that level, infection increased linearly with increasing  B. cinerea  
airborne conidia concentration (Carisse et al.  2015 ). 

 Xu et al. ( 2000 ) studied the relationship between the incidence of strawberry 
fl ower infection by  B. cinerea , meteorological data, and numbers of airborne 
conidia. These data were used to develop mathematical models describing fl ower 
infection from weather data only, inoculum data only, and both types of data. 
Models using both weather variables and inoculum data gave the best predictions; 
however, including inoculum in the models resulted in only a small improvement 
over the models based on weather variables only. The weather variables that best 
predicted fl ower infection were daytime vapour pressure defi cit and night time 

O. Carisse



141

 temperature: infection was favoured by a low daytime vapour pressure defi cit and a 
high nighttime temperature. In a similar experiment, Blanco et al. ( 2006 ) reported a 
positive but non-signifi cant correlation between incidence of fl ower infection and 
airborne conidia concentration. However, a positive signifi cant correlation between 
 Botrytis  fruit rot incidence and accumulated number of conidia over 7 days was 
observed (Blanco et al.  2006 ). 

 Carisse et al. ( 2005 ) reported a linear relationship between  B. squamosa  airborne 
conidia concentration and number of lesions per onion leaf. Concentrations of 
10–15 and 25–35 conidia/m 3  were associated with 1 and 2.5 lesions per leaf, respec-
tively. A signifi cant spatial association between  B. squamosa  airborne conidia con-
centration and lesion density measured after various lag times was reported at the 
scale of an onion fi eld (Carisse et al.  2008b ). This relationship was used to design 
risk indicators for the timing of fungicide applications to manage onion leaf blight 
(Carisse et al.  2008a ; Van Der Heyden et al.  2012 ).   

7.5     Analysis of  Botrytis  Disease and Inoculum Progress 
Curves 

 An improved understanding of epidemic processes should guide the design of effec-
tive disease management programs. Hence, a thorough understanding of the epide-
miology and aerobiology of  Botrytis -induced diseases should be the foundation of 
integrated management so that the various control practices available can be 
assessed. Considering that each control practice, including physical, cultural, 
genetic, biological, and chemical ones, has its specifi c mode of action, it is essential 
to apply these practices optimally according to the epidemic processes. For exam-
ple, biological control agents that antagonize sclerotia will have an effect on the 
survival of sclerotia and the production of initial inoculum, resulting in delayed 
epidemic development. Synthetic fungicides that inhibit conidia germination will 
prevent infection, whereas those that affect conidiation will infl uence the reproduc-
tion rate (production of secondary inoculum), resulting in a slower rate of disease 
progress. 

 Host genetic resistance may affect several processes such as infection, coloniza-
tion, and length of the latency period and thus may reduce the rate of disease prog-
ress. All control practices affect the progress of the disease, although their effi ciency 
varies. Hence, the analysis of disease progress curves can be used to evaluate the 
effi cacy of individual or combined control practices, the level of host resistance, the 
effectiveness of fungicides, or the appropriateness of tactical and strategic manage-
ment decisions (Van der Plank  1963 ). 

 Several parameters are used to describe and compare disease progress curves, the 
most common parameters being time of disease onset, initial amount of disease, rate 
of disease progress, area under the disease progress curve, shape of the disease 
progress curve, maximum and fi nal amount of disease, and overall duration of the 
epidemic. The analysis of disease progress curves implies that disease is assessed at 
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several times during the course of a growing season. That method is not always 
 possible for  Botrytis  grey mould, because diseased fruits are often present only dur-
ing a short period of time and damage is commonly measured at harvest as the 
percentage of diseased fruits. Although this method allows yield losses to be evalu-
ated, it is of limited use for comparing epidemics. One way to circumvent this limi-
tation is to “force” the expression of disease symptoms. Xu et al. ( 2000 ) collected 
strawberry fl owers and incubated them under optimum laboratory conditions for 
disease expression. The  Botrytis -infected fl owers were then assessed and expressed 
as the percentage of infected fl owers. Nevertheless, during the few weeks when 
mature fruits are present, disease progress curves can be built (Fig.  7.7 ). For exam-
ple, in June-bearing strawberry, there are signifi cant differences in the area under 
the  Botrytis  progress curve and in the rate of disease progress measured in plantings 
with different cultivars grown under the same conditions (Fig.  7.7 ).

   For leaf diseases caused by  Botrytis  spp. such as  B. squamosa , building disease 
progress curves is easier, because diseased leaves are potentially present all season 
long. Van Der Heyden et al. ( 2012 ) compared three indicators for the initiation of 
fungicide spray programs for managing  Botrytis  leaf blight of onion. The spray 
programs were initiated when the fi rst  B. squamosa  airborne conidia were detected, 
when the cumulative airborne conidia concentration reached 15 conidia/m 3 , or when 
the fi rst lesions were detected. The interval between subsequent fungicide applica-
tions was determined by taking into account conidiation potential, airborne conidia 
concentration, and lesion density. The effectiveness of the spray programs was eval-
uated based on observed maximum disease severity, area under the disease progress 
curve, and rate of disease progress. The fungicide spray programs initiated when the 
fi rst  B. squamosa  airborne conidia were detected resulted in the lowest maximum 
disease severity and the lowest area under the disease progress curve. In that study, 
initiating fungicide sprays when the fi rst conidia were detected prevented disease 
severity from reaching the critical level for curative fungicide applications. 

 Airborne inoculum progress curves similar to curves for disease progress can be 
built (Carisse et al.  2015 ). Advances in molecular biology mean than airborne inoc-
ulum can now be monitored in a timely fashion (Carisse et al.  2009 ). For a recent 
analysis of  B. cinerea  airborne inoculum curves, airborne conidia concentrations 
were monitored over a few years in strawberry, raspberry, and grape plantings that 
were not being managed for grey mould (Carisse et al.  2015 ). Airborne inoculum 
was always present, a fact that is suggestive of successive infection–conidiation 
cycles. Overall, the absolute rate of inoculum progress (proportional increase in 
airborne inoculum per one unit of time) was smaller in the grape plantings than in 
the raspberry or strawberry plantings, with mean values of 0.008, 0.014, and 0.047, 
respectively. Over the course of that study, the grape plantings showed a wide range 
of variation in the amount of airborne inoculum at the beginning of the fl owering 
period (10 % fl owering) as well as in the period when epidemics reached 50 % of 
the maximum (Carisse et al.  2015 ). These results suggest that epidemics of  Botrytis  
bunch rot of grape differ from 1 year to another and hence that monitoring of inocu-
lum could be used as a disease risk indicator. These inoculum progress descriptors 
could be used to critically compare  B. cinerea  epidemics.  
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7.6     Sampling for  Botrytis  

 Improving epidemiological knowledge in order to evaluate management practices 
requires more monitoring tools. Accurate quantifi cation depends on the availability 
of both monitoring tools and sampling procedures. Improved detection and quanti-
fi cation tools for  B. cinerea  and  B. squamosa  have been developed during the past 
decade (Carisse et al.  2009 ,  2015 ) and can be used to detect  B. cinerea  in an active 
or quiescent state in various plant materials or to quantify airborne inoculum. Only 
a few sampling procedures are available, however, with the exception of some for 
 Botrytis  leaf blight of onion. The presence of an action threshold for timing either 
the fi rst fungicide spray or the interval between sprays probably motivated the 
development of sampling procedures. 

 In 1984, Boivin and Sauriol ( 1984 ) studied the spatial distribution of  B. squa-
mosa  lesions on onion leaves and concluded that the population of lesions was 
aggregated and that the spatial pattern was not infl uenced by fungicide treatments. 
Based on the pattern of lesion distribution within onion fi elds, a sequential sampling 
procedure was developed with a threshold of one-half lesion per leaf. Under that 
procedure, on average 54 leaves needed to be assessed before it could be determined 
if the action threshold was reached or not. That sampling procedure was improved 
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  Fig. 7.7    Progress of  Botrytis  fruit rot in strawberry plantings with various cultivars at the 
Agriculture and Agri-Food Canada experimental farm in 2010. The area under the disease progress 
curves was 280.0, 480.5, 389.0, 272.0, 306.5, for the cultivars Chambly, Kent, Jewel, Cavendish, 
and Annapolis, respectively. The rate of disease progress was determined by fi tting the Richards 
model (Carisse et al.  2015 ) and was 0.25, 0.23, 0.28, 0.15, and 0.17, for the cultivars Chambly, 
Kent, Jewel, Cavendish, and Annapolis, respectively       
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on by Vincelli and Lorbeer ( 1987 ) so that disease level could be estimated based on 
a sample size of only 15–50 onion leaves. 

 More recently, Carisse et al. ( 2008b ) studied the spatial and temporal relation-
ships between  B. squamosa  airborne inoculum and  Botrytis  blight intensity in both 
experimental fi elds that were not being managed for  Botrytis  blight and commercial 
fi elds that were being managed according to standard grower practices. At the 
beginning of the onion-growing season, lesion density was randomly distributed, 
but the level of aggregation increased as disease progressed. For most sampling 
dates, a signifi cant spatial correlation between airborne inoculum and lesion density 
assessed 1 week after inoculum assessment was observed in both the unmanaged 
and managed onion fi elds. Using a computer simulation with 1 % and 3 % berry 
disease incidence, different clustering levels (random, low, and high), and small 
(100 bays) or large (2,500 bays) hypothetical vineyard sizes, McKay et al. ( 2012 ) 
evaluated various sampling procedures for  Botrytis  bunch rot of grape. The  sampling 
procedures were evaluated based on sample size and sample effi ciency, and the 
results suggest that inverse sampling and simple random sampling could be used to 
accurately and effi ciently estimate the amount of  Botrytis  bunch rot in vineyards.  

7.7     Conclusion 

  Botrytis  diseases develop as the result of the successful completion of several pro-
cesses (conidiation, dispersal, and infection) that are infl uenced by a number of 
biological, environmental, and agricultural factors. Consequently,  Botrytis  spp. dis-
play a wide variety of behaviours and interactions with a broad range of hosts and 
conditions. Even with a much-studied, cosmopolitan plant pathogen such as  B. cine-
rea , improved knowledge of epidemiology is required. We do not fully understand 
specifi c aspects of the epidemiology of  Botrytis  spp., such as the spatial distribution 
of disease and inoculum (including sclerotia and initial and secondary inoculum) 
and disease progress (especially in some minor crops such as sweet basil).     
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    Chapter 8   
 Cultural and Integrated Control of  Botrytis  
spp.                     

       Yigal     Elad    

    Abstract     Epidemics of  Botrytis -incited grey mould are common in open fi elds, 
orchards and greenhouses. These infections are promoted by high humidity and the 
presence of a fi lm of water on susceptible plant organs and those conditions may be 
manipulated to prevent infection. Traditionally, heating greenhouses was a popular 
means of controlling the humidity in those structures and this practice remains pop-
ular in some temperate regions. However, the cost of active heating has forced farm-
ers in some regions to abandon this disease-management strategy, which has led to 
the increased incidence and severity of grey mould, as susceptible organs of the crop 
plants remain wet for longer periods of time. Cultural methods for controlling 
 Botrytis -incited disease include reducing the planting density, managing the crop 
canopy to allow for the aeration of the crop or susceptible organs via passive and 
active ventilation, fertigation with increased levels of potassium and calcium and 
reduced amounts of nitrogen, the use of soil mulch and passive solar heating of 
unheated greenhouses, avoiding harvesting on rainy days, and timing fungicide 
applications for the optimal protection of fresh harvest wounds and so that the crop 
remains wet for shorter periods of time. Row and fi eld positioning and direction can 
affect grey mould as these factors affect local air movement and temporal tempera-
ture changes. A combination of treatments can provide better grey mould suppres-
sion than individual treatments and appropriate integration of control measures can 
provide suffi cient disease control with minimal use of chemical fungicides.  

  Keywords     Agrotechnical disease control   •   Integrated disease management   •   Plant 
nutrition   •   Resistance  
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8.1         Introduction 

 Although the limiting factors for the germination of  Botrytis  spp. conidia and grey 
mould infection are generally the presence of liquid water and high humidity, the 
management of  Botrytis -induced diseases can vary in different agro-systems. The 
initial  Botrytis  spp .  inoculum in various crops may originate from inside or outside 
the fi eld, as shown for  B. cinerea  in greenhouses (Korolev et al.  2006 ). In some 
crops, grey mould epidemics have been described as polycyclic (Ben Kalifa et al. 
 2012 ; Decognet et al.  2009 ; Elmer and Michailides  2004 ). Additionally, the common 
targets for efforts aimed at suppressing  Botrytis  spp. under fi eld conditions in various 
crops are the possibility of limiting the presence of water, growing cultivars/crops 
with greater resistance to the pathogen and manipulating the availability of nutrients 
to the plants to decrease host susceptibility. However, agro-technical means for sup-
pression of epidemics may vary according to limitations imposed by the local grow-
ing conditions and what host plants can tolerate without any signifi cant yield loss. 

 Practices that allow air to move within the crop canopy, reduce the relative 
humidity around the plant, limit the presence of a fi lm of water and increase resis-
tance will be described below. General strategies for reducing the general humidity 
within a crop include planting on relatively high ground, allowing the wind to move 
along the rows and mulching with polyethylene or straw. Heating and ventilating 
greenhouses can be a powerful technique for controlling humidity inside those 
structures and suppressing disease suppression. But, this may not be economically 
viable when energy prices are high. Nutrition can affect the susceptibility of plants 
to  Botrytis  spp. and those effects will also be discussed in this chapter. In our discus-
sion below, the plant hosts of  Botrytis  spp. are divided into two groups: open-fi eld 
(and orchard) crops and greenhouse-grown crops. In this chapter, we describe cul-
tural means of  Botrytis  control as stand-alone practices in various crops, as well as 
combined means of control in some specifi c pathosystems.  

8.2     Host Characteristics 

  Botrytis cinerea  is a major pathogen in orchards and vineyards. Various means of 
combating fruit infections have been explored and implemented; these methods 
have generally relied upon host characteristics and canopy management (Elmer and 
Michailides  2004 ). The morphological, anatomical and chemical characteristics of 
grape cultivars were measured in an attempt to correlate grey mould susceptibility 
with host characteristics. In that work, the number of naturally occurring pores in a 
leaf was found to be negatively correlated with resistance to  B. cinerea  (Eibach 
 1994 ; Mlikota Gabler et al.  2003 ). Cultivar resistance was also associated with 
higher cuticle and wax contents, but not induced or constitutive antifungal host 
defence mechanisms (Mlikota Gabler et al.  2003 ). In some raspberry cultivars, the 
stigmatic fl uid inhibited  B. cinerea . This mechanism allows those plants to avoid 
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latent infections, which might develop into acute infections (Williamson and 
Jennings  1992 ). This observation suggests that cultivar selection can play a role in 
 Botrytis  management strategies. 

 The effects of root depth and water uptake on skin splitting and grey mould have 
been studied on wine grapes in France (Ribèreau-Gayon et al.  1980 ). Berries on 
deep-rooted vines were found to be much less susceptible to splitting and grey 
mould than those on shallow-rooted vines. Rootstocks also had a signifi cant effect 
on the extent of fruit micro-cracking in sweet cherries and this rootstock effect is 
believed to be due to differences in their uptake of soil moisture (Cline et al.  1995 ). 
Thus, not only genetic resistance of cultivars, but also the nature of the rootstock 
can affect the outcome of the interaction between  Botrytis  and its host.  

8.3     Canopy Management and Sanitation 

 Dense grape canopies are associated with increased wetness and more severe grey 
mould epidemics. Improving air circulation in the bunch zone, reducing relative 
humidity in the canopy and exposing more fruit bunches to light (Savage and Sall 
 1982 ) reduced bunch rot (Smithyman et al.  1997 ). Leaf removal affects the micro-
climate around the bunches of grapes. The removal of leaves from the fruiting zone 
of vines signifi cantly reduced the incidence of  Botrytis  epidemics in grapes (English 
et al.  1989 ,  1993 ; Gubler et al.  1987 ; Percival et al.  1994 ; Thomas et al.  1988 ; 
Zoecklein et al.  1992 ). Following leaf removal, exposed Riesling grapes developed 
large amounts of epicuticular wax and cuticle, which resulted in signifi cantly lower 
levels of grey mould (Percival et al.  1993 ). 

 Vines trained along horizontal bilateral cordons had improved exposure to light 
and a lower incidence of  Botrytis  than vines in a ‘high’ cordon system supported by 
a one-wire trellis (Redl  1988 ). A higher incidence of grey mould was observed in the 
Pergola system, whereas vines pruned and trained to the Guyot system had the low-
est levels of disease (Cargnello et al.  1991 ). Infection of Cabernet Sauvignon clus-
ters by  B. cinerea  after veraison was signifi cantly infl uenced by cluster compactness 
(Fermaud et al.  2001a ,  b ; Vail and Marois  1991 ). Reduction of berry-to- berry con-
tact within the bunch reduced the development of  B. cinerea  (Martin  1990 ). 

  Botrytis  spp. also infect various legume crops (Davidson et al.  2004 ). Grey 
mould of lentils is caused by both  B. cinerea  and  B. fabae  (Bailey et al.  2000 ). Fava 
beans are infected by both  B. fabae  and  B. cinerea , but  B. fabae  is more important 
in causing chocolate spot in this crop (Sundheim  1973 ; Mansfi eld  1980 ). There are 
some effective cultural methods for controlling humidity-promoted diseases in 
annual open-fi eld legume crops (Davidson et al.  2004 ). A dense canopy encourages 
the development of lentil grey mould, but there are several agronomic practices that 
can be used to avoid a dense canopy (Bretag and Mebalds  1987 ), including the 
adjustment of sowing dates and sowing density, increasing the amount of space 
between rows and employing appropriate weed control (Bayaa and Erskine  1998 ). 
Dense plantings of fava bean create a high-humidity environment, which should 

8 Cultural and Integrated Control of Botrytis spp.



152

also be avoided (Jellis et al.  1998 ). An association between early sowing and choco-
late spot was noted in Syria (Hanounik and Robertson  1988 ). In common bean, 
cultural practices can provide disease reduction i.e. reduced planting densities, care-
ful use of fertilisers to prevent the development of a dense crop and judicious water-
ing all help to reduce the onset of disease (Jarvis  1991 ). 

 The removal of necrotic tissue before onset of epidemics led to signifi cant reduc-
tions in the number of  Botrytis  spp. conidia in the air and incidence  Botrytis  infec-
tions (Köhl et al.  1992 ). Similarly, the removal of kiwifruit fl owers from male vines 
(an important source of  B. cinerea  inoculum) led to reduced levels of stem-end rot in 
neighboring vines (Michailides and Elmer  2000 ). Removal of senescent fl oral tissues 
and aborted berries was found to reduce  B. cinerea  by approx. 30 % in Merlot grapes 
(Jermini et al.  1986 ). Similarly, pruning infection foci in tomato leaves stopped epi-
demics in greenhouses (Shtienberg et al.  1998 ). These results reveal an effective 
means of epidemic management that is, unfortunately, quite labour intensive.  

8.4     Managing Environmental Conditions 
Inside the Greenhouse 

8.4.1     Heated Greenhouses 

  Botrytis cinerea  infects many vegetable, ornamental and other horticultural crops 
(Elad et al.  2004 ). The temperature range for grey mould development in those vari-
ous crops is from 12 to 30 °C (Jarvis  1992 ), with an optimal range of 15–20 °C, 
although the pathogen is active at temperatures as low as 0 °C (Droby and Lichter 
 2004 ). Greenhouses may or may not be actively heated. The use of supplemental 
heating has been shown to result in lower levels of grey mould in greenhouse-grown 
vegetable and ornamental crops (Dik and Wubben  2004 ; Elad and Shtienberg  1995 ; 
Hausbeck et al.  1996 ; Jarvis  1992 ). 

 Studies on grey mould have suggested the use of heating or aeration and ventila-
tion of the greenhouse (Dik and Wubben  2004 ; Eden et al.  1996 ; Elad and Shtienberg 
 1995 ; Jarvis  1992 ; Morgan  1984 ) to reduce humidity levels and the amount of dew 
on susceptible plant tissues. Heating greenhouses not only results in higher tem-
peratures, but can also lead to higher vapour pressure defi cits (lowered relative 
humidity; Dik and Wubben  2004 ). In heated geranium ( Pelargonium ) crops, it was 
demonstrated that periods of wetness lasting more than 4 h should be avoided 
(Sirjusingh and Sutton  1996 ) and that forced heated air can reduce the incidence of 
stem blight and sporulation (Hausbeck et al.  1996 ). In heated tomato greenhouses 
with three climate regimes, more grey mould was found in crops in greenhouses 
kept at 16 °C with no ventilation. Less tomato grey mould was observed in crops 
kept at 13 °C with ventilation and even less in those kept at 16 °C with ventilation 
(Morgan  1984 ). These results demonstrate the importance of ventilation for reduc-
ing humidity and preventing the conditions that promote infection.  
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8.4.2     Light Quality Management in Greenhouses 

 Crops susceptible to grey mould may be grown in polyethylene tunnels. Different 
types of polyethylene have different effects on the sporulation of  B. cinerea  
(Reuveni et al.  1989 ). Light, especially near-UV (nUV) light, increases the sporu-
lation of  B. cinerea . In  Primula  and strawberry crops grown under polyethylene 
tunnels, the incidence of infection over two seasons was reduced when nUV block-
ing fi lm (up to 405 nm) was used instead of a standard fi lm (West et al.  2000 ). 
Several weeks after the inoculation of tomato plants with  B. cinerea , conidia pro-
duction was low under polyethylene fi lms that absorbed nUV light (Nicot et al. 
 1996 ). 

 Spectrally modifi ed polyethylene fi lms were found to have a similar effect on the 
development of  B. cinerea  on greenhouse-grown tomato plants (Reuveni and Raviv 
 1992 ) and UV-absorbing polyvinyl chloride fi lm had a similar effect in cucumber 
(Honda et al.  1977 ). Elad ( 1997 ) demonstrated an effect of far-red light on the pro-
duction of conidia by fi eld isolates of  B. cinerea . A green pigmented polyethylene 
fi lm reduced conidia production and infection in commercial greenhouses. However, 
Elad ( 1997 ) identifi ed some fi eld isolates of  B. cinerea  that were capable of produc-
ing conidia in the dark and were not affected by light quality. Since similar  B. cine-
rea  fungi exist under fi eld conditions, it was concluded that the disease-suppressive 
effect of light-fi ltering polyethylene covers was defi nitely due to a change in the 
physiological status of the plants, that is, induced resistance in plants grown under 
conditions of change in light quality (Elad  1997 ).  

8.4.3     Crop Density in Greenhouses 

 Increasing the air circulation in the fi eld may reduce grey mould by reducing the 
amount of time that a water fi lm is present on susceptible plant parts (Elad and 
Shtienberg  1995 ). Cultural methods such as reduced planting density and reduced 
canopy density can help to improve the environmental conditions in the fi eld and 
limit the development of grey mould (Legard et al.  2000 ; Trolinger and Strider 
 1984 ). Similarly, reducing leaf wetness by moving from open-fi eld production to 
unheated greenhouses dramatically reduced the incidence of strawberry grey mould 
(Xiao et al.  2001 ). 

 Crop density affects the movement of air in the canopy and grey mould severity. 
More cucumber grey mould was found on fruits in a cucumber crop with two stems 
per plant than in a crop with one stem per plant (Elad and Shtienberg  1995 ). Higher 
levels of grey mould were observed on fl oral parts of  Exacum affi ne  grown under 
crowded conditions as compared to less crowded conditions (Trolinger and Strider 
 1984 ) and similar results were observed in densely planted strawberry (Legard et al. 
 2000 ).  
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8.4.4     Stem Infection and Its Management 

 Grey mould develops at relative humidity (RH) levels of >90 % and  Botryti s conidia 
germinate in liquid water (Jarvis  1992 ). However, grey mould can develop on 
tomato and sweet basil stem wounds under lower RH conditions. In these crops, 
optimal disease development has been documented at 75–85 % RH (Sharabani et al. 
 1999 ; O’Neill et al.  1997 ).  B. cinerea  infection at lower RH is possible due to mois-
ture on the wound surface. This moisture originates from within the plant and pro-
motes infection. The infection further develops inside the host tissue, where it is wet 
(Eden et al.  1996 ). 

 Lisianthus ( Eustoma grandifl orum ) is a cut fl ower crop that is susceptible to 
infection by  B. cinerea  (Shpialter et al.  2009 ), which causes grey mould on the har-
vested fl owers and stem bases and on the stem stubs after harvest (Shpialter et al. 
 2009 ; Wegulo and Vilchez  2007 ), especially in unheated greenhouses. The lower 
leaves of lisianthus plants are often in close contact with the wet soil. When a bar-
rier, in the form of a polyethylene sheet, was placed between the lower leaves and 
the wet soil, the severity of disease symptoms on those leaves was signifi cantly 
reduced (Shpialter et al.  2009 ). 

 Infection of the stem base is likely to be affected by soil moisture, due to the 
proximity of the stem base to the soil. The location of irrigation drippers affects the 
moisture level of the soil around the stem base and is also likely to affect the infec-
tion of plants by  B. cinerea . In lisianthus, when drippers were placed 20 cm below 
the soil surface instead of at the soil surface, the incidence of stem infection was 
drastically reduced. The sub-surface irrigation plots were characterized by lower 
RH and shorter dew periods than those observed in plots in which an aboveground 
drip irrigation system was used (Shpialter et al.  2009 ). 

 In a study of early blight ( Alternaria solani ) and Septoria leaf spot ( Septoria 
lycopersici ) in fresh market tomato crops, Mills et al. ( 2002 ) concluded that an 
observed reduction in foliar disease in mulched plots was associated with reduced 
splash dispersal and, in one of two trials, reduced leaf wetness. Strawberry plants 
grown in beds covered with black polyethylene had lower incidences of  B. cinerea- 
incited   rot than those grown in beds covered with either clear polyethylene or paddy 
straw (Saks et al.  1996 ). Reducing ambient humidity by covering the soil with poly-
ethylene has also been suggested as a means for restricting grey mould development 
in greenhouse crops (Elad  2000 ; Elad and Shtienberg  1995 ). 

 In greenhouse-grown lisianthus, polyethylene mulch reduced RH and dew dura-
tion and drastically reduced the incidence of disease (Shpialter et al.  2009 ). The 
mechanisms by which lisianthus stem base infections are reduced through the use 
of polyethylene soil cover may be complex. The reductions in the RH and the 
amount of dew in the canopy contribute to the inhibition of the germination of  B. 
cinerea  conidia and limit the fungus’s penetration of the host plant (Holz et al. 
 2004 ). Also, as shown in laboratory experiments, a physical barrier between the 
lower leaves and the wet soil affects conditions for the development of infection on 
the leaves near the stem base. 

Y. Elad



155

 Grey mould of lisianthus stems can also serve as an example of a situation in 
which cultural methods and their combination can affect disease development. 
In-bed aeration in greenhouse-grown lisianthus, based on the use of perforated 
polyethylene sleeves and blowing unheated air, reduced disease incidence by chang-
ing the microclimate around the stem base (Elad et al.  2009b ). As mentioned above, 
soil cover suppressed disease. Moreover, small planting holes in the polyethylene 
were superior to larger holes. This is probably due to the fact that when large holes 
are used, the lower leaves may come into contact with the wet soil and this moisture 
may promote  B. cinerea  infection of those leaves and the spread of that rot towards 
the stem. In contrast, when the planting holes are smaller, the lower leaves are less 
likely to come into contact with the wet soil. The disease control provided by whole- 
plant applications of chemical fungicides together with soil cover is not superior to 
that provided by soil cover alone. A polyethylene soil cover with small planting 
holes was as effective as chemical control. The combination of a polyethylene soil 
cover with small holes and chemical sprays directed at the plant stubs provided bet-
ter disease suppression than either of the treatments alone (Elad et al.  2009b ). 

8.4.4.1     Effects of Polyethylene Soil Cover and Deep Irrigation on Foliar 
 B. cinerea  Infection 

 The use of polyethylene soil cover can suppress grey mould (Elad  2000 ), as men-
tioned above. For instance, the use of plastic sheets that have a white upper surface 
and a black lower surface increased yield and fruit size in strawberry and reduced 
the incidence of  B. cinerea  infection in that crop, as compared with non-mulched 
soil (Laugale et al.  2012 ). Polyethylene soil cover is associated with increased 
yields, thanks to the accumulation of heat in the root zone and increased soil tem-
peratures (Flores Velasquez and Ibarra  1998 ). 

 Apart from the physical barrier between the soil and the aerial plant parts and the 
prevention of evaporation from the soil, Cohen et al. ( 2006 ) suggested a detailed 
explanation for the effect of polyethylene mulch on foliar late blight ( Phytophthora 
infestans ) of tomato and  Pseudoperonospora cubensis  in cucumber. They found 
that, in the early winter, covering the soil surface with polyethylene dramatically 
reduced the rate of infection, as compared with that observed in greenhouses in 
which the crops were grown in bare soil. Microclimate measurements showed that 
night-time soil and air temperatures were higher in the mulched greenhouses. On 
days when infection occurred in the control plots, air temperature reached the dew- 
point temperature in the control greenhouses, but not in the mulched greenhouses. 
Night-time soil temperatures and air temperatures near the ground were higher 
under the mulch and the difference between the air temperature and the dew point 
in the greenhouse was higher above the mulch, indicating a lower incidence of con-
densation on the leaves (Shtienberg et al.  2010 ; Cohen et al.  2006 ). 

 This temperature–dew effect explains part of the effect of polyethylene mulch on 
grey mould, but not the effect of deep irrigation, which also affected the duration of 
wetness of the lower leaves and the RH. Interestingly, plant tissues sampled in the 
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mulched plots had relatively high levels of N, P, K, Ca, and Mg, as compared to tis-
sue samples collected from the unmulched plots. These nutritional differences 
might contribute to disease control by affecting the susceptibility of lisianthus tis-
sues to  B. cinerea  infection (Shpialter et al.  2009 ).  

8.4.4.2     The Sweet Basil–Grey Mould Test Case 

 Sweet basil ( Ocimum basilicum ) is an annual herb crop grown in greenhouses. 
Branches are harvested several times a season and this harvesting creates wounds 
that are susceptible to infection by  B. cinerea . Stem infection can develop until the 
entire plant dies and a large amount of conidia are discharged into the air (Sharabani 
et al.  1999 ). Rot can also develop on the crop postharvest (Aharoni et al.  2010 ). 
Sweet basil is grown year-round in unheated polyethylene greenhouses, but the 
majority of grey mould damage is observed during the winter which is the rainy 
season in the region. In the absence of active heating, the conditions in sweet basil 
greenhouses are favorable for  B. cinerea . Indeed, it was found that the limiting fac-
tor for grey mould development was the need for a high level of humidity in the 
greenhouse rather than the presence of inoculum. Regardless of crop age, the sever-
ity of grey mould observed on harvesting wounds was found to be related to sea-
sonal microclimatic conditions. 

 Sharabani et al. ( 1999 ) found that rain outside the sweet basil greenhouses, 
which is naturally associated with increased RH in the greenhouse, was the domi-
nant factor infl uencing the timing of grey mould epidemics. The cut ends of stems 
were found to be highly susceptible to infection soon after harvest; susceptibility 
diminished gradually and stem cuts inoculated 2 days after harvest were rarely dis-
eased. In fi eld experiments (Sharabani et al.  1999 ), disease severity did not change 
much when harvesting was done on dry days. However, disease outbreaks were 
found to coincide with harvests carried out on rainy days. It was found that if har-
vest was carried out during or immediately after a rain event, then the application of 
one fungicidal spray soon after harvest is needed and will provide adequate disease 
suppression. Avoiding harvesting during rain events is another good way to prevent 
stem grey mould (Sharabani et al.  1999 ). Applying the fungicide treatment immedi-
ately after harvesting (wounding) may help to reduce the amount of chemical fun-
gicide needed, as well as lower the risk of contaminating the marketable crop with 
pesticide residues. 

 Plant spacing and foliage management can affect the RH inside the crop canopy 
and denser foliage is associated with higher levels of grey mould incidence (Legard 
et al.  2000 ; Trolinger and Strider  1984 ). Observations in commercial sweet basil 
plots have revealed that higher planting densities and restricted aeration contribute 
to epidemics (Elad et al.  2014b ). In experiments, a planting density that was half 
that of the common practice was associated with lower disease levels, with no sig-
nifi cant negative yield effect. This could be attributed to better aeration within the 
canopy at the initial stages of growth and to reduced amounts of receptive host tis-
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sue. At a later stage, the branches harvested from the lower-density plots were less 
susceptible to  B. cinerea  infection, indicating that a higher level of plant tissue resis-
tance was induced by the lower-density fi eld conditions (Elad et al.  2014b ). A com-
bination of increased plant spacing and the use of a polyethylene soil cover 
synergistically improved the yield of sweet basil branches. Similarly, increasing the 
distance between plants in strawberry plots reduced the incidence of grey mould in 
those plots. Nevertheless, the fruit yield was negatively affected by this practice 
(Laugale et al.  2012 ; Daugaard  2003 ; Legard et al.  2000 ). 

 Aeration is an accepted practice for reducing the RH inside greenhouses. For 
instance, nocturnal ventilation can signifi cantly reduce the level of humidity in a 
greenhouse and suppress tomato  B. cinerea  grey mould (Baptista et al.  2012 ). 
Aeration of sweet basil tunnels decreased the incidence of grey mould in those tun-
nels. Moreover, the combination of passive aeration and wider plant spacing 
improved the yield of sweet basil, as did the combination of wider plant spacing and 
polyethylene soil cover (Elad et al.  2014b ).   

8.4.5     Passive Heating of Polyethylene Greenhouses 

 We have developed a method to suppress foliar diseases by increasing the tempera-
ture inside greenhouses during day. Elevated day-time temperatures are obtained by 
closing the side walls of the greenhouses, which allows the temperature inside the 
greenhouse to rise above 25 °C in winter. The initial information on the effect of 
day-time elevated temperatures was published in the context of the tomato– O. 
neolycopersici  pathosystem (Elad et al.  2008 ; Jacob et al.  2007 ) and the sweet pep-
per– O. sicula  pathosystem (Elad et al.  2009a ). 

 Temperatures in polyethylene-covered sweet basil greenhouses that were kept 
closed for 6 h each day reached 42 °C on winter days. The incidence of grey mould 
in these greenhouses was signifi cantly reduced and basil yield increased as a result 
of the passive day-time heating. A signifi cant negative correlation was observed 
between the duration of temperatures above 30 °C and the incidence of grey mould. 
The suppressive effects of high day-time temperatures on the three diseases in the 
three plant species can be attributed to a direct effect of temperature on the pathogen 
inoculum, as well as an indirect effect involving the induction of resistance in the 
plants. New results from work with sweet basil (Elad et al.  2014b ) indicate that the 
heat treatment has an indirect effect involving the induction of resistance in the host 
plants. In this case, plants exposed to a day-time heat treatment and later infected by 
 B. cinerea  or  S. sclerotiorum  exhibited less severe infections than inoculated plants 
that had not received the heat treatment (Elad et al.  2014a ). Thus, it may be con-
cluded that high day-time temperatures may reduce foliar disease. However, one 
needs to carefully verify that this heating has no deleterious effect on fruiting or 
negative interaction with other biotic stresses, such as humidity-promoted 
pathogens.   
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8.5     Plant Nutrition 

 Mineral nutrients are essential for plant growth, development and reproduction. 
Nutrients can also affect plants’ susceptibility to pathogens (Engelhard  1989 ). 
Calcium is important for fruit and vine production (Ferguson  1984 ), affects various 
cell functions (Conway  1982 ) and increases resistance to disease (Volpin and Elad 
 1991 ; Conway et al.  1991 ). Calcium in plant tissues has been shown to reduce the 
severity of grey mould (Yermiyahu et al.  2006 ; Bar-Tal et al.  2001 ; Chardonnet and 
Doneche  1995 ; Volpin and Elad  1991 ). 

 Calcium reduces the leakage of exudates to the host surface, reducing the avail-
ability of those exudates to the pathogen (Volpin and Elad  1991 ). It can also directly 
inhibit the production of polygalacturonase by  B. cinerea  (Biggs et al.  1997 ). Ca 2+  
defi ciency increases susceptibility to  B. cinerea  (Schwab et al.  1993 ). Incubating  B. 
cinerea  conidia in increasing concentrations of CaCl 2  decreased conidial germina-
tion and germ tube length (Chardonnet et al.  2000 ). Possible mechanisms by which 
high levels of calcium in plant tissues may reduce disease include the reduced emis-
sion of ethylene from the plant tissue, decreased susceptibility of plant membranes, 
particularly pectin constituents, to pathogens’ hydrolytic enzymes and reduced 
leakage of nutrients to plant surfaces (Elad and Evensen  1995 ). 

 In strawberry, increasing fruit calcium content reduced the incidence of  Botrytis  
infection (Cheour et al.  1990 ; Karp and Starast  2002 ; Wojcik and Lewandowski 
 2003 ). Nevertheless, when conventional fungicides were replaced with CaCl 2  to 
protect strawberries from  B. cinerea , the CaCl 2  treatments did not reduce the epi-
demic (Erincik et al.  1998 ). When Ca 2+  was applied to table grapes in the vineyard, 
resistance to  B. cinerea  increased and this resistance was correlated with increased 
levels of cellulose and both oxalate- and alkali-soluble pectins (Miceli et al.  1999 ). 

 High nitrogen rates enhance plant growth and foliage density. In general, increas-
ing the nitrogen level is believed to result in increased susceptibility to  B. cinerea . 
However, the results in this area are sometimes contradictory. Nitrogen supplied at 
1.5, 3.8 and 6.0 g/m 2  resulted in a quadratic increase in grey mould incidence on 
chrysanthemum fl owers (Hobbs and Waters  1964 ). In contrast, Verhoeff ( 1968 ) 
found that the susceptibility of soil-grown tomatoes to grey mould increased with 
decreasing levels of nitrogen in the soil. Hoffl and et al. ( 1999 ) found a linear cor-
relation between the leaf C:N ratio and the susceptibility of tomato to  B. cinerea . 
They attributed that correlation to levels of available soluble carbohydrates. 

 Increasing calcium concentrations in fertigation fl uid reduced the intensity of 
conidiation of  B. cinerea  on sweet basil stems and the incidence of infected plants 
(Yermiyahu et al.  2006 ). Furthermore, increased nitrogen increased the susceptibil-
ity of sweet basil to  B. cinerea ; this effect was related to the indirect negative 
 infl uence of N on Ca in the canopy (Yermiyahu et al.  2006 ). Similarly, increased N 
levels have been shown to increase the severity of grey mould in chrysanthemum 
(Hobbs and Waters  1964 ), but decrease the incidence of the disease in tomato 
(Verhoeff  1968 ). High levels of nitrogen result in increased plant growth and the 
increased incidence  B. cinerea  on fruits in storage (Pertot and Perin  1999 ; Prasad 
and Spiers  1991 ). In sweet basil, higher nitrogen levels in the fertigation solution 
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resulted not only in more grey mould infection, but also in increased severity of 
white mould ( Sclerotinia sclerotiorum ; Elad and co-workers, unpublished). These 
fi ndings indicate that limiting nitrogen fertilization can minimize grey mould, but 
that would also be expected to affect yields. 

 Similar nutrition guidelines are commonly suggested for open-fi eld crops such 
as legumes. Avoiding a dense canopy in lentil by avoiding high N levels decreases 
grey mould (Bayaa and Erskine  1998 ). A higher incidence of chocolate spot was 
observed in plants fava bean grown with increased applications of N fertiliser 
(Hegab and Beshir  1994 ). However, in fava bean, the use of adequate fertiliser, par-
ticularly the application of adequate amounts of K and N, is necessary to prevent 
early senescence, which leads to dead leaves upon which the fungus sporulates 
(Jellis et al.  1998 ). The use of adequate amounts of fertilizer, particularly K, has also 
been shown to reduce susceptibility to infection in fi eld pea (Biddle  2001 ). K is 
absorbed by plants in its cation form and it is the major cation in the cytoplasm. It 
is readily translocated in the phloem and xylem (Marschner  1986 ). A large number 
of enzymes are either completely dependent upon or stimulated by K (Suelter  1970 ). 
Interestingly, we found that fertigation with low levels of K is associated with higher 
levels of grey mould in sweet basil; whereas fertigation with comparably higher 
levels of K can suppress the disease under fi eld conditions (Israeli et al.  2011 ; 
Yermiyahu et al.  2013 ). In grapevine, increased applications of K have been associ-
ated with less severe outbreaks of grey mould (Kiraly  1964 ) and, in pumpkin, 
increased applications of K have been associated with less severe white mould 
infections (Abia and Smith  1980 ).  

8.6     Conclusions 

 As examples drawn from some  Botrytis -based pathosystems could demonstrate 
(mentioned above), integrated disease management have advantages over using 
single means of control and longer durability. A strategy was developed for the 
integrated biological and chemical control of  B. cinerea  in vegetable crops grown in 
unheated greenhouses. The integrated strategy, named BOTMAN (Botrytis 
Manager) has been used in greenhouse-grown tomato and cucumber and achieved a 
drastic reduction in chemical fungicide use (Shtienberg and Elad  1997 ) while pro-
moting cultural management and biocontrol in greenhouse-grown vegetable crops. 
This system takes into consideration not only chemical and biocontrol agents, but 
also environmental conditions and their potential effects on grey mould epidemics 
(Shtienberg and Elad  1997 ). Decisions of whether to spray a biological agent or a 
fungicide are made in relation to weather forecasts. When cultural means of control 
seem to be suffi cient and slow or no disease progress is expected, the system does 
not suggest any spray treatments. In contrast, when an outbreak is expected, the 
application of a chemical fungicide is recommended. In all other cases when the 
risk is of mid-level, the application of a biocontrol agent is recommended. In this 
system, disease warnings are based on weather forecasts. 
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 Infections caused by pathogenic  Botrytis  species are more common under high- 
humidity conditions and cultural techniques aimed at decreasing humidity can sup-
press those infections. In some cases, cultural methods actually increase the resistance 
of the crop to the disease. Different cultural methods can be combined for improved 
disease suppression. Moreover, cultural methods can be combined with chemical 
botryticides or biocontrol treatments (Chap.   9    ). Integrated crop management, includ-
ing disease control, may involve the use a decision-support system, such as BOTMAN.     
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    Chapter 9   
 Biological Control and Biopesticide 
Suppression of  Botrytis -Incited Diseases                     

       Philippe     C.     Nicot     ,     Alison     Stewart    ,     Marc     Bardin    , and     Yigal     Elad   

    Abstract     Recent years have seen the development of many biological control 
agents and other biopesticides, such as plant extracts, minerals and organic com-
pounds, against  Botrytis -incited diseases. This chapter presents signifi cant exam-
ples of such commercially available products and reviews our increasing 
comprehension of mechanisms implicated in biological control, including recent 
breakthroughs on complex interactions between the biocontrol agent, the host plant 
and the pathogen. Its highlights progress made in characterizing the determinants of 
effi cacy and documents the growing body of knowledge on natural biological con-
trol and the potential for its enhancement. Finally, future prospects and challenges 
are presented, including issues on the durability of biocontrol methods.  

  Keywords     Biocontrol   •   Mode of action   •   Effi cacy  

9.1       Introduction 

  Botrytis -incited diseases have long been the target of efforts to develop biological 
control and successful protection of vegetable crops with applications of microbial 
preparations was already reported in the 1950s (Dubos  1992 ; Newhook  1957 ; 
Wood  1951 ). Due to diffi culties associated with chemical control (Chap.   10    ) and 
growing societal pressure to reduce pesticide use, alternative methods and strategies 
of integrated protection (Chap.   8    ) have gained increased attention worldwide. 
Although anti- Botrytis  biocontrol products long remained rare despite abundant 
research efforts (Nicot et al.  2011 ), and biological control of plant diseases was 
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often considered as a weak link in integrated management strategies in certain crops 
(Nicot and Bardin  2012 ), recent years have seen a boost in the development and use 
of biopesticides against grey mould. The term “biopesticide” is meant here to 
include preparations based on living microorganisms (referred to as biocontrol 
agents or “BCA” in the present chapter) and substances of natural origin such as 
plant and microbial extracts, minerals and organic compounds. In parallel to this 
commercial development of biocontrol agents, tremendous progress has been 
achieved in our comprehension of their modes of action and in the characterisation 
of factors that determine their effi cacy. Much interest has also developed on natural 
biological control and the potential for its enhancement.  

9.2     Types of Products and Commercial Availability 

 A wide range of different plant and microbe groups have been reported to exhibit 
inhibitory activity against  Botrytis cinerea  in laboratory and greenhouse trials but 
only few have shown consistent fi eld performance and even fewer have been com-
mercialized (Nicot et al.  2011 ). This section describes representative examples of 
three groups of commercially available biopesticides (Table  9.1 ). For each group, 
we highlight a number of key examples of products with differing active ingredients 
and/or modes of action and discuss aspects related to extent of commercialization. 
Many of them share the following key features: (i) registration for use very close to 
harvest (due to absence of toxicity and residue issues), (ii) approval for use in 
organic farming in various countries, for example through the Organic Materials 
Review Institute (OMRI;   http://www.omri.org/    ) or the Ecocert certifi cation body 
(  http://www.ecocert.com/en/    ). There are several registered commercial products 
based on plant extracts but, to date, none based on microbial extracts.

9.2.1       Plant Extracts 

   Melaleuca alternifolia      An extract of the tea tree is commercialized as  Timorex 
Gold   ®   24EC . It has broad-spectrum activity against various fungal pathogens 
including  B. cinerea  in vegetables, herbs, grapevines and orchards. In fi eld trials on 
grapes in California, it gave >90 % suppression of grey mould incidence which was 
equal to the best fungicide treatments (Nguyen et al.  2013 ). It is registered in over 
25 countries including USA, Canada, most countries in Central and South America 
and several countries in Europe and South-east Asia. It exhibits both prophylactic 
and curative effi cacy, which acts against various stages of the infection process. Tea 
tree extract has multi-target fungicidal effects and inhibits conidial germination, 
germ tube growth and mycelial growth of  B. cinerea  (Antonov et al.  1997 ).  
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   Reynoutria sachalinensis      An extract of the giant knotweed is commercialized as 
 Regalia   ®  . It has a broad spectrum of activity against both foliar and soil-borne 
 fungal and bacterial pathogens, including  B. cinerea  on tomato, grape, pepper, 
cucurbit, strawberry, walnut, and turf. The product was fi rst registered in the USA 
in 2006 with subsequent registrations in Canada, Turkey, South Africa and several 
South American countries.  

 Several active compounds have been identifi ed such as emodin and physcion and 
these have been shown to trigger Induced Systemic Resistance (ISR) (Schmitt et al. 
 1996 ,  2005 ). Regalia ®  treatment increases the production and accumulation of spe-
cialized proteins and other compounds known to inhibit  Botrytis  (Marrone  2002 ). It 
also increases papillae formation at pathogen penetration sites as well as the lignifi -
cation of plant cell walls. The active ingredient provides translaminar protection 
(Quarles  2009 ; Su  2012 ). Since induction of ISR takes 1–2 days to exhibit, the 
product must be used preventively.  

9.2.2     Living Microorganisms 

 This group contains the largest number of commercial botryticide products with 
active ingredients from a wide range of microbial groups including bacteria (e.g. 
 Bacillus ,  Pseudomonas ), actinomycetes (e.g.  Streptomyces ), yeasts (e.g. 
 Aureobasidium ,  Candida ) and fungi (e.g.  Trichoderma ,  Gliocladium ,  Chlonostachys , 
 Ulocladium ). Representative examples are described below. 

   Aureobasidium pullulans      Two strains of this yeast (14940 and 14941, isolated from 
untreated apple trees) constitute the active ingredient of  Botector   ®  . This product is 
registered for grape protection in the USA and several countries in Europe and also 
has a label claim for tomato and ornamentals. It can be applied shortly before har-
vest and does not affect the colour or taste of the treated grapes. The product works 
through natural competition for space and nutrients on the berries. Due to the high 
proliferation rate of  A. pullulans  after application, the pathogen cannot infect the 
plant (Schilder  2013 ).  

   Bacillus subtilis       Serenade   ®   Max  contains strain QST 713 of this bacterium. It has 
a wide spectrum of activity against various fungal and bacterial pathogens of numer-
ous crops including  Botrytis  spp .  on grapes, citrus, berry fruit, kiwifruit, persim-
mon, onion, garlic, tomato, pepper, eggplant, cucumber, squash, and bean. It is 
suitable for organic production and can be used close to harvest. The product claims 
>2 year storage stability and compatibility with standard fungicides. Its mode of 
action is a combination of nutrient competition, site exclusion, direct antifungal 
activity and induction of the plant’s natural systemic resistance. The bacterium has 
been reported to produce three different classes of lipopeptides that disrupt fungal 
cell membranes, causing the cells to collapse and killing the pathogen (Ongena 
et al.  2010 ). In addition, upon contact, Serenade ®  Max triggers the plant’s internal 
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defences and physiological responses. The effect is systemic and appears to activate 
a pathway (related to induction of PR1) distinct from those of systemically acquired 
resistance (SAR) and induced systemic resistance (ISR) (Ongena et al.  2010 ).  

   Gliocladium catenulatum       Prestop   ®   contains mycelium and conidia of strain J1446 
of  G. catenulatum . The product has a shelf life of 12 months in cool storage condi-
tions (<8 °C) and is safe for benefi cials and compatible with most chemical pesti-
cides. The product is registered in the USA, Canada and in various European 
countries. It is particularly active against grey mould and stem canker caused by  B. 
cinerea  on tomato, pepper, cucumber, lettuce, herbs, and ornamental plants. A spe-
cifi c formulation of the same active ingredient is applied through pollinator-assisted 
distribution (delivered via honeybees) for the control of grey mould on strawberry 
and raspberry. For both products, the antagonist deprives the pathogen of space and 
nourishment by colonizing the plant surfaces and outcompeting the pathogen. It 
also acts as a hyperparasite by producing enzymes which disrupt the cell walls of 
the pathogen.  

   Streptomyces  sp.     Strain K61 of the actinomycete  S. griseoviridis  is the active 
ingredient of  Mycostop   ®  . This product can control or suppress many root rot and 
wilt fungi as well as  B. cinerea . It is suitable for organic production and is registered 
for use on a wide range of crops such as vegetables, herbs, and ornamentals. It has 
been registered in the USA since 1994 with additional registrations in more than 15 
countries. After application, the microbe grows on the plant surface, creating a bio-
logical defence against plant pathogenic fungi.  

 Another actinomycete,  S. lydicus  strain WYEC108 is the active ingredient of 
 Actinovate   ®   AG, a product commercialized for the control of a wide range of foliar 
diseases including grey mould. It is registered in the USA, Canada, Turkey, India, 
New Zealand, Vietnam and Trinidad, with EU registration currently in progress. 
The product is approved for organic farming. It has a zero-day pre-harvest interval 
and can be tank mixed or dry mixed with a wide range of fungicides, insecticides 
and fertilizers. The microbe grows on the surface of the foliage and acts against the 
pathogen through a combination of competitive exclusion and secretion of antifun-
gal compounds, including lytic enzymes such as chitinases, glucanases and peroxi-
dases (Crawford et al.  2005 ; Lichatowich  2007 ). The microbe has also been reported 
to act through direct parasitism. 

   Trichoderma atroviride      Strain LC52 of this fungus is the active ingredient of 
 Sentinel   ®  , a bio-fungicide commercialized against grey mould in grape, strawberry, 
and tomato. It was registered in New Zealand in 2006, with registrations pending in 
several other countries. The fungus aggressively colonizes leaves, fl owers and truss/
leaf plucking wound sites, where it actively competes with and repels invasion by  B. 
cinerea  (Card  2005 ). Sentinel acts as a protectant bio-fungicide and has no curative 
effect. It can be applied until harvest.   
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9.2.3     Mineral Oils and Organic Acids 

 A number of oil based products have claims for control of  Botrytis -incited diseases. 
The two most common are paraffi nic oil and neem oil. 

  Paraffi nic Oil      JMS Stylet-Oil   ®   is a 1 % paraffi nic oil used to control certain fun-
gal diseases including Botrytis bunch rot. It may smother fungal growth and reduce 
conidia germination on treated surfaces. It is mostly fungistatic, stopping fungal 
growth rather than killing the pathogen. To combat fungal pathogens, the oil gener-
ally must be applied prophylactically prior to infection. Repeated applications of the 
oil may be needed to achieve desired levels of control.  

  Neem Oil      Trilogy   ®   90EC  is a commercial product based on clarifi ed hydrophobic 
extract of neem oil. This product is generally regarded as being most active against 
powdery mildew diseases but is also reported to have activity against  B. cinerea  on 
citrus, cucurbits, bulbs, vegetables, small fruit and nuts. Thorough coverage of the 
plant is essential and care must be taken with time of application to prevent the risk 
of leaf burn. The product has a re-entry interval of 4 days and can be applied up until 
the day of harvest. It is suitable for organic production (OMRI listed) but applica-
tions are restricted during the bloom period due to its toxicity to bees. The product 
works by preventing fungal attack of the plant tissue.    

9.3     Modes of Actions 

  Botrytis  spp. are affected by BCAs that utilize various strategies during their inter-
action while suppression of the pathogen is achieved.  Botrytis  spp .  conidia need the 
presence of water and exogenous nutrients for germination and host penetration. On 
the plant surface the germinating conidia can be affected by inhibitory substances, 
competition for nutrients and space, limitation of saprophytic ability. Following 
infection, the invading pathogen is affected by host characteristics that are typical to 
defending host tissues as occurs with induced resistance (Elad and Stewart  2004 ). 
In many cases, it can be assumed that biocontrol is a result of several combined 
modes of action of the BCA. 

  Reduction of the concentration of nutrients  such as nitrogen, carbon, macro- 
elements and micro-elements results in a reduced rate of germination of the patho-
gen’s conidia and thus the extent of infection. This can be achieved by competition 
for nutrients (Blakeman  1993 ). Examples of competition for nutrients or space 
include yeasts such as  Candida oleophila  applied on apple fruits (Mercier and 
Wilson  1994 ) or  Aureobasidium pullulans  on grapes (Schilder  2013 ), as well as 
bacteria and fi lamentous fungi (Zimand et al.  1996 ). 

  Modifi cation of plant surface properties  may change pathogen behavior on 
plant surfaces. For example,  Bacillus brevis  applied to Chinese cabbage caused water 
drops to spread and dry, and generally changed the wettability of plant  surfaces 
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(Edwards and Seddon  1992 ). Furthermore, the attachment of microorganisms to the 
pathogen can be implicated in biocontrol. The attachment of the yeasts  Rhodotorula 
glutinis  and  Cryptococcus albidus  to conidia of  B. cinerea  is associated with the 
formation of a fi brillar material. This material is likely to be the pathogen’s polysac-
charide extracellular matrix (ECM) and the involvement of lectin-like compounds 
was suggested (Elad  1996 ). Scanning electron microscopy showed attachments of 
the  Trichoderma  conidia to the ECM of  B. cinerea  (Meyer et al.  2001 ). 

  The inhibition of   Botrytis   spp. by microbial compounds  was thoroughly stud-
ied (Elad and Stewart  2004 ). For instance,  Penicillium chrysogenum  produced 
inhibitory products, which reduced conidial germination of  B. fabae  and lesion 
development on faba bean (Jackson et al.  1994 ), and peptaibol antibiotics from  T. 
harzianum  and gliotoxin from  G. virens  inhibited conidia of  B. cinerea  (Schirmböck 
et al.  1994 ). Control of  B. cinerea  by  Bacillus subtilis  and  Bacillus pumilus  was 
related to antibiotic production (Leifert et al.  1995 );  Bacillus brevis  secretes grami-
cidin S that is very inhibitory on  B. cinerea  (Edwards and Seddon  1992 ) and a 
UV-induced antibiotic defi cient mutant of  B. subtilis  was not active. Other bacteria 
such as  Serratia plymuthica  and several species of  Pseudomonas  described as BCAs 
are known to produce pyrrolnitrin, an antibiotic which inhibits mycelial growth of 
 B. cinerea  (Ajouz et al.  2011 ). Volatile compounds may also be involved. Inhibitory 
volatile-producing fungus  T. hamatum  reduced grey mould on snap bean (Nelson 
and Powelson  1988 ). It should be noted that the antimicrobial compounds may 
affect not only the plant pathogen but also non-target organisms. 

  Hyperparasitism  of fungi by microorganisms is a well-known phenomenon (Elad 
and Stewart  2004 ). For instance  Trichoderma, Gliocladium  and  Pythium  spp. are 
among the best-known mycoparasites able to attack the mycelium of  B. cinerea  (Elad 
 1996 ). Parasitism of sclerotia has also been described (Köhl and Schlösser  1989 ; 
Dubos et al.  1982 ). Several enzymes have been implicated in mycoparasitism, includ-
ing cell wall degrading enzymes (CWDEs) such as proteinases, mannanases, lami-
narinases and chitinases (Labudova and Gogorova  1988 ), and genes coding for certain 
of these enzymes have been identifi ed (Geremia et al.  1993 ; Viterbo et al.  2001 ; 
Kamensky et al.  2003 ). Further progress has been achieved recently in the understand-
ing of the  Botrytis -BCA interactions with the analysis of secreted protein patterns of 
 T. harzianum  ETS 323 in laboratory conditions (Yang et al.  2009 ). One L-amino acid 
oxidase (LAAO) and two endochitinases of the BCA were uniquely induced in the 
medium that contained deactivated  B. cinerea  mycelium as the sole carbon source. 

 Activities of the CWDEs, β-1,3-glucanases, β-1,6-glucanases, chitinases, prote-
ases and xylanases, were signifi cantly higher in media with deactivated  B. cinerea  
mycelium than in other media, suggesting that the cell wall of  B. cinerea  is indeed 
the primary target of the BCA in the biocontrol mechanism (Yang et al.  2009 ). The 
effect of  T. harzianum  ETS 323 against  B. cinerea  during the mycoparasitic process 
was evaluated in culture using a biexponential equation (Cheng et al.  2012 ). The 
secretion of LAAO by  T. harzianum  ETS 323 was increased when the BCA was 
grown with deactivated hyphae of  B. cinerea  and this oxidase inhibited  B. cinerea  
growth in vitro and on apple fruit and tobacco leaves. Furthermore, an apoptosis- 
like response, including the generation of reactive oxygen species, was observed in 
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 B. cinerea  after treatment with LAAO, suggesting that it triggers programmed cell 
death in  B. cinerea . Cheng et al. ( 2012 ) suggested a two-step antagonism of the 
BCA against  B. cinerea . In practice, however, a BCA’s ability to act as a mycopara-
site or to produce CWDEs does not necessarily guarantee effective biocontrol under 
fi eld conditions since the activity of mycoparasites is generally regarded as too slow 
to reduce effectively the fast penetration process of  Botrytis  into the host tissue. 

  Interference with the Pathogenicity Processes.  The  T. harzianum  strain T39 
prevents penetration of  B. cinerea  into the host tissue and interference with the 
pathogenicity processes was reported as being responsible for this effect (Zimand 
et al.  1996 ). T39 reduced the activities of exo- and endo-polygalacturonase, pectin 
methyl esterase and pectate lyase (Zimand et al.  1996 ), chitinase, β-1,3-glucanase 
and cutinase produced by  B. cinerea  (Kapat et al.  1998 ). It was shown that  T. har-
zianum  T39 produced a cysteine protease that reduced the activity of pathogenicity- 
related enzymes of  B. cinerea  and subsequent disease development (Elad and Kapat 
 1999 ) as part of its biocontrol mechanism; this was further proven by the fact that a 
specifi c inhibitor of the T39 protease nullifi ed biocontrol activity (Elad et al.  1998 ). 
Another pathogenicity factor that is produced by  B. cinerea  and  Sclerotinia sclero-
tiorum  is oxalic acid (Chap.   12    ). Schoonbeek et al. ( 2007 ) have found oxalate- 
degrading bacteria that have protective activity on  Arabidopsis thaliana  cucumber, 
grapevine, and tomato leaves against  B. cinerea . Two yeasts with higher 
( Cryptococcus laurentii  LS-28) or lower ( Rhodotorula glutinis ) antagonistic activ-
ity against the postharvest pathogens  B. cinerea  and  Penicillium expansum  were 
tested. LS-28 was more resistant to ROS-generated oxidative stress. Castoria et al. 
( 2003 ) suggested that resistance to oxidative stress may be a mechanism of biocon-
trol yeasts antagonism against postharvest wound pathogens. 

  Reduction in Inoculum Production . As epidemics created by  Botrytis  spp. are 
commonly polycyclic, reduction in inoculum production may create a cumulative 
effect over several disease cycles (Köhl and Fokkema  1993 ). Several microorgan-
isms suppress conidiation of  B. cinerea  on strawberry (Peng and Sutton  1991 ) and 
other crops (Morandi et al.  2000 ).  Ulocladium atrum  reduced sporulation of  B. cine-
rea  on dead leaves of lily and onion exposed to fi eld conditions (Köhl et al.  1995 ). 
Colonisation of necrotic tissue by  U. atrum  prevents saprophytic colonisation of 
those leaves by  B. cinerea . Two antibiotic-producing isolates of  Serratia liquefaciens  
reduced conidiation on irradiated grape leaves and the degree of suppression was 
affected by the antibiotic production by the bacteria (Whiteman and Stewart  1998 ). 

  Induced resistance  (IR) was recognized in recent years as an important mode of 
disease suppression. While several types of micro-organisms have long been known 
to induce resistance to  B. cinerea , including  Pseudomonas aeruginosa  (Audenaert 
et al.  2001 ) and  Trichoderma  spp. (De Meyer et al.  1998 ), tremendous progress has 
recently been made in the comprehension of implicated mechanisms .  Studying the 
effect of metabolite complexes secreted by  T. atroviride  on plant cells, Navazio 
et al. ( 2007 ) found that secreted fungal molecules are sensed by plant cells through 
intracellular Ca 2+  changes and that plant cells have the ability to discriminate signals 
originating in the single or two-fungal partner interaction and modulate defence 
responses. Indeed, plant- Trichoderma  spp. interaction is known to correlate with 
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changes in the plant proteome and transcriptome (Shoresh et al.  2010 ; Hermosa 
et al.  2012 ). 

 Recently,  T. harzianum  T39 was shown to be involved in a complex transcrip-
tional reprogramming in grapevine (Palmieri et al.  2012 ), affecting proteins associ-
ated with stress responses, photosynthesis, redox signalling and energy metabolism 
(Perazzolli et al.  2012 ). The hormonal and molecular IR pathways involved in 
 Trichoderma  spp.-plant interactions are usually dependent on the jasmonate (JA) 
and/or ethylene (ET) signaling pathways typical of ISR (Shoresh et al.  2005 ,  2010 ; 
Korolev et al.  2008 ; Perazzolli et al.  2008 ). In some cases,  Trichoderma  spp. induced 
the expression of defence-related genes associated with both the salicylate (SA) and 
the JA/ET pathways (Hermosa et al.  2012 ). In addition, the effects of  Trichoderma- 
based  treatments on the expression levels of defence-related genes vary with the 
type of treatment, the type of tissue analysed, and plant age. For instance, SA-induced 
gene expression was observed in tomato foliage after long-term  Trichoderma  spp. 
treatment, soil incorporated or applied as seed coating (Alfano et al.  2007 ; Tucci 
et al.  2011 ), but opposite results were observed when T39 was sprayed onto grape-
vine foliage (Perazzolli et al.  2011 ,  2012 ). 

 Expression levels of defence-related genes in plants often refl ect the state of the 
plant’s awareness of biotic and abiotic stresses. Observations of  B. cinerea  infection 
in leaves harvested from plants grown in the treated soils revealed that drenching 
with a T39 suspension induced systemic resistance against  B. cinerea  and primed 
SA- and ET-related gene expression in a manner proportional to the concentration 
of  Trichoderma  (Meller Harel et al.  2014 ). Similarly, up-regulation of  TomloxA  and, 
to a lesser extent,  TomloxC  was observed in tomato plants grown from seeds coated 
with  T. harzianum  T22 (Tucci et al.  2011 ).  T. harzianum  T39 induced strong prim-
ing effects on  PR1a ,  Chi9 , and  GluB  expression. The priming effect of T39 on 
defence- and microbial recognition-related gene expression upon infection with  B. 
cinerea  is expected for a BCA triggering the ISR pathway (Ahn et al.  2007 ) and has 
been reported (Malmierca et al.  2012 ; Shoresh et al.  2005 ; Palmieri et al.  2012 ). 
Expression of the ET-related genes  EFR1  and  ACO1  was also primed by the T39 
treatments. Opposite results were reported in regards of gene expression induced by 
strain T22, showing up-regulation of SA-marker genes before infection with  B. 
cinerea  and the down-regulation of those genes following infection (Tucci et al. 
 2011 ). In the case of  P. viticola -grapevine interactions, induction of  Lox9  genes 
transcription was observed in T39-treated plants (Perazzolli et al.  2011 ). Prior to 
inoculation, the SA-responsive genes were inhibited by T39. Following inoculation 
with  B. cinerea , T39 induced strong priming of the SA-responsive genes expres-
sion. Finally, the research with  T. atroviride  and  T. harzianum  and various tomato 
lines revealed that induced systemic resistance was evident for some, but not all, the 
tested tomato lines. This means that the genetic background of the host plant is 
important for response to the resistance induction (Tucci et al.  2011 ). 

 Gene expression was followed also in fruits at postharvest stage. In apple fruits 
treated by  Candida oleophila  and  B. cinerea , PR-8 expression was signifi cantly 
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elevated in response to both fungi. The PR-8 gene was cloned into a  Pichia pastoris  
expression system revealing that the PR protein it codes for may play a role in the 
inhibition of  B. cinerea  by  C. oleophila  in apple fruit, namely by the induction of 
this specifi c host PR gene (Liu et al.  2013 ).  

9.4     Determinants of Effi cacy 

 Although examples of steady effi cacy are not uncommon (Calvo-Garrido et al. 
 2013 ; Ilhan and Karabulut  2013 ), biological control is generally considered as 
inconsistent in fi eld conditions, either from one growing season to the next or over 
different sites (Nicot et al.  2011 ). This is generally blamed on its vulnerability to 
changeable environmental conditions and/or on an unstable quality of the products. 
It may also result from variability in the sensitivity of plant pathogens to BCAs. 

9.4.1     Environmental Conditions and Stability of the Active 
Ingredient 

 Fluctuating environmental conditions in commercial production systems can infl u-
ence the survival, establishment and activity of BCAs (Morandi et al.  2008 ). Many 
studies have evaluated the effect of microclimate on the effi cacy of BCAs in con-
trolled or semi-controlled conditions. In most cases, both temperature and relative 
humidity were key factors. For example,  T. harzianum  T39 was more effective in 
controlling  B. cinerea  on cucumber when temperature was above 20 °C and relative 
humidity in the range of 80–97 % (Elad et al.  1993 ). Similarly, high day-time tem-
perature and high relative humidity overnight were associated with a reduction in 
effi cacy of  A. pullulans ,  C. albidus  and  T. harzianum  to control  B. cinerea  on 
cucumber and tomato (Dik and Elad  1999 ). Even small-amplitude variations in cli-
mate can strongly infl uence biocontrol effi cacy. Among seven BCAs tested by 
Hannusch and Boland ( 1996 ), six were highly dependent on climatic conditions. 
Changes by 4 °C in temperature or 5 % in relative humidity (in the range of 20–28 
°C and 90–100 % RH) were suffi cient to cause variability in grey mould suppres-
sion on bean that ranged from 15 to 100 %. 

 In contrast, consistent biocontrol effi cacy over wide ranges of temperatures and 
highly fl uctuating relative humidity may be achieved in some situations. In the con-
text of postharvest for example,  Rhodotorula glutinis  signifi cantly reduced the 
development of  B. cinerea  on strawberry during 5 days of storage at 4 °C followed 
by 3 days at 20 °C (Zhang et al.  2007 ). In specifi c cases, such as the protection of 
pruning wounds of tomato, temperature but not relative humidity (between 50 and 
90 %) affected the effi cacy of  Microdochium dimerum  and  U. atrum  to reduce the 
incidence of pruning wound infection by  B. cinerea  (Nicot et al.  2002 ). However, a 
complicating factor may be that the effect of microclimate is not necessarily the 
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same for all components of biocontrol effi cacy. For example, in contrast to the pro-
tection against wound infection, other components of effi cacy such as delay of 
infection, expansion of stem lesions and inhibition of sporulation were little infl u-
enced by the microclimatic conditions studied (Nicot et al.  2002 ). 

 In addition to a necessary adaptation to their physical environment, the persis-
tence of BCAs on the plant after application requires that they can also compete 
with or blend in communities of microorganisms that may change overtime. In a 
recent study, strawberry plants were repeatedly sprayed with three BCAs ( Bacillus 
amyloliquefaciens ,  T. harzianum  and  Beauveria bassiana ) to suppress  B. cinerea  
infections. Both  Bacillus  and  Trichoderma  spp. persisted in the strawberry phyllo-
sphere throughout the strawberry season, suggesting a high competitive ability on 
the leaves. In parallel, no signifi cant impact of the treatments was detected on the 
leaf microbiota (Sylla et al.  2013 ). In some cases the natural microfl ora can be ben-
efi cial for effi cacy, as shown on apple wounds for  C. oleophila  against  B. cinerea  
(Mercier and Wilson  1994 ).  

9.4.2     Dose Effect and “Quality” of the Preparations 

 The protective effi cacy of a BCA depends on features of the product that infl uence 
its persistence on the plant. In this matter, microbial products present particular 
challenges when their effect depends on the presence of a suffi cient amount of liv-
ing cells (Zhang et al.  2009 ; Kowalska et al.  2012 ; Mari et al.  2012 ; Nicot et al. 
 2002 ). Commercial products have to be engineered to contain a minimum concen-
tration of living cells and retain it through the chain of distribution, so it is suffi cient 
at the time of application by the farmer. Formulations have been designed to pre-
serve both the survival of the BCA and its protective properties, thus ensuring a 
satisfactory shelf life as shown for  Pseudomonas  (Janisiewicz and Jeffers  1997 ),  A. 
pullulans  (Mounir et al.  2007 ) or various  Trichoderma  sp. (Ruocco et al.  2011 ). 
Production processes also play an important role (Jackson et al.  1991 ) and substan-
tial gains in protection effi cacy can be obtained by optimizing the nutrient substrate 
composition as shown for  Rhodotorula  (Calvente et al.  2001 ) and  Pichia carribbica  
(Zhao et al.  2012 ,  2013 ). Although much innovation is needed on this topic, cur-
rently published information is quite limited.  

9.4.3     Delivery Systems and Timing of Applications 

 Timely and accurate coverage of the plant tissue to be protected may be a key factor 
for successful biological control, requiring the target to be precisely identifi ed so as 
to defi ne the pertinent application method. In heated tomato greenhouses for exam-
ple, grey mould symptoms develop mainly on stems, following infection of pruning 
wounds. The BCA  Fusarium  sp., developed for its effi cacy in protecting pruning 

P.C. Nicot et al.



177

wounds of tomato plants was equally effi cacious when applied with a sprayer or 
through pruning shears equipped with a small nozzle which sprayed a conidia sus-
pension of the BCA directly on the blades (Decognet et al.  1999 ). Similarly, spray 
directed on the disease lesion on tomato enhanced the effi cacy of  G. catenulatum- 
based  product Prestop ®  (Lahdenpera and Korteniemi  2008 ). 

 Timing of BCA application, often as a preventive treatment, is also an important 
factor. For instance,  Trichoderma  sp. is highly effective when applied to blossoms 
or fruits for control of  B. cinerea  on strawberry. Even low levels of the organism 
applied to strawberry blossoms by bee delivery or by sprays of liquid formulations 
are effective (Ruocco et al.  2011 ). In a greenhouse experiment, treatment of blue-
berry blossoms with  Clonostachys rosea  signifi cantly reduced establishment of  B. 
cinerea , while application of the BCA after establishment of the pathogen was not 
effective (Reeh and Cutler  2013 ). The greatest inhibition of grey mould on apple, 
using  A. pullulans , was observed when fruits were treated with the antagonist no 
later than 6 h after inoculation (Mari et al.  2012 ). Conversely,  G. catenulatum  was 
able to stop further development of infection of  B. cinerea  even in situations where 
symptoms already occured (Lahdenpera and Korteniemi  2008 ). 

 Increased biocontrol effi cacy may also be achieved by combining various com-
pounds together with a given BCA. Many compounds such as calcium salts, ammo-
nium molybdate, chitosan, amino acids, salicylic acid, carbohydrates and essential 
oils were shown to enhance the effi cacy of BCAs against  B. cinerea  (Nunes et al. 
 2002a ; El-Ghaouth et al.  2000a ,  b ; Guetsky et al.  2002a ; Yu et al.  2012 ; Zamani- 
Zadeh et al.  2013 ; Zhang et al.  2010 ). Combining BCAs is also generally reported 
as benefi cial (Magnin-Robert et al.  2013 ; Nunes et al.  2002b ; Guetsky et al.  2002b ) 
although this is not always the case, as shown for resistance-inducing  T. harzianum  
Tr6 and  Pseudomonas  sp. Ps14 (Alizadeh et al.  2013 ).  

9.4.4     Host-Dependent Effects 

 As  B. cinerea  has a broad host-range, demonstrating the effi cacy of a BCA on sev-
eral of these plant species can make their commercial development more attractive 
(Dik and Wubben  2007 ; Köhl  2004 ). To evaluate the potential market size of  U. 
atrum , tests were conducted on strawberry, onion, cyclamen, pelargonium, pot 
roses, tomato, grapevine, and lily, with convincing effi cacy for most of these species 
(Köhl  2004 ). Conversely, post-harvest rot control effi cacy of  Metschnikowia fructi-
cola  was strongly dependent on the soft fruit type tested (Ferrari et al.  2007 ). Recent 
studies have also indicated that the effi cacy of BCAs may be highly different 
depending on the variety of a given plant species, for example as mentioned above 
for resistance-inducing  Trichoderma  spp. on tomato (Tucci et al.  2011 ) .  

 Little is known on the possible role of mineral plant nutrition on the effi cacy of 
BCAs, although fertilisation was shown to affect the impact of  B. cinerea  on various 
crops (Lecompte et al.  2010 ,  2013 ). Recent studies have reported an effect of 
 nitrogen fertilisation on the effi cacy of defence-stimulating biocontrol products 
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(chitosan,  B. subtilis -based Serenade Max ® ) against  B. cinerea  on strawberry plants 
(Nicot et al.  2013 ) and on  T. atroviride  and  M. dimerum  against  B. cinerea  of tomato 
(Abro et al.  2014 ). Interestingly, high levels of nitrogen enhanced biocontrol effi cacy 
in the tomato experiments, while the opposite effect was observed on strawberry. 
Further work will be needed to fully understand the underlying mechanisms.  

9.4.5     Variability in the Susceptibility of  Botrytis  spp. 

 Few studies have evaluated differences in sensitivity to BCAs among populations of 
 B. cinerea . Recently, 204 isolates were tested for their sensitivity to pyrrolnitrin, an 
antibiotic produced by various BCAs (Ajouz et al.  2011 ). A broad range of diversity 
was observed, with an 8.4-fold difference between the most and the least sensitive 
isolates of  B. cinerea . Despite these differences, the isolates were equally well con-
trolled on tomato by a pyrrolnitrin-producing strain of  Pseudomonas chlororaphis . 
Diversity was also found in the sensitivity of 29  B. cinerea  isolates to  R. glutinis  
PM4 on geranium leaf discs (Buck and Jeffers  2004 ). Some isolates were totally 
insensitive while others produced signifi cantly reduced symptoms in the presence 
of the BCA. Similar results were found with 40 isolates of  B. cinerea  on tomato and 
lettuce leaves in the presence of  B. subtilis  QST713 (Bardin et al.  2013a ). The pro-
tective effect of the bacterium ranged from 40 to 86 % on tomato leaves and 0–80 
% on lettuce leaves, depending on the  B. cinerea  isolate. In another study, in con-
trast, all isolates were equally well controlled by a preparation of  M. dimerum  used 
at the recommended dose (Bardin et al.  2013b ). However, differences in protective 
effi cacy were observed among isolates of  B. cinerea  when the BCA was used at a 
ten-fold reduced dose. In this case, a correlation was noticed between the level of 
aggressiveness of  B. cinerea  and the level of protection provided by the BCA 
(Bardin et al.  2013b ). This correlation was presumably the consequence of the puta-
tive mode of action of this BCA, which is not based on a direct effect but considered 
to be essentially competition for nutrients. 

 Taken together, these results show that  B. cinerea  populations have a high level 
of diversity in their sensitivity to BCAs regardless of their mode of action. Gradual 
selection of less sensitive isolates and reduced effectiveness of BCAs against  B. 
cinerea  in the fi eld should thus not be regarded as an impossible outcome of selec-
tion pressure, if biocontrol became widely and intensively used by farmers. Indeed, 
studies of Li and Leifert ( 1994 ) have shown that  B. cinerea  was able to gradually 
build up resistance to  B. subtilis  CL27 although this BCA produces three different 
antifungal antibiotics, two of which were effective in vitro against  B. cinerea  (Leifert 
et al.  1995 ). It only took ten successive treatments with the BCA to observe a com-
plete loss of effi cacy (Li and Leifert  1994 ). 

 In evolutionary experiments conducted in vitro, strains of  B. cinerea  consistently 
became resistant to pyrrolnitrin after successive generations produced under selec-
tion pressure (Ajouz et al.  2010 ). This buildup of resistance was accompanied with 
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a loss of susceptibility in vitro to the inhibitory effect of pyrrolnitrin-producing  P. 
chlororaphis  but also a reduction in aggressiveness of the more resistant strains. 
Furthermore, selection pressure exerted by the fungicide iprodione in similar exper-
iments also led to the build-up of resistance to pyrrolnitrin and to  P. chlororaphis  
due to similar modes of action (Fillinger et al.  2012 ). These results suggest that the 
use of chemical methods in parallel to or in combination with biological control 
need to be carefully thought out in order to avoid any impact on the durability of the 
effi cacy of certain BCAs.   

9.5     Natural Biological Control and Its Enhancement 

 Traditionally, agricultural patho-systems implicating  Botrytis  spp. are described with 
three levels of biological interactions (BCA –  Botrytis ,  Botrytis  – plant, BCA – plant) 
within a general context of possible effect of the abiotic environment. However, an 
additional component has to be considered in this system, namely the indigenous 
microfl ora on the plant surface. This microfl ora may interact with the pathogen and 
the plant and affect the outcome of the plant – pathogen interaction. Interestingly, the 
microfl ora composition is affected by changes in the plant growth medium, as refl ected 
in rhizosphere microfl ora, especially as a result of various soil amendments. 

 Composts produced with various types of organic matter are commonly incorpo-
rated to soil and substrates in which plants are grown. There is evidence that foliar 
diseases including grey mould can be reduced by such amendments (Segarra et al. 
 2007 ; Vallad et al.  2003 ; Yogev et al.  2010 ; Zhang et al.  1998 ). A compost of olive 
origin was shown to induce resistance against  B. cinerea  in  Arabidopsis thaliana , in 
parallel with triggering the expression of various genes related to plant response to 
both microbial and abiotic stress stimuli (Segarra et al.  2013 ). This highlighted the 
possible role of soil microfl ora in providing natural biocontrol against  Botrytis . 

 Soil solarisation is effective in controlling a variety of soilborne pathogens 
(Katan and DeVay  1991 ; Stevens et al.  2003 ). Mechanisms of control are both phys-
ical and biological as solarisation stimulates rhizobacteria, such as fl uorescent pseu-
domonads and  Bacillus  spp. (Stapleton and DeVay  1984 ; Gamliel and Katan  1991 ). 
These microorganisms are potential inducers of plant resistance and their enhance-
ment in the solarised soil could contribute indirectly to induced resistance (Katan 
and Gamliel  2012 ). Strawberry, cucumber and common bean grown on solarised 
substrates showed signifi cant reduction in disease after leaf inoculation with  B. 
cinerea , hence indicating induced resistance that is systemic (Okon Levy et al. 
 2004 ). Furthermore, denaturizing gradient gel electrophoresis (DGGE) revealed 
changes in the patterns of rhizosphere and phyllosphere populations and some 
bacilli, pseudomonads and actinobacteria were detected. Culturable bacilli and 
pseudomonads were isolated from the rhizosphere of plants grown in solarised soil, 
applied to soil and found to induce systemic resistance to grey mould in cucumber 
(Elad et al. unpublished results). The JA marker gene  PI2  and the  Pti4  gene, which 
codes for trans-acting factors of PR genes, were up-regulated by soil solarisation. 
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Following  B. cinerea  infection, up-regulation of the PR genes PR1a, GluB and 
CHI9 in treated plants revealed a priming effect of soil solarisation (Okon Levy 
et al.  2015 ). Thus, the soil treatment involves not only a direct effect on the plant but 
also an indirect effect via stimulation of benefi cial microorganisms in the rhizo-
sphere that by themselves induce resistance. 

 Biochar is a product of pyrolysis of waste biomass in the absence of oxygen. It 
can be applied to the soil as a conditioner, where it remains in an essentially perma-
nent form and leads to net removal of carbon from the atmosphere (Laird  2008 ; 
Lehmann  2007 ) while improving soil properties and plant productivity (Glaser et al. 
 2002 ). Biochar also induces systemic resistance to  B. cinerea  and other foliar dis-
eases (Elad et al.  2010 ). Phylogenetic characterization of bacterial isolates from 
biochar-amended growing mixtures (based on partial 16S rRNA gene analysis) 
showed that out of the 21 unique identifi ed isolates, 16 were affi liated with previ-
ously described plant growth promoting or biocontrol agents, including 
 Pseudomonas ,  Mesorhizobium ,  Microbacterium ,  Brevibacillus ,  Bacillus , and 
 Streptomyces spp.  (Graber et al.  2010 ). Molecular fi ngerprinting (DGGE and 
T-RFLP) of 16S rRNA gene fragments of the root-associated rhizosphere commu-
nity showed a clear differentiation between biochar-amended and non-amended 
plants. Pyrosequencing of 16S rRNA amplicons showed a relative abundance of 
members of the  Bacterioidetes  phylum increased from 12 to 30 % in the biochar- 
amended samples, while that of the  Proteobacteria  decreased from 71 to 47 %. The 
 Bacteroidetes- affi liated  Flavobacterium  was the strongest biochar-induced genus. 
Additional biochar-induced genera included degraders of chitin ( Chitinophaga ), 
cellulose ( Cellvibrio ) and aromatic compound degraders ( Hydrogenophaga  and 
 Dechloromonas ) .  It was suggested that the biochar-augmented microfl ora is at least 
partially responsible for the benefi cial effect of biochar amendment on plant growth 
and disease resistance, including against  B. cinerea  (Kolton et al.  2011 ). Selected 
rhizosphere microbial isolates from biochar treated soil were found as effective 
BCAs. 

 Interestingly, application to leaves or roots of  T. harzianum , a BCA by itself, 
resulted in increased variability in the bacterial population inhabiting the leaves. It 
was suggested that some of the effect exerted by  T. harzianum  is associated with 
microbial changes (Okon Levy et al.  2005 ). It is possible that the improved plant 
growth and disease control observed in the  T. harzianum  treatment is due to a direct 
effect of  T. harzianum  or due to an increase in populations of benefi cial microbes 
(Elad et al.  2004 ) as revealed by the recent investigation of resistance pathways and 
related genes that are involved in  B. cinerea  suppression by induced resistance in 
tomato leaves (Meller Harel et al.  2014 ), DGGE analyzes, and activity of isolated 
microorganisms from bean plants. 

 Finally, naturally occurring endophytic microorganisms are known to produce 
inhibitory compounds. For example, an endophytic  Aspergillus clavatonanicus , iso-
lated from  Taxus mairei , produces clavatol and patulin which both exhibited inhibi-
tory activity in vitro against  B. cinerea  and other fungi. Zhang et al. ( 2008 ) suggested 
that these compounds may be involved in the protection of  T. mairei  against attack 
by plant pathogens.  
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9.6     Future Prospects and Challenges 

 Much change has occurred in the last decade concerning  Botrytis  control with 
biopesticides. One remarkable evolution is the increase in the number of commer-
cialised preparations and the range of their area of registration. This has been 
accompanied by improvements in production and manufacturing processes, as well 
as in formulation technology, resulting in more robust and cost effective products. 
Additionally, biopesticides which were often marketed as complete replacements 
for chemical control are increasingly promoted as components of an integrated dis-
ease management system and as useful tools for the management of fungicide resis-
tance. Together with their suitability when disease pressure is low or when chemicals 
cannot be used (e.g. over bloom time or just before harvest), this situation is likely 
to assist their widespread adoption by farmers. 

 Future years will also likely entail continued progress in our comprehension of 
the mechanisms of biocontrol, especially those related to induced resistance and 
direct interference of the BCA with pathogenesis. Much promise is shown by RNA 
interference technology, both as a research tool to understand the role of specifi c 
genes and as a potential tool to construct new biocontrol methods or to devise 
screening strategies for the selection of new BCAs. Progress in the comprehension 
of host-dependent effects will be needed to guide the deployment of BCAs accord-
ing to the varieties used by the growers. It may also lead to the inclusion in varietal 
selection schemes of criteria related to the capacity of the plant to be induced or 
primed for  Botrytis -resistance or to enhance the effi cacy of biocontrol. Finally, with 
anticipated wider fi eld use of BCAs against  Botrytis , vigilance will be needed in 
future years to ascertain that durability does not become an issue for biocontrol as it 
has been for chemical control.     
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    Chapter 10   
 Chemical Control and Resistance 
Management of  Botrytis  Diseases                     

       Sabine     Fillinger      and     Anne-Sophie     Walker    

    Abstract     Chemical control remains the easiest way to manage  Botrytis  epidemics 
on many crops. Nevertheless, actual concerns about the environment, human health 
and control sustainability invite to a smarter use of fungicides, aiming to delay resis-
tance evolution in pathogen populations. This chapter deals with the mode of action 
of botryticides (including multi-site toxicants and molecules affecting specifi cally 
respiration, cytoskeleton, osmoregulation, sterol and amino-acid biosynthesis) and 
associated resistance cases, mostly due to target site modifi cations. We also present 
original resistance mechanisms for fungi such as detoxifi cation and multidrug resis-
tance. Finally, this chapter introduces strategies available to decrease selection pres-
sure exerted by fungicides on  Botrytis  spp. populations with the long-term aim to 
improve resistance management in the fi eld.  

  Keywords     Fungicides   •   Mode of action   •   Resistance mechanism   •   Effi cacy   • 
  Strategy  

10.1       Introduction 

 Plant diseases due to infections by  Botrytis cinerea  and other  Botrytis  species, if 
uncontrolled, may account for important crop losses, pre- and postharvest, with 
potentially high economic impact as described in the previous chapters. Integrated 
pest-management, including resistant cultivars, prophylactic means or application 
of biocontrol agents, is necessary but not always suffi cient or available to prevent 
these diseases (see Chaps.   8    ,   9    , and   11    ). Chemical control based on the application 
of mostly synthetic fungicides, therefore constitutes the principal means of effi cient 
and reliable crop protection against grey mould. Control of diseases due to  Botrytis  
and related species ( e.g. ,  Sclerotinia ,  Monilinia ) represents roughly 8 % of the 
global fungicide market (Phillips and McDougall  2012 ). Fungicide investment may 
differ among crops according to their economic value, their sensitivity to  Botrytis  
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infection and their storage time. Among them, grapes constitute high value crops for 
grey mould control. 

 During the last decades, restriction in fungicide application became necessary to 
reduce the impact on the environment (Fenner et al.  2013 ) and to limit fungicide 
residues (Verger and Boobis  2013 ) on harvest, requiring optimized protection strat-
egies. At the same time, acquired resistance to most botryticides arose in many 
agronomical situations, sometimes impeding fi eld effi cacy and leading to additional 
sprays (Brent and Hollomon  2007 ). Reaching a compromise between fungicide 
durability, human health and environment protection and valuable crop production 
may imply to optimize spray timing and molecule choice and to promote agro- 
ecological practices combining prophylaxis measures, natural regulations ( e.g. , by 
the means of biocontrol agents) and conventional fungicide treatments. In this chap-
ter, we will describe the main chemicals used against grey mould with a focus on the 
latest modes of action introduced; resistance phenomena will be described, as well 
as their occurrence in the fi eld, with a special highlight on new resistance mecha-
nisms discovered since the last edition of the “Botrytis” book (Leroux  2004 ). 
Finally, we will propose rules for decision-makers, to help them adapting fungicide 
strategies according to the risk-situation. Most information available on these 
important topics concern  B. cinerea , but data about other  Botrytis  spp. will be men-
tioned, when available.  

10.2      Botryticides: Mode of Action and Resistance 

 In this chapter we consider only fungicides that inhibit or reduce disease develop-
ment through direct activity on the pathogenic fungus. Their  in vitro  activities are 
either fungicidal or fungistatic (blocking the fungal development without killing the 
fungus itself). Mostly preventive, only few fungicides have curative activities once 
the disease is installed (for review see McGrath  2004 ). As will be presented in the 
following sections, fungicides target either specifi cally essential cellular functions 
(single-site activity), or display multi-site activity, interfering with more than one 
cellular function. Most modern fungicides, active at low dosage, are highly specifi c 
through their single site activity. However, concomitant with this strong activity, the 
risk of resistance selection after target site modifi cations is also high, for many 
modes of action. Historically, at least fi ve groups of unisite botryticides were intro-
duced into the fungicide market and target distinct cellular functions: (i) the cyto-
skeleton (microtubules); (ii) mitochondrial respiration and ATP-synthesis; (iii) 
ergosterol biosynthesis; (iv) biosynthesis of proteins or amino acids; (v) signal 
transduction. No elicitor activity on the plant’s defense has been reported so far for 
fungicides registered against grey mould. Nevertheless, biocontrol agents or natural 
antifungal molecules, such as polyoxins or potassium bicarbonate, are of particular 
interest, especially for organic farming (Chap.   9    ). Polyoxins are fermentation prod-
ucts of  Streptomyces cacaoi  var.  asoensis  that interfere with the fungal cell wall 
biosynthesis (competitive inhibitor of chitin synthase). This kind of fungicide has 
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been used on sweet basil in Israel since the early 1990s without the selection of high 
resistant strains (Mamiev et al.  2013 ). 

 The major active ingredients (a.i.) and the corresponding formulated trademarks 
registered for grey mould control are summarized in Table  10.1 . Their modes of 
action according to the FRAC classifi cation (Fungicide Resistance Action 
Committee;   www.frac.info    ) are described in the following sections. As we will 
focus our detailed descriptions on the molecules introduced since 2004, we invite 
the reader to refer to the corresponding chapter from 2004 (Leroux  2004 ) for details 
on older fungicide categories. Resistance to fungicides may be preexisting in a fun-
gal population at the species level (natural resistance) or it may arise in populations 
after fungicide selection (acquired resistance). The susceptibility of fungal isolates 
to fungicides is measured by growth assays on ranges of fungicide concentrations, 
in order to determine the concentration inhibiting fungal growth by 50 % – also 
called EC 50  – or eventually the minimal inhibitory concentration (MIC). Comparing 
the EC 50  values of a given strain to those of sensitive reference strains – generally 
those isolated before the introduction of the fungicide – allows determining its resis-
tance factor or level (RF or RL). We propose here to consider low resistance (LR) 
levels for EC 50  ratios between 2 and 20, moderate resistance (MR) for RFs between 
20 and 100; high resistance (HR) would be considered for EC50 ratios >100.

   When a fungal population is treated with a given fungicide, the proportion of 
resistant isolates – the only individuals adapted to survive – increases. The speed of 
this increase may be considered as a balance between the intensity of the positive 
selective pressure (frequency of the applications, nature of modes of action) and of 
the negative selection pressure,  i.e.  the resistance cost observed in the resistant iso-
lates relative to that of the sensitive ones. The effi cacy of a given fungicide may be 
threatened if the frequency of highly resistant isolates in the fungal population is 
above a critical level, specifi c to each situation but often estimated to 20 % 
(Hollomon and Brent  2009 ). Anti-resistance strategies aiming to reduce the inci-
dence of resistance in fungal populations need to combine the biological risk (inher-
ent to the fungus’ life traits), the fungicide risk (inherent to the fungicide’s mode of 
action) and the agronomic risk (refl ecting cultural practices and the intensity of 
fungicide use) (Kuck and Russell  2006 ). 

10.2.1     Multisite Botryticides 

 Multisite toxicants fi gure among the eldest fungicides used in agriculture with the 
inorganic sulfur and copper salts described already in the nineteenth century 
(reviewed in Russell  2005 ). Against  Botrytis  diseases, molecules belonging to the 
chemical families of chloronitriles, phtalimides, sulfamides and dithiocarbamates 
( e.g. , folpet, thiram, tolylfl uanid and chlorothalonil) are still registered in many 
countries, as well as in mixture with unisite fungicides, targeting numerous fungal 
pests including oomycetes. Most of the compounds cited in Tables  10.1  and  10.2 , 
have highly reactive electron-rich groups with a potentially strong action on thiol 
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(SH-) groups of fungal enzymes, inhibiting their reducing activity and/or the forma-
tion of disulfur-bonds (Corbett et al.  1984 ; Bernard and Gordon  2000 ). Resistance 
to multisite fungicides has been observed only in a few cases in  Botrytis  spp. and 
seems to involve detoxifi cation (reviewed in Leroux  2004 ). Although less exposed 
to resistance development than unisite fungicides, some multisite toxicants might be 
withdrawn from certain countries or markets for toxicological reasons after their 
evaluation for re-registration, due to the high application rates necessary for these 
contact fungicides with solely preventive activity.

10.2.2        Unisite Fungicides 

10.2.2.1     Cytoskeleton Inhibitors 

 The fi rst systemic fungicides synthesized by the chemical companies were those 
affecting the cytoskeleton ( i.e. , benzimidazoles, thiophanates, and N-phenyl- 
carbamates) through microtubular binding, with severe effects on cell division, mito-
sis and protein secretion (Gessler et al.  1981 ; Temperli et al.  1991 ; Jochova et al.  1993 ; 
Pedregosa et al.  1995 ; Davidse and Ishii  1995 ). The N-phenylcarbamate diethofen-
carb mainly used against grey mould and the benzamide zoxamide, an anti-oomycete, 
display a similar mode of action. They were the fi rst fungicides with curative activity 
against many fungal diseases, but due to massive application, most fungi including 
 Botrytis  spp. became resistant to these unisite fungicides, especially towards benz-
imidazoles and thiophanates (Bollen and Scholten  1971 ; reviewed in Leroux  2004 ) 
(Table  10.2 ). Here and at later instances of this chapter, we will not use the nomencla-
ture of the observed phenotypes, as these may be different among authors. 

 Two major phenotypes of resistance to cytoskeleton inhibitors have been 
described for  B. cinerea . In the fi rst one high resistance to benzimidazoles is associ-
ated with increased sensitivity to N-phenyl-carbamates and to zoxamide (Ben HR , 
NPC S ). The second phenotype displays positive cross-resistance towards the three 
categories of cytoskeleton inhibitors (Ben HR/MR , NPC R ). In both cases, point muta-
tions in the β-tubulin encoding gene  benA  (synonymous of  tubA / btuB / mcb ) are 
responsible for theses phenotypes. The amino-acid changes E198A/V were observed 
in the Ben HR , NPC S  strains and E198K/L or F200Y replacement in Ben HR/MR , NPC R  
strains (Yarden and Katan  1993 ; Park et al.  1997 ; Banno et al.  2009 ; Zhang et al. 
 2010 ; Ziogas et al.  2009 ; Kim et al.  2009 ). Probably with a low resistance cost, the 
E198A mutants are widely distributed among  B. cinerea  populations even in the 
absence of selection pressure. This contrasts with those harbouring the F200Y 
mutation whose frequency rapidly decreases when the application of the mixture 
between carbendazim and diethofencarb is stopped (Walker et al.  2013 ). At last, 
resistance to benzimidazoles was detected in  B. alii ,  B. elliptica , and  B. tulipae  
(Hsiang and Chastagner  1991 ,  1992 ). Due to high effi cacy losses linked with resis-
tance selection, in many situations, and the development of other botryticides with 
higher intrinsic activity, anti-microtubules have now little use.  
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10.2.2.2     Fungicides Affecting Signal-Transduction (Osmoregulation) 

 Two chemical categories, applied against  Botrytis  infections, interfere with the fun-
gal signal transduction: the dicarboximides and the phenylpyrroles, which are struc-
tural analogs of the natural antifungal compound pyrrolnitrin (Chap.   9    ). The exact 
targets of dicarboximides ( e.g.  iprodione, vinclozolin, procymidone) and the phenyl-
pyrrole fl udioxonil are still unknown. Nevertheless, these botryticides induce physi-
ological changes, characteristic of an over-stimulation of the stress response 
signal-transduction (for details, see Chaps.   13     and   14    ), namely glycerol- accumulation, 
lipid peroxidation, plasma membrane leakage (reviewed in Tanaka and Izumitsu 
 2010 ; Hayes et al.  2014 ). They inhibit conidial germination and mycelial growth of 
a variety of plant pathogenic fungi (Leroux  1996 ). Due to extensive use, dicarboxi-
mides rapidly lost their effi ciency against grey mould after the selection and general-
ization of specifi c resistance among  B. cinerea  populations (refer to Leroux  2004 ). 
Only very restricted applications of these botryticides are allowed on some crops to 
limit the selection of dicarboximde resistant strains, which seem to exhibit high resis-
tance cost in the fi eld as well (Walker et al.  2013 ). Resistance to dicarboximides was 
also easily found in  B. squamosa  on onion and on  B. elliptica  on fl ower bulbs in 
Canada but the resistance mechanism was not explored (Hsiang and Chastagner 
 1992 ; Carisse and Tremblay  2007 ). On the opposite, the phenylpyrrole fl udioxonil 
does not suffer real resistance problems since only rare cases of specifi c resistance 
have been reported in  Botrytis  isolates (Vignutelli et al.  2002 ; Zhao et al.  2010 ; Ma 
et al.  2007 ). This is probably not only due to resistance management, but rather to the 
strongly affected fi tness of fl udioxonil resistant mutants. The analysis of laboratory 
induced fl udioxonil mutants revealed reduced conidiation rate and pathogenicity, 
increased sensitivity to osmotic and other stresses associated with high resistance 
levels to fl udioxonil and cross-resistance to dicarboximides in a phenotype (Viaud 
et al.  2006 ; Ma et al.  2007 ; Fillinger et al.  2012 ). 

 The majority of  B. cinerea  fi eld or laboratory mutants resistant to dicarboximides 
and/or fl udioxonil harbor mutations in the histidine-kinase gene  bos1  (syn.:  daf1 ; 
Table  10.2 ). The Bos1 protein probably senses the fungicides and transmits this 
signal to the downstream MAP-kinase BcSak1 (and potentially other pathways), 
thereby stimulating the cellular response leading to cell wall breakdown, cell swell-
ing and burst (Liu et al.  2008 ; reviewed in Tanaka and Izumitsu  2010 ). 

 The modifi cations observed in the Bos1 protein either completely abolish its func-
tion (loss of function) leading to cross-resistance between fl udioxonil and dicarboxi-
mides, mostly observed in laboratory mutants, or they interfere with the N-terminal, 
helical HAMP-domains of the protein involved in signal transduction. Indeed the 
replacements of hydrophobic residues in these domains ( e.g. , I365S) are thought to 
abolish their helical structure and consequently signal transduction (Fillinger et al. 
 2012 ). If the histidine-kinase Bos1 constitutes the target of either the dicarboximides 
or the phenylpyrroles still remains unknown. Pillonel and Meyer ( 1997 ) showed dif-
ferences in protein kinase inhibition profi les between phenylpyrrole and dicarboxi-
mide fungicides. It may be, as suggested by Hayes et al. ( 2014 ) that both fungicides 
induce cell death through over-stimulation of the BcSak1 MAP-kinase.  
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10.2.2.3     Inhibitors of Amino-Acid Biosynthesis 

 The anilinopyrimidines mepanipyrim, pyrimethanil and cyprodinil are registered 
against grey mould on various crops,  solo  or in mixture with fl udioxonil. They are 
suspected to inhibit amino-acid biosynthesis, especially that of methionine (Fritz 
et al.  1997 ). However, enzyme assays could not prove any effect of pyrimethanil on 
cystathione-β-lyase activity (Fritz et al.  2003 ) and no specifi c mutations were 
recorded, in resistant strains, either in the sequence of the corresponding gene 
 BcmetC , nor in those encoding cystathionine γ-synthase, cystathionine γ-lyase, or 
cystathionine β-synthase, also involved in methionine synthesis (Sierotzki et al. 
 2002 ; De Miccolis Angelini et al.  2012 ). Therefore, the direct target of anilinopy-
rimidines remains unknown. 

 Isolates displaying moderate or high resistance to anilinopyrimidines were found 
a few years after the introduction of these molecules (Leroux et al.  2002b ). This 
specifi c resistance is conferred by a single gene and may be suspected as target site 
mutation (Chapeland et al.  1999 ). Additional genetic analyses conducted by De 
Miccolis Angelini et al. ( 2012 ) indicated strong instability of anilinopyrimidine 
resistance during vegetative growth without selective pressure, suggesting most 
resistant isolates to be heterokaryons. This was confi rmed by the lethality of homo-
karyotic anilinopyrimidine resistant ascospores. Anilinopyrimidine resistance is 
detected in most grey mould populations. Resistance management, restricting their 
application allows maintaining acceptable resistance frequencies, and effi cacy, 
while enabling negative selection pressure to operate (Walker et al.  2013 ).  

10.2.2.4    Ergosterol Biosynthesis Inhibitors (SBIs) 

 Since ergosterol is specifi c to the fungal kingdom and the major sterol present in the 
membranes of most fungi, its biosynthesis constitutes an important target for general 
fungicides. Despite the number of active ingredients acting as SBIs, grey mould con-
trol relies on two to four molecules, the C4-demethylation inhibitors fenhexamid 
(late 1990s) and fenpyrazamine (2012) and, to a lesser extent, the 14α-demethylation 
inhibitors (DMI), tebuconazole and prochloraz. The C4-demethylation inhibitors 
have a spectrum of activity limited to  Botrytis  and closely related species 
(Rosslenbroich  1999 ; Debieu et al.  2013 ), but  Botrytis pseudocinerea  is naturally 
resistant to fenhexamid (Leroux et al.  2002a ; Walker et al.  2011 ). 

 The hydroxyanilide fenhexamid and the amino-pyrazolinone fenpyrazamine 
inhibit the 3-ketoreductase of the C4-demethylation complex, stopping ergosterol 
synthesis and leading to the accumulation of toxic intermediates (Debieu et al. 
 2001 ; Tanaka, Botrytis Symposium 2013, oral comm.). The selectivity of these mol-
ecules can be explained by differential affi nities of fenhexamid towards the 
3- ketoreductase target enzyme of different fungal species (Debieu et al.  2013 ). 

 Genetic studies have shown that acquired resistance to fenhexamid (and also to 
fenpyrazamine prior to its introduction) in  B. cinerea  is due to target modifi cations 
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in most strains (Fillinger et al.  2008 ; Billard et al.  2012 ). The principal highly 
 resistant strains display a replacement of the phenylalanine at position 412 in the 
Erg27 protein, whereas 20 single modifi cations have been identifi ed in moderately 
resistant strains (Albertini and Leroux  2004 ; Esterio et al.  2011 ; Fillinger et al. 
 2008 ; Grabke et al.  2013 ; Saito et al.  2014 ). These modifi cations decrease the affi n-
ity of fenhexamid for the 3-ketoreductase isoenzymes (Debieu et al.  2013 ), allowing 
the enzyme to be active even at high fenhexamid concentrations. Although specifi c 
resistance arose in populations a few years after fenhexamid registration, no or low 
effi cacy losses are recorded for this molecule, possibly because the restrictions of 
use ( e.g.  one yearly on grapevine) keep resistant strains at an acceptable frequency 
and also because a low to moderate cost entails the fi tness of resistant isolates 
(Billard et al.  2012 ).  

10.2.2.5    Fungicides Affecting Fungal Respiration 

 Other essential cellular functions targeted by synthetic fungicides are fungal respi-
ration and energy production. Eukaryotic cells use the mitochondrial electron trans-
port chain (ETC) to oxidize the coenzyme NADH through electron exchange, but 
most importantly, the electrochemical proton gradient produced across the inner 
mitochondrial membrane allows the production of ATP, the cellular energy source 
necessary for any metabolic activity. As outlined in Fig.  10.1 , the ETC is composed 
of four enzymatic complexes, involved in electron exchange through redox reac-
tions, and the fi nal enzyme, ATP synthase. Complex II, namely succinate dehydro-
genase (SDH), also has an enzymatic function in the tricarboxylic acid (TCA) cycle. 
Five functional categories of respiration inhibitor fungicides have been developed, 
and three of them are registered as botryticides (Fig.  10.1 ): those inhibiting complex 
II (SDHIs), complex III (QoIs) and uncouplers of oxidative phosphorylation.

     Uncouplers 

 Uncouplers reduce the proton-gradient across the mitochondrial membrane and 
therefore decrease or even inhibit ATP synthesis (Russell  2005 ). External uncou-
plers are generally hydrophobic compounds with a delocalized negative charge, 
which penetrate the mitochondrial membrane. The sole fungicide, classifi ed as 
uncoupler acting on oxidative phosphorylation, is the dinitro-aniline – or pyridine – 
amine – fl uazinam with a broad spectrum of preventive activity, used in particular 
against oomycetes and grey mould (reviewed in Terada  1981 ; Kadenbach  2003 ). It 
acts as uncoupler involving protonation/deprotonation reactions due to a protono-
phoric cycle (Brandt et al.  1992 ). Several authors suggested additional activities for 
fl uazinam on mitochondrial respiration,  e.g.  inhibition of thiol groups (Brandt et al. 
 1992 ), release of cytochrome c into the cytosol and inhibition of complex I of the 
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  Fig. 10.1    Targets of respiration inhibitors and modifi ed residues involved in resistance with focus 
on complex II inhibitors (SDHIs). ( a ) Enzyme complexes and target sites of respiration inhibitors 
on the electron transfer chain (Adapted from Leroux and Walker  2010 ); ( b ) Detailed view of com-
plexes II and III of the ETC, with the conserved residues in the catalytic or ubiquinone ( UQ ) bind-
ing site (Adapted from Leroux and Walker  2010 ); ( c ) Chemical structure of some SDHIs (Adapted 
from Glättli et al.  2011 ); ( d ) Resistance profi le of  B. cinerea  mutants to different SDHIs – fi eld 
isolates (fi eld) compared to  sdhB  site-directed mutants (lab). When particularly high SDHI con-
centrations are necessary to determine the EC 50  value, only the minimum resistance factors are 
indicated over the columns (>RF) (Adapted from Lalève et al.  2014b )         
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ETC (Akagi et al.  1996 ). These multiple activities on fungal respiration may explain 
the broad spectrum of fungitoxicity, but also why only few cases of fl uazinam resis-
tance have been reported so far for  B. cinerea  (Table  10.2 ). If resistance to fl uazinam 
involves detoxication eventually through the action of GSTs (gluthathion-S- 
transferases), as suggested by Leroux ( 2004 ), remains to be investigated.  
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   Inhibitors of Complex II: Succinate Dehydrogenase Inhibitors (SDHIs) 

 SDH couples the oxidation of succinate to fumarate in the mitochondrial matrix 
with ubiquinone reduction in the inner mitochondrial membrane. It is a complex of 
four proteins ( i.e. , SdhA; SdhB; SdhC; SdhD) encoded by nuclear genes: the solu-
ble entity, responsible for the succinate dehydrogenase activity of the enzyme, con-
sists of subunits A and B; the SdhC and SdhD subunits form the integral membrane 
component, anchoring the enzyme complex to the inner mitochondrial membrane. 
The ubiquinone-binding site (Q-site) involves amino acids from SdhB, SdhC and 
SdhD (Cecchini et al.  2003 ; Hagerhall  1997 ). Fungicides of the carboxamide family 
inhibit ubiquinone reduction by binding to the Q-site of SDH. The intact carbox-
amide structure (R 1 -CO-NH-R 2 ) seems to be required for full fungicidal activity. 
SDHIs build hydrogen-bonds (H-bonds) with the conserved residues of the Q-site 
through the heteroatoms highlighted in Fig.  10.1c  and hydrophobic or π interactions 
through the aromatic cycle of the amine moiety (Glättli et al.  2011 ). 

 Six classes of SDHIs can be defi ned on the basis of the chemical structure of the 
acidic moiety of the molecule (reviewed by Leroux et al.  2010 ; Sierotzki and Scalliet 
 2013 ) (R 1 ): benzamides ( e.g.  fl uopyram, fl utolanil), furan carboxamides ( e.g.  fenfu-
ram), oxathiin carboxamides ( e.g.  carboxin, oxycarboxin), pyrazole carboxamides 
( e.g.  bixafen, isopyrazam, penthiopyrad), pyridine carboxamides ( e.g.  boscalid) and 
thiazole carboxamides ( e.g.  thifl uzamide). The benzamides can also be subdivided 
into two groups on the basis of differences in the amine moiety (R 2 ): phenyl benza-
mides ( e.g. , fl utolanil) and pyridinyl ethylbenzamides ( e.g.  fl uopyram). Actually, 
boscalid (2002), penthiopyrad (2009), isopyrazam (2010) and fl uopyram (2012) 
fi gure among the latest registered fungicides against  Botrytis  spp., but similar mol-
ecules from other companies may be introduced ( e.g. , benzovindifl upyr, 
isofetamid). 

 Once the baseline sensitivity to boscalid was established by different methods on 
 B. cinerea  isolates from different hosts and regions (Stammler and Speakman  2006 ; 
Zhang et al.  2007 ; Myresiotis et al.  2008 ), the fi rst isolates resistant to boscalid were 
reported in 2007 (Stammler et al.  2007 ) and since then successively on many crops 
in several countries (Kim and Xiao  2010 ; Leroux et al.  2010 ; Yin et al.  2011 ; 
Veloukas et al.  2011 ; Fernandez-Ortuno et al.  2012 ; De Miccolis Angelini et al. 
 2014 ; Amiri et al.  2014  and others). The carbon source seems to be a critical issue 
in bioassays, as glucose may compensate SDHI toxicity and should be replaced by 
acetate, succinate or glycerol. As in other fungi, mutations were found in the genes 
encoding the subunits B and D of succinate-dehydrogenase,  sdhB  and  sdhD , espe-
cially for the residues SdhB P225  and SdhB H272  of the ubiquinone binding site, or 
SdhD H132  involved in heme-binding (Fig.  10.1b, d ), but also the N230I modifi cation 
in SdhB. Although modifi cations of SdhC have also been found in  B. cinerea  straw-
berry isolates, strict correlation with resistance to boscalid and fl uopyram could not 
be found (Mosbach et al.  2014 ). 

 The highest levels of resistance have been recorded for the SdhB P225F/L  and 
SdhB H272L/V  substitutions. SdhB H272R  and SdhB H272Y  are the most frequently detected 
substitutions in boscalid-resistant strains. Genetic analyses and site directed 
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 mutagenesis showed that these modifi cations of SdhB confer boscalid resistance 
(De Miccolis Angelini et al.  2010 ; Laleve et al.  2014b ). In fact, they are responsible 
for different levels of resistance to this pyridine carboxamide, but also for different 
spectra of cross-resistance to fl uopyram, to the oxathiin carboxamide carboxin and 
to other SDHIs (Leroux et al.  2010 ; Veloukas et al.  2014 ) (Fig.  10.1d ). Lalève and 
colleagues ( 2014b ) showed for the  sdhB  mutations a strong correlation between the 
affi nity of SDHIs for the SDH isoforms, SDH inhibition and  in vivo  growth inhibi-
tion confi rming the key roles of H272, P225 and N230 in carboxamide binding 
(reviewed in Sierotzki and Scalliet  2013 ; Laleve et al.  2014b ). The  sdhB  H272Y  muta-
tion, leading to fl uopyram hypersensitivity, had no effect on SDH activity or respira-
tion. This category of SDHI-resistant mutants, which is currently the most frequently 
isolated in many agronomic situations, may therefore be well controlled by alternat-
ing or mixed applications of boscalid and fl uopyram, at least in the coming years. 
Resistance to SDHIs is associated with fi tness cost, either on fi eld mutants (Veloukas 
et al.  2014 ) or on isogenic laboratory mutants (Laleve et al.  2014a ). Despite discrep-
ancies between the results, both studies revealed more or less important fi tness pen-
alty on several life traits linked to the  sdhB  mutations. Veloukas and colleagues’ 
competition assays ( 2014 ) on apple between SDHI-resistant and sensitive strains 
showed clear differences according to the selective pressure. In the presence of 
fl uopyram, for example, the  sdhB   P225F   isolates dominated the population. 

 The concurrent use of boscalid and fl uopyram (and also of future SDHIs) could 
change the structure of resistant populations, favoring already known or new  sdh  
alleles conferring strong positive cross-resistance between all molecules (Amiri 
et al.  2014 ). Continuous monitoring studies either with biological assays or com-
bined with molecular tools (De Miccolis Angelini et al.  2014 ) are necessary to eval-
uate the impact of variations in SDHI selection pressure on resistance 
development.  

   Inhibitors of Complex III (QoIs) 

 The last two decades was the period of “raise and fall” of strobilurins on many 
crops. Synthetic molecules derived from the secondary metabolite strobilurin A, 
produced by basidiomycetes such as  Strobilurus tenacellus , have been introduced 
on the fungicide market since 1992 (Russell  2005 ). They bind to the quinol oxida-
tion (Qo) site of cytochrome b (complex III of the ETC) and thereby stop electron 
transfer between complex III and IV, inhibiting NADH oxidation and ATP synthe-
sis in many fungal pathogens (reviewed in Balba  2007 ). Strobilurins are referred 
to as QoI fungicides, as they bind to the  i nner Qo-site (Fig.  10.1b ). Two QoIs 
(azoxystrobin and pyraclostrobin), often associated to other modes of action, were 
used on several crops to control  Botrytis  disease and other fungi at the same time 
(Table  10.1 ). Indeed, QoIs have low intrinsic activity on  Botrytis  sp., due to the 
constitutive expression of the terminal alternative oxidase (AOX). AOX allows 
electrons to bypass the blockage of the cytochrome pathway caused by strobi-
lurins (Ishii et al.  2009 ). 
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 This category of fungicides bares a high risk of resistance development, as the 
target, cytochrome b, is encoded by a mitochondrial gene:  cyt b  mutations respon-
sible for resistance (Table  10.2 ) confer resistance also under heteroplasmic condi-
tions and are maternally transmitted, but probably also through hyphal fusion 
(reviewed in Gisi et al.  2002 ; Villani and Cox  2014 ; De Miccolis Angelini et al. 
 2012 ). Most phytopathogenic fungi treated with QoIs became resistant through the 
acquisition and dispersal of the G143A and two other minor mutations in the  cyt b  
gene (Gisi et al.  2002 ; Russell  2005 ). Although in some  B. cinerea  strains the pres-
ence of an intron located precisely at codon 143 counter-selects the G143A muta-
tion (Banno et al.  2009 ; Ishii et al.  2009 ; Leroux et al.  2010 ; Jiang et al.  2009 ; 
Asadollahi et al.  2013 ; Vallieres et al.  2011 ), QoI resistance is now generalized in 
 Botrytis  populations (due to the presence of resistance phenotype even in hetero-
plasmic cells), in agreement with the lack of fi tness penalty associated with the  cyt 
b   G143A   allele (Veloukas et al.  2014 ). This resistance was also generalized on crops 
( e.g. , grapevine) that never received QoIs against  Botrytis  spp., suggesting that it 
can be unintentionally selected  via  sprays targeting other diseases. Considering the 
QoI resistance risk in  Botrytis  spp. and the limited intrinsic activities of these mol-
ecules, those should be replaced, whenever possible, by specifi c botryticides effi -
cient on local populations. Finally, a novel QoI, the benzylcarbamate pyribencarb, 
with promising effi ciency on QoI resistant strains, due to poor cross-resistance with 
strobilurins, is actually in the registration process (Takagaki et al.  2011 ). Indeed, it 
was suggested that pyribencarb might differ slightly in the binding sites within cyto-
chrome b, compared to other QoIs (Kataoka et al.  2010 ).    

10.2.3     Resistance Mechanisms Unlinked to the Target 

 Besides specifi c resistance to given fungicides due to target site modifi cation, 
 several other mechanisms have been extensively studied in  Botrytis  spp. in the last 
decade, eventually conferring cross resistance to unrelated chemical compounds, 
because the principal mechanism induces the reduction of the intracellular concen-
tration of toxic compounds. 

10.2.3.1    Multi-drug Resistance 

  Botrytis cinerea  isolates displaying monogenic low-to-moderate resistance to sev-
eral fungicides have been detected in French vineyards since the 1990s (Chapeland 
et al.  1999 ), probably due to the high concomitant selective pressure of various 
chemical families. Three patterns of cross-resistance were described (Leroux et al. 
 1999 ; Leroux and Walker  2013 ), respectively named MDR1, MDR2 and MDR3. 
All display cross resistance (low to medium RLs) to anilinopyrimidines, 
 diethofencarb, iprodione, fl udioxonil, some respiration inhibitors, but also to the 
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clinical sterol-biosynthesis inhibitor tolnaftate (high RLs). Additional resistances 
allow distinguishing between MDR1 and MDR2 strains as shown in Fig.  10.2 , 
while MDR3 strains combine resistance spectra of both phenotypes with additive 
resistance factors.

   Multi-drug resistance (MDR) is a well-known phenomenon in the medical sector. 
Generally due to increased effl ux of unrelated toxic compounds, it involves the upreg-
ulation of membrane transporters, either ABC (ATP-binding cassette) transporters or 
those of the major-facilitator superfamily (MFS) (for reviews see Moye- Rowley  2003 ; 
Morschhäuser  2010 ). Fungicide effl ux is also at work in  B. cinerea  MDR strains cor-
related to membrane transporter overexpression. While MDR1 strains show overex-
pression of the ABC transporter gene  atrB  linked to single modifi cations in the 
transcription factor Mrr1, the MDR2 phenotype is due to  mfsM2  overexpression, itself 
originating from the insertion of a retrotransposon like element. MDR3 strains derive 
from recombination of both  mdr  mutations, probably after sexual crosses (Kretschmer 
et al.  2009 ; Mernke et al.  2011 ). In Champagne vineyards, more than 60 % of col-
lected grey mould populations display an MDR phenotype (Walker et al.  2013 ), 
approximately 20 % of each phenotype. Despite this high frequency, no loss in fi eld 
effi cacy is observed with current fungicides at recommended application rates, as the 
resistance factors of MDR strains are low to moderate (Fig.  10.2 ). 

 In German strawberry fi elds the situation seems more severe with large propor-
tions of MDR strains cumulating specifi c resistance(s) due to target site mutations, 
therefore leading to high resistance levels to many fungicides. In addition, the 
strawberry specifi c  B. cinerea  group S (described in Chap.   6    ) contains a new MDR1 
phenotype named MDR1h, with two to three times higher resistance levels than 
previously identifi ed MDR1 strains to cyprodinil and fl udioxonil. A 3 bp deletion in 
the  mrr1  gene (∆ L497 ) leads to 150–300 fold overexpression of  atrB , three to six 
times higher than in MDR1 strains (Leroch et al.  2013 ). The combination of  mdr  
mutations with specifi c resistance alleles may lead to serious crop losses, if the fre-
quency of highly multi-resistant strains reaches a certain threshold and if their fi t-
ness is not too much affected.  

10.2.3.2    Detoxifi cation 

 Detoxifi cation of chemical drugs through enzymatic metabolisation involving 
gluthathion- S-transferases (GSTs), cytochrome P450s, hydrolases or esterases con-
stitutes a resistance mechanism widespread in insect pests and weeds (Delye et al. 
 2013 ; Ffrench-Constant  2013 ). Such as MDR, detoxifi cation can confer cross- 
resistance to pesticides with different modes of action. In phytopathogenic fungi, 
this mechanism has been rarely involved in fungicide resistance. Some  B. cinerea  
strains have been shown to be sensitive to the anti-oomycete fungicide cymoxanil 
through metabolic activation of this profungicide (Tellier et al.  2008 ,  2009 ). This 
phenomenon does not interfere with grey mould control, as this compound is not 
used against  Botrytis  spp. Detoxifi cation was proposed as a possible resistance 
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mechanism against multisite fungicides and fl uazinam, as described in the review of 
Leroux ( 2004 ), but only few fi eld isolates resistant to these compounds have been 
found so far. 

 The natural resistance of the new species  B. pseudocinerea  (Chap.   6    ) to the 
hydroxyanilide fenhexamid (formerly known as HydR1 phenotype) seems to 
involve detoxifi cation. Besides the reduced affi nity of fenhexamid for its target 
enzyme in  B. pseudocinerea  compared to the  B. cinerea  enzyme (Debieu et al. 
 2013 ), Leroux and colleagues observed synergy between fenhexamid and DMIs on 
 B. pseudocinerea ’s mycelial growth (Leroux et al.  2002a ) and studies conducted by 
Bayer SAS showed metabolisation of fenhexamid by  B. pseudocinerea  strains (Suty 
et al.  1999 ). Later, Billard et al. identifi ed a cytochrome P450 similar to the DMI 
target Cyp51, named Cyp684, whose inactivation nearly completely abolished fen-
hexamid resistance in  B. pseudocinerea  (Billard et al.  2011 ), indicating that Cyp684 
is a major player in  B. pseudocinerea ’s natural resistance, potentially through fen-
hexamid metabolisation. The expression of  cyp684  displays higher induction levels 
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  Fig. 10.2    Resistance factors of  B. cinerea  MDR strains on various fungicides (Adapted from 
Leroux and Walker  2013 )       
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in  B. pseudocinerea  strains after fenhexamid treatment, than in  B. cinerea  strains, 
but the metabolisation products still remain unknown (Billard et al. unpublished). 

 A rarely observed fenhexamid resistance phenotype in  B. cinerea , named HydR2 
(see Table  10.2 ), seems to be linked to fungicide detoxifi cation as well. Synergy 
between DMIs and fenhexamid suggests the involvement of a cytochrome P450 
(Leroux et al.  2002a ) and no changes in  erg27  sequence, nor its expression, were 
observed with HydR2 isolates (Billard, unpublished). As the above mentioned 
 cyp684  was excluded from HydR2 phenotype (Billard, unpublished), the cyto-
chrome P450 involved remains to be identifi ed. Genetic analyses indicated its 
genomic location close to the  bik  gene cluster involved in bikaverin biosynthesis 
(Schumacher et al.  2013 ; see Chap.   13    ).    

10.3     Fitness Cost of Fungicide Resistance 

 Resistance to fungicides may be associated with a cost, as generally reported for 
fungal populations subjected to fungicide-mediated selection pressure (Milgroom 
et al.  1989 ). Characterization of the cost of resistance in resistant isolates may make 
it possible to predict the rate of evolution of such isolates in the population. This 
characterization is therefore essential for estimation of the extent to which resistant 
isolates constitute a risk to disease control by fungicides and for the optimization of 
anti-resistance strategies. As an example, detecting a fi tness cost may be of great 
interest in strategies alternating fungicidal modes of action since it may substan-
tially delay resistance evolution between two applications (REX Consortium  2013 ). 

 Fitness is the ability of an individual to survive in its environment and to contrib-
ute successfully to the next generation (Orr  2009 ). Differences in fi tness between 
individuals may arise from differences in performance at any stage of the life cycle, 
and any variation of these fi tness components can contribute to differences in total 
fi tness between individuals (Antonovics and Alexander  1989 ). Fitness can be mea-
sured using two approaches. More generally research groups measure several 
parameters on fungicide resistant fi eld isolates in comparison to sensitive strains. 
The traits generally measured for phytopathogenic fungi are conidiation, conidia 
germination, hyphal growth and virulence (Antonovics and Alexander  1989 ) and 
should be chosen all along the life cycle. These analyses globally hint to fi tness 
penalties (or not) of the phenotypic category considered (Bardas et al.  2008 ; Saito 
et al.  2014 ; Veloukas et al.  2014 ), but they need to be performed on a statistically 
signifi cant set of representative strains, because the genetic and phenotypic poly-
morphism of natural  Botrytis  isolates may hide or exaggerate the phenotype linked 
to the resistance allele. 

 An alternative approach was developed these recent years by the construction of 
isogenic mutants using site-directed mutagenesis through homologous gene replace-
ment. Briefl y, all mutant strains are identical except for the resistance allele. 
Comparing their biological features allows precisely attributing a fi tness cost to each 
allele by  in vitro  and  in planta  measurements (Billard et al.  2012 ; Laleve et al.  2014a ). 
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However, both types of analyses do not necessarily give the same results. As in the 
case of SDHI resistant mutants, the study of isogenic laboratory mutants revealed the 
highest fi tness penalty for the  sdhB   H272R   allele (Laleve et al.  2014a ), whereas the very 
similar analysis of fi eld-strains gave the lowest fi tness penalty to this allele among all 
 sdhB  alleles tested (Veloukas et al.  2014 ). The genetic context of the respective fi eld 
and laboratory strains may infl uence the biological parameters of the resistant 
mutants. Moreover, fi tness is only estimated via a limited number of life traits, which 
may not be relevant. Therefore, conclusions about fi tness penalties to predict the risk 
of a given resistance to persist and spread should be drawn with precautions when 
using this approach. 

 Another set of methods tends to evaluate fi tness as a whole,  i.e.  trying to measure 
the survival of resistant strains and the evolution of their frequency in populations. 
This can be approached  in vitro  or  in planta  with competition experiments, measur-
ing the frequency of each genotype after each subculture cycle (see examples in 
Veloukas et al.  2013 ; Laleve et al.  2014a ) but cannot fully mimic biotic interactions, 
as they may happen in the fi eld. Total fi tness can also be estimated mathematically, 
by modeling changes in allele frequencies in populations subject to natural selection 
(Orr  2009 ). This can be achieved while detecting cline patterns,  i.e.  a gradient of 
resistant allele frequency over a geographical transect. Parameters of cline models 
may be direct indicators of selection, either negative or positive, and of migration, 
as demonstrated in resistance to insecticides and fungicides (Lenormand et al.  1999 ; 
Walker and Fournier  2014 ). Non-spatial models, modelling the evolution of resis-
tance frequency all along the fungus life cycle may also help inferring these param-
eters (Walker and Fournier  2014 ).  

10.4     Resistance Management 

 Anti-resistance strategies are based on the skillful deployment of tools (prophylaxis, 
plant resistance genes and antifungal compounds) to delay resistance. Prophylaxis 
against  Botrytis , even of partial effi cacy, can be deployed in many crops and mainly 
deals with decreasing the plant vigor ( via  fertilization management, host density), 
creating a dry climate around the susceptible organs ( via  pruning, green harvest, 
climate regulation in greenhouses) and preventing wounds on susceptible organs 
(control of insect vectors, adaptation of mechanical tools) (Chap.   8    ). Additionally, 
crops may have at least partial resistance to  Botrytis  in some cultivars. 

 Dealing with antifungals, either synthetic or natural, several strategies are avail-
able. Firstly, fungicides may be limited in their use, as early as registration. This 
may be of great effi cacy in decreasing the selective pressure for a given mode of 
action but not adapted to crops that need a large number of sprays. As fungicides 
often have lower intrinsic activities against  Botrytis  than against other fungi, the 
mixture strategy, may not be the appropriate or should be restricted to the most 
powerful inhibitors,  i.e.  which suffer dose reduction (for economic, environmental 
or toxicological reasons). As mixture is based on the redundant killing of fungal 
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species, both partners should be fully effi cient against  Botrytis  local populations, 
not to expose one of the modes of action ( e.g. , QoIs + SDHIs). Regular mixture 
applications may also select for generalist resistance mechanisms, such as MDR 
( e.g. , fl udioxonil + cyprodinil). 

 Limiting the use of each botryticide at the multi-seasonal scale and alternating 
active ingredients at full dose with different modes of action seems to be a suitable 
approach in many situations, particularly in cases of emerging resistance ( e.g.  resis-
tance to SDHIs). Indeed, this strategy allows the expression of resistance cost, as the 
same molecules may target distinct pathogen generations. This strategy has been 
shown to decrease the frequency ( e.g. , dicarboximide or benzimidazole resistant 
strains) or to delay the emergence of resistant strains ( e.g.  to anilinopyrimidines or 
to fenhexamid), for example in French vineyards. The key elements of the actual 
management of fungicides resistance in  Botrytis  have been summarized as a deci-
sion tree based on the observation of mechanism, frequency and phenotype of fi eld 
resistant mutants (Walker et al.  2013 ). 

 At last, as anti-resistance strategies delay but not fully prevent resistance,  Botrytis  
control can only be effi cient and durable if innovative modes of action are regularly 
released on the market. Keeping the diversity of modes of action, even with partial 
effi cacy, is crucial in resistance management. During the last decades, important 
breakthroughs were achieved in the discovery of new resistance mechanisms, their 
genetic determinants (see also Chap.   3    ), the development of molecular tools to 
detect and quantify resistance phenomena in grey mould populations. Altogether, 
these achievements may help optimizing the chemical control of this threatening 
disease. In addition, resistance monitoring, with adapted technical procedures, rel-
evant sampling sizes and observed areas, should accompany the fungicides’ life, to 
identify and optimize the anti-resistance strategies to local situations.     
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    Chapter 11   
 Control Strategies for Postharvest Grey 
Mould on Fruit Crops                     

       Gianfranco     Romanazzi      and     Samir     Droby    

    Abstract     Grey mould, incited by  Botrytis cinerea  is considered as a major cause of 
postharvest losses in a wide range of crops including fruits, vegetables, cut fl owers 
and fl ower bulbs. The infection can occur in the fi eld, remain quiescent during the 
season, and develop after harvest. The pathogen is capable of infecting plant tissues 
through surface injuries infl icted during harvesting and subsequent handling and 
develop to mold during storage at 0 °C and above. The extent of postharvest decay 
is affected by preharvest disease management and by postharvest practices. To min-
imize postharvest grey mould, control programs rely mainly on applications of fun-
gicides in the fi eld. However, mounting concerns of consumers and health authorities 
about risks associated with chemical residues in food have led to imposing strict 
regulations and even banning the use of certain chemical groups. These develop-
ments have been strongly driving the search for alternative management strategies 
that are safe and effective. In this chapter, different control strategies are discussed 
while presenting their advantages and disadvantages. These strategies include the 
use of chemical fungicides, biocontrol agents, physical means, natural antimicrobials, 
and decontaminating agents. Based on examples to control grey mould on specifi c 
crops, it is concluded that an integrated management program in which adopting a 
holistic approach is the key for meeting the challenge of minimizing postharvest 
losses caused by  B. cinerea . To optimize the effi cacy of treatments, it is essential to 
understand their mechanism of action. Information about direct and indirect effects 
of each approach on the pathogen will be presented.  
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11.1         Introduction 

 In a report by the United Nations Food and Agricultural Organization (FAO), it was 
estimated that one-third of the food produced worldwide for human consumption is 
lost after harvest (Gastavsson et al.  2011 ). Losses infl icted throughout the supply 
chain due to pathogen-induced diseases are a major component of food wastage. 
Pathogen attack may take place during harvesting and subsequent handling, storage, 
marketing, and post consumer purchase. Among these pathogens,  Botrytis cinerea , 
the cause of grey mould, is considered the most important postharvest decay of 
fresh fruits and vegetables (Droby and Lichter  2004 ). According to a recent review, 
 B. cinerea  ranked second into the word Top 10 fungal plant pathogens list based on 
scientifi c and economic importance (Dean et al.  2012 ).  B. cinerea  is an important 
postharvest pathogen because of the conducive conditions prevailing throughout the 
postharvest handling chain, including injuries, high humidity, senescing plant tissue 
and high sugar content. Considerable postharvest losses, due to  B. cinerea  are 
infl icted in a long list of fresh fruits: blackberry, blueberry, currant, grape, kaki, 
kiwi, pomegranate, quince, raspberries, strawberry, grapes and many others (Droby 
and Lichter  2004 ; Romanazzi and Feliziani  2014 ). In other fruits ( e.g. , apple, apri-
cot, lemon, orange, peach, pear, plum, sweet cherry), although it is not the main 
pathogen, it is still capable of inducing considerable postharvest damage. 

 Harvested agricultural commodities are highly vulnerable to pathogen attack 
since they undergo accelerated senescence processes in which ethylene is playing a 
major role in enhancing susceptibility to grey mould as well as to other postharvest 
diseases (Lougheed et al.  1978 ). Manipulation of fruit ripening processes using 
various postharvest technologies ( e.g. , inhibition of ethylene production or action, 
modifi ed atmosphere (MA) and controlled atmosphere (CA), plant hormones) 
can greatly affect infection and development of postharvest grey mould (Crisosto 
et al.  2002 ). 

  B. cinerea  can survive in the fi eld under a wide range of conditions as a sapro-
phyte, where it colonizes fl ower residues, fruit juice drops, dead leaves, or other 
non-living plant portions. This type of survival is well known in strawberry where 
the pathogen overwinters on dead leaves and starts its pathogenic activity at fl ower-
ing, and then it can remain latent on stamens below sepals, and infect the fruit close 
to or soon after harvest (Powelson  1960 ). For this reason, the origin of most infec-
tions in strawberry fruit is located close to the sepals (Fig.  11.1a ), which often cov-
ers under fl ower residues. In many cases it is possible to fi nd grey mould developing 
on packed produce in the market, with the pathogen that started infection from 
infected petals. In grapes, colonization of fl ower residues by  B. cinerea  is consid-
ered to be an important mode of infection, that can remain into the cluster and starts 
additional infections of the berries when environmental conditions are favorable to 
the development of the disease (Pearson and Goheen  1988 ). In this case, treatment 
at pre-bunch closure is recommended in table grapes to avoid infections soon before 
and after harvest. This is due to the current lack of systemic active ingredients that 
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target  B. cinerea  after bunch closure. These infections occur because the inoculum 
of  B. cinerea  surviving on fl ower residues is capable of initiating infections on tissue 
lesions due to biotic (grape moth, powdery mildew infections, fruit fl y) or abiotic 
damage (striking among berries, hail, wind) (Fig.  11.1b ).

   After harvest,  B. cinerea  is capable of infecting fruits and vegetables through the 
damaged tissue of cut surface in the stem end, which is rich in nutrient exudates. 
Stem end infections can develop and spray to the entire fruit. This mode of infection 
is mostly known in Kiwifruit as the majority of fruits are affected through picking 
wounds (Michailides and Elmer  2000 ). In addition, there is substantial evidence 
indicating an important role of insects in mediating contamination of harvested 
agricultural commodities with  B. cinerea  inoculum. In this relation,  Thrips obscu-
ratus  and honeybees were shown to facilitate deposition of conidia into fruit injuries 
and surface cracks (Michailides and Elmer  2000 ). 

 Efforts have been made to minimize grey mould infections and subsequent 
development of decay through better understanding of the biology and etiology of 
grey mould on harvested commodities as well as developing adequate pre- and post- 
harvest handling technologies and control strategies for the pathogen. Among these 
approaches, the use of biocontrol agents (BCA) or natural compounds, when applied 
shortly before or soon after harvest, was found relatively successful (Calvo-Garrido 
et al.  2014 ). Overall, to reduce the infections of the fruit during storage is consid-
ered easier as compared to those infl icted in the fi eld, and several appropriate disease 
management strategies have been suggested in this regard (Ippolito and Nigro  2000 ; 
Feliziani and Romanazzi  2013 ; Teles et al.  2014 ). 

 This chapter will provide a general overview of strategies and approached for 
management of postharvest rots caused by  B. cinerea . It will touch on research done 
on this subject and provide details about current control strategies and alternative 
approaches to grey mould management.  

  Fig. 11.1    ( a ) Infection of grey mould on strawberry fruit, starting close to the pedicel; ( b ) Initial 
infection of postharvest grey mould on table grape berry       
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11.2     Postharvest Control of Grey Mould in Conventional 
and Organic Agriculture 

 In conventional agriculture, we cannot avoid the use of chemical fungicides, and 
there is a long list of registered active ingredient on different crops for grey mould 
control pre- and post-harvest (Romanazzi and Feliziani  2014 ). However, growers 
are currently stimulated to adopt alternative approaches as stand-alone treatments or 
in conjunction with chemical fungicide. This development is taking place due to 
several reasons, including requirements from supermarket chains for commodities 
with low number of residual pesticides (e.g. max 4–5 residues) used during produc-
tion and subsequent postharvest handling. In addition to the limited number of 
active ingredients on the fruit, the overall level of residues should not exceed 80 % 
of the total allowed maximum residue limits (MRLs). For example, if we have four 
residual active ingredients, each should be in an average at the level of 20 % of 
the allowed MRL. Unfortunately, these commercial policies do not take into consid-
eration that presence of fungicide residues in the fruit below certain threshold will 
allow the pathogen to develop after harvest, resulting in signifi cant losses along 
the entire postharvest handling chain. Furthermore, the presence of sub-lethal con-
centrations of fungicides in the fruit will increase the chances for development of 
resistant biotypes of the pathogen (Chap.   10    ). 

 In recent years, there have been registrations of several low risk active com-
pounds used for the control of grey mould allowing reduction of preharvest applica-
tion intervals (e.g. fenhexamid) to few days prior to harvest (e.g. strawberry). At the 
same time, more toxic older active ingredients, such as most benzymidazoles, are 
not available anymore in the market in the EU or are close to be banned (mostly 
dicarboximides) in other countries because of high frequency of resistant strains 
and lack of interest of companies to continue their marketing due to loss of profi t-
ability. In addition to chemicals used in conventional agriculture, there is increasing 
interest in using alternatives to chemical fungicides for the control of postharvest 
decay, based on the use of registered biocontrol agents in conjunction with chemicals 
for the purpose of managing resistance problems and fungicide residues in the fruit. 

 In recent years, we have been witnessing an increase in the number of products 
in the market place registered as adjuvants that are able to promote plant defense, 
but containing living organisms (biocontrol agents) or chemical plant stimulators 
such as glutathione, oligosaccharides, laminarin, chitosan that already proved effec-
tive in the control of postharvest decay. Those compounds usually have dual inhibi-
tory effects on the disease due to reducing growth of the pathogens and induction of 
defense mechanisms in the host tissues. As an example by either fruit tissue and the 
antagonist through direct effect and induction of resistance mechanisms 
 Metschnikowia pulcherrima  induced iron depletion in apple wounds resulting in 
decreased infection by  B. cinerea  (Saravanakumar et al.  2008 ). Treatment with chi-
tosan, benzothiadiazole and a mixture of calcium and organic acids reduced patho-
gen growth and increased the expression of enzymes linked to defense mechanisms 
in strawberry tissues (Landi et al.  2014 ). Reg. UE 2014/563 included chitosan chloride 
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as fi rst member of basic substance list of plant protection products (as planned with 
Reg. 2009/1107), so it can be used in plant disease management since July 1, 2014. 

 In organic agriculture, the use of synthetic chemical active ingredients is not 
allowed for controlling grey mould infections. This resides in the philosophy of 
growing organic crops, where negative effects can be prevented through a list of 
cultural and agronomic approaches (Elad and Shtienberg  1995 ) that include the 
reduction of fertilizers, the use of right cultivars, and where it is possible, the culti-
vation in areas not conducive to diseases development. However, the application of 
copper is allowed in organic agriculture, since it has broad spectrum of activity and 
has also a slight phytotoxicity effect that strengthens plant cuticle and make it more 
resistant to the infection by  B. cinerea  propagules. However, copper accumulates in 
the soil, and it is toxic to the resident microfl ora. 

 In a study aimed to characterize the effect of cropping system on epiphytic 
microbial community on grapes, Schmid et al. ( 2011 ) showed that in organically 
grown grapevine plants, the number of antagonists, such as  Aureobasidium pullulans  
was enhanced. In this relation,  A. pullulans  was reported as the base of different 
biocontrol products against  Botrytis  (Botector; bio-ferm, Tulln, Austria). In recent 
years, major companies involved in crop protection (including Syngenta, Bayer, and 
BASF) have been investing in the fi eld of biocontrol, natural compounds and resis-
tance inducers, because of consumer demand for fruits free of pesticide residues 
along with increased restrictions imposed by legislation. Moreover, the market of 
organic agriculture is growing and these companies are targeting this niche. 

 The use of organic and inorganic salts is becoming increasingly popular in several 
organic crops (Nigro et al.  2006 ; Feliziani et al.  2013 ; Khamis and Sergio  2014 ). 
The application of calcium chloride is widely used in Southern Italy (Nigro et al. 
 2006 ) and it can be considered as one of the few examples of success of pre- harvest 
treatments alternative to synthetic fungicides to control postharvest decay on table 
grapes (Romanazzi et al.  2012 ). However, it still needs to take into consideration 
that those salts can leave a visible residue on the berry, and can delay the ripening 
process as demonstrated for calcium chloride (Nigro et al.  2006 ) or as the case with 
potassium sorbate, giving an earlier harvest (Feliziani et al.  2013 ).  

11.3     Management Grey Mould on Stored Products 

 Once harvested, most fruits need to be cooled as quickly as possible to lower fi eld 
temperature and to keep the produce as long as possible in its harvest quality. This 
practice is particularly important when air temperature at harvest is relatively high, 
and can lead to enhanced loss of water resulting in drying that starts from stems or 
pedicels. Loss of water from the commodity has great negative impact on overall 
quality of the fi nal product (Kader and Rolle  2004 ). 

 Usually fresh fruit is cold stored at a temperature ranging between 0 and 10 °C, 
depending on the commodity, for a period from few days (in small berries) up to 
2 months (for some table grape cultivars as Crimson seedless) or several months 
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(for kiwifruit, apples or pears). Reduction of the temperature in a period as short as 
possible is indispensable for perishable fruits and vegetables. For example, wild 
strawberry ( Fragaria vesca ) fruits, that are highly perishable, are harvested directly 
into containers placed in a cold proof box with an ice pad on the bottom. In these 
conditions, the fruits can have a 3–4 days shelf life. For strawberry, packinghouses 
give a higher price to growers when fruits are harvested in early morning, and it is 
considered that harvesting fruits at each hour after 10 am results in 1 day less shelf 
life (G. Savini, personal communication). 

 Table grapes are usually packed directly in the fi eld to avoid bruising and wound-
ing, and are immediately pre-cooled using forced air ventilated rooms to reduce the 
temperature to about 0–1 °C. Rapid reduction of the temperature of the packed fruit 
usually leads to condensation of water on fruit surface, conditions that facilitate 
conidia germination and penetration through cracks or microlesions that can occur 
during harvest and subsequent handling. These conditions are ideal for infection 
because fruit tissues are less reactive due to weakening of defense mechanisms. 
Once decay is developed, it can progress rapidly by contact to nearby healthy fruits. 
This type of infection is known as nesting, because of clustering of infected fruit 
close to a source of inoculum. Low temperatures during storage slow down but do 
not stop the growth of  B. cinerea  since it is able to grow at temperatures, ranging 
from −0.5 to 32 °C (Coertze and Holz  1999 ). 

 Use of synthetic fungicides for controlling pathogens on most commodities is 
not allowed after harvest in most EU countries. In grapes and some other fruits, 
however, the use of sulfur dioxide during storage is permitted since it is considered 
as processing aid and not as a fungicide. In most cases, sulfur dioxide has negative 
effects on humans allergic to sulfur. For that reason, a tolerance limit of 10 μL/L −1  
for sulfi te residues in table grapes was established by the U.S. Environmental 
Protection Agency (Anonymous  1989 ). In California, most of organic growers use 
ozone fumigation of grapes after harvest (Romanazzi et al.  2012 ), and this technology 
is becoming also popular among packinghouses working with conventionally grown 
grapes. An interesting side of ozone treatment resides in its oxidant activity that can 
reduce fungicide residues on the berries (Mlikota Gabler et al.  2010a ,  b ). 

 While the use of sulfur dioxide is unappealing to the consumers, at the same time 
it can damage the fruit by causing surface cracks and bleaching. In addition, the 
treatment is non-selective in eliminating the vast majority of epiphytic microfl ora 
left on the fruit without natural protection allowing grey mould to develop more 
readily compared to non-fumigated fruit. To achieve good levels of control, usually 
SO 2  applied in storage room of grapes weekly, following a fi rst treatment prior 
to cold storage (Luvisi et al.  1992 ), and/or by packing the grapes with a pad or 
generator containing sodium metabisulfi te, which releases SO 2  when hydrated by 
water vapor inside the boxes (Droby and Lichter  2004 ). Due to the problematic use 
of SO 2 , there are several reports about alternative methods, including application of 
ethanol after harvest (Karabulut et al.  2003 ), ethanol in conjunction with chitosan or 
calcium chloride (Romanazzi et al.  2007 ; Chervin et al.  2009 ), organic salts 
(Nigro et al.  2006 ), controlled atmosphere (Crisosto et al.  2002 ), or ozone (Palou et al. 
 2002 ; Feliziani et al.  2014 ). However, few of these methods are used at a commercial 
scale (Romanazzi et al.  2012 ). Recently, Teles et al. ( 2014 ) reported that a 40 % CO 2  
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for 48 h pre-storage treatment followed by controlled atmosphere markedly reduced 
grey mould incidence. High CO 2  pre-storage alone limited disease incidence in both 
naturally and artifi cially infected grapes, but was more effective when combined 
with CA storage.  

11.4     Potential of Alternative Strategies for Controlling 
Postharvest Grey Mould 

 Synthetic chemical fungicide treatment has been the primary strategy for managing 
postharvest pathogens. However, there are many risks associated with these chemi-
cals, including the development of fungicidal resistance (Chap.   10    ), mounting 
health concerns of consumers and health authorities leading to the demand to reduce 
human and environmental exposure to chemicals, increased restrictions imposed by 
regulatory agencies on specifi c agro-chemicals and/or their allowable residues, 
especially after harvest. These driving forces have been behind a signifi cant research 
effort during the past 25 years to develop effective and useful alternative technolo-
gies to the synthetic fungicides to preserve quality and prolong the storage and shelf 
life of the produce. Innovations in this area can be grouped in four categories of 
treatments: (i) microbial biocontrol agents (BCAs); (ii) natural antimicrobials; 
(iii) disinfecting agents; and (iv) physical means. Among these, considerable work 
focused on the use of various microbial antagonists (yeasts and bacteria) that occur 
naturally on fruit surfaces and disrupt the ability of postharvest pathogens to 
establish infections in wounded fruits. Grey mould is one of the main targets of 
these antagonists. 

 Biocontrol at pre-harvest stage is described in Chap.   9    . The research on BCAs 
for postharvest resulted in several commercial products able to control  B. cinerea  
(Droby et al.  2009 ; Nunes  2012 ; Feliziani and Romanazzi  2013 ; Liu et al.  2013 ; 
Mari et al.  2014 ). These products (e.g. Shemer, Bayer CropScience, Germany) 
Candifruit and Pantovital (Sipcam-Inagra, Spain), Boniprotect (Bioferm, Germany), 
Yield Plus (Anchor Yeast, South Africa), Nexy (BioNext, Belgium), Biosave 
(JetHarvest, USA) have reached the market and their use has been promising 
(Feliziani and Romanazzi  2013 ; Mari et al.  2014 ). However, considering the costs 
for registration as plant protection products, the number of registered BCAs is very 
low as compared to the huge mass of work that has been conducted in this fi eld 
because it is often particularly diffi cult to move from the discovery phase of an 
effective antagonist to the development until its commercial stage. Despite these 
possible limitations, the main companies working with synthetic fungicides are get-
ting interest to show in their portfolio also a list of BCAs, then have acquired 
 specialized companies in the fi eld. Nowadays the research on discovery and charac-
terization of old and new BCAs is very active. Studies on mechanisms of action of 
 M. pulcherrima  showed an increase of chitinase production in a strain that has a 
higher biocontrol activity on  B. cinerea  (Saravanakumar et al.  2009 ).  Pichia angusta  
was effective in controlling  B. cinerea  on apples (Fiori et al.  2008 ), whereas the 
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activity of  Wickerhamomyces anomalus  in the control of postharvest decay of sweet 
cherries was reported (Oro et al.  2014 ). 

 A large variety of volatile compounds along with other plant extracts and animal- 
derived materials with antifungal activity have been reported. Plant volatiles such as 
acetaldehyde, benzaldehyde, benzyl alcohol, ethanol, methyl salicylate, ethyl ben-
zoate, ethyl formate, hexanal, (E)-2-hexenal, lipoxygenases, jasmonates, allicin, 
glucosinolates and isothiocyanates have been shown to have strong effect on  Botrytis  
infection on various commodities when tested under laboratory and small scale con-
ditions (Tripathi and Dubey  2004 ). Although proven effective under laboratory and 
small scale experimental levels, their effi cacy still need to be confi rmed under large 
scale and commercial conditions, and safety issues need to be addressed as most of 
these compounds when applied at concentrations effective in inhibiting the patho-
gens are harmful to the environment and human health. Treatment with chitosan 
was effective in the control of preharvest grey mould in wine grapes (Elmer and 
Reglinski  2006 ), and in the management of postharvest grey mould on different 
fruits (Romanazzi et al.  2015 ). The use of essential oils is becoming popular for the 
control of postharvest decay. These materials were reported to control grey mould 
of table grapes (Abdollahi et al.  2010 ,  2012 ), and were applied alone or together 
with other treatments (Sivakumar and Bautista-Baños  2014 ). 

 Disinfecting agents (ethanol, acetic acid, electrolyzed oxidizing water) have 
been used for fruit surface sterilization, mainly when the process of washing is 
included in postharvest fruit packing. Acetic acid was successfully used as fumigant 
to control postharvest decay of table grapes (Sholberg et al.  1996 ), as well as etha-
nol (Mlikota Gabler et al.  2005 ). The application of electrolyzed oxidizing water is 
effective in disinfection of water used in packinghouses operations and shown to 
decrease conidia contamination of different pathogens, including  B. cinerea  
(Guentzel et al.  2010 ). 

 The use of physical means (UV-C irradiation, ozone, CA/MA, hypobaric or 
hyperbaric treatments) has been demonstrated to be effective in controlling grey 
mould on table grapes (Romanazzi et al.  2012 ). These control means have the 
advantage in that they avoid direct contact with the fruit (Sanzani et al.  2009 ), 
although often their effects last only as long as they are applied. 

 A strategy to further improve the effectiveness of alternatives control methods is 
the integration of different approaches. However, once a treatment is considered 
effective, it is necessary to carefully verify its potential introduction at a commercial 
scale in the packinghouse, transport and market chain (Romanazzi et al.  2012 ). To 
have effectiveness comparable to the synthetic fungicides, two or more alternative 
approaches need to be combined for the control of postharvest decay. Several com-
binations were applied in the case of grey mould. For example, application of 
hydroxypropyl methylcellulose and beeswax edible coatings reduced grey mould of 
stored tomatoes (Fagundes et al.  2014 ), the BCA  Muscodor albus  performed better 
in the control of grey mould of grapes when combined with ozone (Mlikota Gabler 
et al.  2010a ) and the application of garlic extract and clove oil decreased infections 
of  B. cinerea  on apples (Daniel et al.  2015 ). However, an effectiveness in the lab 
need to be confi rmed in large scale tests and possible side effects, such as organo-
leptic and quality changes, need to be addressed.  
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11.5     Concluding Remarks and Future Challenges 

 Postharvest decay caused by grey mould has great economic importance and in 
some cases can lead to complete loss of the product. Reducing these losses to a level 
that is acceptable still pose great challenge for producers, packers and marketing at 
the wholesale and retail levels. In this regard, grey mould is still a challenge to con-
trol in certain highly perishable crops such as small berries. 

 Extensive research has been done and will continue in the future to fi nd effective 
management technologies and innovative approaches for the control of  Botrytis  
decay on fresh fruit and vegetables after harvest. Most of the efforts, however, have 
been devoted to develop management programs at the pre-harvest level. These pro-
grams have been developed and applied specifi cally for each crop and largely 
dependent on epidemiological and etiological information. While lacking such 
information to manage development of postharvest grey mould, the availability and 
utilization of simple cultural methods previously discussed could greatly reduce 
postharvest losses due to grey mould on harvested commodities. Although chemical 
fungicides constitute still the common practice for controlling development of 
 Botrytis  in the fi eld/orchard or in the packinghouse, their use after harvest on fruits 
is not allowed in many countries. Their continued use as preharvest treatment has 
come under scrutiny and their use as control strategy in long term is somewhat 
questionable. This is because of problems associated with (1) failure to effectively 
control pre and postharvest grey mould due to development of resistance; (2) con-
sumers desire to reduce human and environmental exposure to chemicals and 
(3) increased restrictions imposed by marketing chains and governmental regulatory 
agencies on the use of agro-chemicals and/or allowable residues in fresh agricultural 
commodities. These have been the driving forces for the development of postharvest 
diseases measures that do not rely on chemical fungicides. Currently, the use of 
alternative methods as standalone treatments for the control of postharvest grey 
mould, however, does not provide the effi cacy and consistency required for com-
mercial situations. 

 Over the past 20 years, biological control of postharvest diseases has grown into 
a mature fi eld of science and in a relatively short period of time seen successes in 
commercial application. Commercial development of postharvest biocontrol prod-
ucts has been rather limited and some products have had very short life spans 
because of their inability to capture a market large enough, or because of being 
developed and sold by small companies without a large market presence. However, 
the largest obstacle to their widespread use is providing a product that performs 
effectively and reliably under a wide array of conditions, and also adapts easily to a 
range of commercial processing systems. The reasons for the variability in perfor-
mance are not clearly understood and may be due to the presence of pre-established 
infections, high levels of inoculum, poor storage of the biocontrol product prior to 
application, or improper application. Considerable effort has been made to integrate 
the use of postharvest biocontrol products into a production systems approach. 
The use of preharvest applications as well as postharvest applications, and the 
incorporation of various additives are two methods that have been used to increase 
the applicability, effectiveness, and reliability of postharvest BCAs. 
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  B. cinerea  attack fruits and vegetables before and after harvest using different 
modes of infection, depending on the type of the crop. To increase the chances 
to reduce the rate of such infections, it is important to infl uence the process of 
infection at different levels: the pathogen, the micro-environment, and the host. 
For example, application of a BCA or any other alternative method at a time that 
prevents establishment of the pathogen in the host tissue, given that the attachment 
of pathogen propagules to the host surfaces and the early stages of germination are 
critical to successful infection. The micro-environment (e.g. surface wounds) can 
also be altered to directly or indirectly affect the pathogen. The pH and nutritional 
composition of the infection site can be manipulated by the addition of salts, organic 
acids, or surfactants/adjuvants. Susceptibility of the commodity (host) may also be 
reduced by changing its physiology using various treatments to either slow down 
senescence or induce natural resistance. 

 It is anticipated that the continuing withdrawal of key postharvest fungicides 
from the market, due to exclusion by regulatory agencies or the high-cost of re- 
registration, will lead to an absence of effective tools for reducing postharvest losses 
due to grey mould. Hence, the use of alternative control methods is expected to gain 
momentum in the coming years and become more widely accepted as a component 
of an integrated strategy to managing postharvest diseases. Along with this approach, 
an effective alternative control strategy would rely on: (i) the classical (microbial 
antagonists), (ii) natural plant resistance, and (iii) natural antimicrobials which are 
the product of a biological process, (iv) combination between the above cited meth-
ods with physical means such as plant growth regulators, ethylene inhibitors, MA, 
CA, and heat treatments. Also, it is very important to reduce the inoculum load and 
conditions conducive to establishment of infections through well-established 
cultural and management practices.     
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    Chapter 12   
 Infection Process and Fungal Virulence 
Factors                     

       Celedonio     González     ,     Nélida     Brito     , and     Amir     Sharon    

    Abstract     The knowledge about the molecular mechanisms underlying  Botrytis 
cinerea  attack on susceptible hosts has expanded greatly in the last years. While 
many details are still missing, it is possible now to generate a higher resolution 
image of the molecular patterns that regulate pathogenic development of this broad 
host range necrotroph. Several decades of molecular research, including the com-
plete genome sequencing and analyses of two  B. cinerea  strains, have culminated 
into a working model outlining the molecular strategy used by  B. cinerea  in the 
infection process. It is now apparent that a complex signalling network regulates 
secretion of a large set of proteins and phytotoxic secondary metabolites, which are 
necessary for progression of the infection from the early to late stages. Furthermore, 
manipulation of the plant hyper-sensitive response (HR), a form of programmed cell 
death (PCD), has been proposed to play a central role in the pathogenic strategy of 
 B. cinerea . Although the molecular details of this aspect are largely uncharacter-
ized, it is possible that some of the secreted proteins and metabolites function as 
effectors that target the PCD machinery. The virulence factors that have been 
revealed in these various categories and in others are reviewed in this chapter, with 
special emphasis on secreted proteins and PCD.  
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12.1       Introduction 

 Molecules (proteins, RNAs, low molecular weight compounds) which contribute, in 
a signifi cant manner, to any part of the infection cycle (adhesion, penetration, expan-
sion of the lesions, dispersion of the disease, modulation of the plant immune sys-
tem) are considered virulence factors. Traditionally, virulence factors have been 
postulated according to phenotype of mutant strains showing alteration in pathoge-
nicity. Thus, genes associated with a range of processes, such as signalling, metabo-
lism, catabolism, adherence, and cell cycle and architecture, have been proposed to 
encode virulence factors (Choquer et al.  2007 ; Nakajima and Akutsu  2014 ). Clearly, 
most of the so-called virulence factors have additional functions, which in many 
cases are the primary role of the molecule, while the effect on virulence may be a 
side effect due to e.g., reduced fi tness, slow growth, etc. Hence, a pathogenicity phe-
notype is not suffi cient for determination that a certain gene or molecule has a direct 
effect on virulence. Likewise, deletion of putative virulence factors might not show 
discernible pathogenicity phenotype, e.g. due to functional redundancy (Cuesta 
Arenas et al.  2010 ; Van Kan et al.  1997 ), or due to limited analytical capacities. 

 In recent years, the term “effector” was introduced, which refers to those virulence 
factors that are produced during pathogenic interaction with the purpose of inhibiting 
the plant immune system thus enhancing pathogen virulence (Bent and Mackey  2007 ; 
Thomma et al.  2011 ), while having limited or unknown side effect on other processes 
in the pathogen. Numerous effectors have been described in bacteria, Oomycetes 
(mainly  Phytophthora  sp.) and more lately also in biotrophic fungal pathogens (Ellis 
et al.  2009 ; Plett et al.  2011 ; Stergiopoulos and de Wit  2009 ). The paradigm of patho-
genicity in necrotrophic pathogens, and specifi cally in  B. cinerea , had suggested bru-
tal damage of host tissues via massive secretion of toxic substances and hydrolytic 
enzymes (Williamson et al.  2007 ). However, recent works show that the interaction of 
 B. cinerea  with plants is more complicated than previously estimated. Two clear 
phases are distinguished – an early stage characterized by local necrosis, and a later 
stage that is characterized by spreading lesions (Van Kan  2006 ). Accordingly, a cur-
rent model predicts that  B. cinerea  uses different types of virulence/effector molecules 
at each stage. For example, secretion of local necrosis-inducing factors is expected at 
the early stage, while production of spreading cell death-inducing factors are expected 
at the second phase (Shlezinger et al.  2011 ). In this chapter, we will describe the recent 
literature on virulence factors in  B. cinerea . We will briefl y mention the different types 
of virulence factors, and then focus on the role of secreted proteins, in particular pro-
teins that promote necrosis and other types of host cell death.  

12.2     Overview of  B. Cinerea  Virulence Factors 

 Virulence factors in  B. cinerea  have been found among different types of proteins, 
metabolites and even small RNAs. One important group is the one comprising 
genes/proteins related to signalling pathways including heterotrimeric G proteins, 
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MAP kinases, adenylate cyclases, protein phosphatases, etc.  B. cinerea  signalling 
modules affecting virulence of the fungus are covered in Chap.   13    . Another group 
of virulence factors are proteins that contribute to the production or catabolism of 
reactive oxygen species (ROS).  B. cinerea  produces ROS during infection, which 
add to the oxidative burst generated by the plant. Several  B. cinerea  proteins that 
contribute to ROS production have been shown to also affect fungal virulence. 
Chapter   14     describes the mechanisms of ROS generation in  B. cinerea , how it can 
cope with them, and the role of ROS in the virulence of the fungus. 

  Botrytis cinerea  also produces several types of small molecules (secondary metab-
olites), some of which have been shown to contribute to virulence. These include well 
know molecules such as botrydial, a phytotoxic bicyclic sesquiterpene which contrib-
utes to virulence in some  B. cinerea  strains but not in others. Another example is 
oxalic acid, which  B. cinerea  produces and secretes in large amounts both in planta 
(Verhoeff et al.  1988 ) and in axenic culture (Gentile  1954 ). Oxalic acid can promote 
virulence in multiple ways: it lowers pH to values more appropriate for  B. cinerea  
extracellular hydrolases, facilitates breakdown of the pectin layer in cell walls by 
sequestration of Ca 2+  ions, and can promote programmed cell death (PCD) in the host 
(Kim et al.  2008 ). The diversity of virulence-related secondary metabolites and their 
role in the infection process are described in a separate chapter (Chap.   15    ). 

 The tetraspanin BcPLS1 has been shown to be required for full virulence in 
 B. cinerea  (Gourgues et al.  2004 ; Siegmund et al.  2013 ).  Bcpls1  mutants were gener-
ated in two  B. cinerea  strains, T4 and B05.10, and in both cases the resulting strains 
were less pathogenic than the corresponding wild-type strains, although to a different 
degree. Mutants in both strains were able to produce appressoria-like structures, but 
the mutants were defective in penetration, showing complete lack of penetration in 
the background of the T4 strain and 50 % reduced penetration in the background of 
the B05.10 strain. Once inside the plant, both mutants were able to colonize the plant 
tissue as effi ciently as the wild-type. Consistent with a role in appressorium function, 
 Bcpls1  was selectively expressed at the hyphal tips. The exact role or mechanism of 
BcPLS1 is unclear, but it might be associated with regulation of ROS levels since the 
phenotype of the  Bcpls1  mutants closely resemble that of mutants in  Bcnoxb , a gene 
coding for a catalytic subunit of NADPH oxidase (Siegmund et al.  2013 ).  

12.3     Virulence Factors Among Secreted Proteins 

 One of the areas where one would expect to fi nd virulence factors is, of course, 
among the proteins secreted by  B. cinerea  to the medium. According to the signal 
peptide prediction system signalP, the genome of  B. cinerea  codes for 1910 proteins 
predicted to enter the secretion pathway, which constitutes about 12 % of all the 
proteins coded by the genome (González et al.  2012 ). Not all these proteins would 
end in the extracellular medium as soluble proteins, and maybe not all of the puta-
tive genes coding for extracellular proteins are expressed in planta. Proteomic stud-
ies (reviewed in Chap.   16    ) have been carried out to identify the proteins secreted by 
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 B. cinerea  in different conditions (Espino et al.  2010 ; Fernández-Acero et al.  2010 ; 
Cherrad et al.  2012 ; Li et al.  2012 ; Shah et al.  2009a ,  b ), including some supposed 
to mimick the “ in planta ” environment (Espino et al.  2010 ). Globally, these studies 
have identifi ed 279 non-redundant proteins, that is, about 15 % of all proteins with 
a signal peptide. These proteins were classifi ed in the categories previously reported 
in one the above papers (Fig.  12.1 ). Two features of these data are worth mention, 
in fi rst place the highly redundant nature of the protein set secreted by  B. cinerea . 
Even considering only the proteins which have been experimentally detected in the 
extracellular medium, and not the hypothetical secretome coded by the genome, it 
is quite common to fi nd proteins represented by more than one isoform. For exam-
ple, in the study about the early secretome (Espino et al.  2010 ), more than one iso-
form was found for cutinase, ß-glucosidase, ß-1,3-glucanosyltransferase, 
glucoamylase, and much more. Secondly, the number of proteases secreted by  B. 
cinerea  is surprisingly high compared with other fungi. Thirty-four types of prote-
ases have been experimentally found in the secretome, and some of them are very 
abundant. The most extreme case is that of the aspartic protease BcAP8, which 
constituted about one fourth of the protein mass secreted by  B. cinerea  early after 
germination (Espino et al.  2010 ). These features imply a diffi culty in identifying 
virulence factors in  B. cinerea  by the generation of mutants affected in a single 
gene, since often the single protein absent in the mutant is substituted by additional 
secretome members with overlapping enzymatic activities. Alternative ways to 
address this problem are the generation of gain-of-function (over-expression) 

  Fig. 12.1    Distribution of proteins experimentally found in the  B. cinerea  secretome. All the pro-
teins which have been reported (Espino et al.  2010 ; Fernández-Acero et al.  2010 ; Cherrad et al. 
 2012 ; Li et al.  2012 ; Shah et al.  2009a ,  b ) for the  B. cinerea  secretome (279 proteins in total) were 
classifi ed according to function. Slice areas correspond to the number of proteins in each category, 
also displayed in brackets       
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strains, instead of loss-of-function (deletion), or the simultaneous silencing of all 
members of given protein families by RNAi technology, as has been carried out 
with in other fungi (Nguyen et al.  2011 ).

12.3.1       Secreted Proteases 

 The fact that the most abundant family among the secretome is that of proteases was 
unexpected, because proteases were originally not foreseen as candidate virulence 
factors. However, several reasons may help explaining their abundance. In fi rst 
place proteases generate amino acids to sustain fungal growth since proteins are 
certainly an abundant component of cells and amino acids are a rich nutrient as 
carbon, nitrogen, and sulfur source. Secondly, proteases may contribute to the deg-
radation of plant cell wall. Proteins are important components of plant cell walls 
(Chap.   18    ), too often overlooked. Proteomic studies with plant cell walls have 
revealed hundreds of proteins with diverse functions (Albenne et al.  2013 ), includ-
ing structural proteins tightly bound to the cell wall. Degradation of these proteins 
with proteases may therefore help hyphal growth inside the plant tissue. Lastly, 
proteases may be secreted by the fungus as a counterattack measure against plant 
defense proteins. Despite this abundance, no virulence factor has been found yet 
among secreted proteases. Single and double mutants have been generated for six of 
the aspartic proteases coded by the  B. cinerea  genome (ten Have et al.  2010 ), which 
included two proteins with predicted extracellular localization, BcAp5 and BcAP8. 
From all the mutants generated, only the one affected in the  Bcap8  gene showed a 
reduction in the protease activity detected in the extracellular medium, which was 
around 70 % lower than in the wild-type. No difference in virulence was observed 
for any of the aspartic protease mutants, as compared to the wild-type. In light of the 
34 proteases that have been found experimentally in the extracellular medium, it is 
not surprising that the absence of one or two of them goes unnoticed.  

12.3.2     Plant Cuticle and Cell Wall Degrading Enzymes 

 Another abundant group of secretory proteins are those involved in the degradation 
of the plant cuticle, the fi rst defensive barrier of plant cells. Five different cutinases 
have been found experimentally in the secretome, including one (CutA) which has 
also been purifi ed form the extracellular fraction (Van der Vlugt-Bergmans et al. 
 1997 ). Only the gene for this last enzyme has been knocked-out in  B. cinerea  (Van 
Kan et al.  1997 ) resulting in a strain equally infective as the wild-type. Of course, this 
result does not imply that cutinase activity is dispensable for virulence as the rest of 
cutinases could substitute the absent one, but intriguingly, there are other reports 
indicating that  Arabidopsis thaliana  mutant plants with a weaker cuticle, contrary to 
initial expectations, are not more susceptible to  B. cinerea , but more resistant (Bessire 
et al.  2007 ; Chassot et al.  2007 ). This is certainly counterintuitive, and is explained 
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by the authors with the hypothesis that a weaker cuticle may allow the plant to better 
perceive elicitors and mount a faster and more intense defense response. 

 Lipases, also present in the secretome, could contribute to pathogenesis not only 
by the generation of nutrients assimilable by the fungal cells, but also by aiding in 
penetration, as these enzymes could potentially degrade components of the cuticle. 
Reports of a possible involvement of lipases in penetration came originally from 
experiments in which the addition of anti-lipase antibodies to  B. cinerea  conidia 
prior to inoculation caused inability to penetrate the plant cuticle (Commenil et al. 
 1998 ). However, the only lipase that has been studied by gene knock-out did not 
seem to contribute to virulence (Reis et al.  2005 ). In addition this particular lipase, 
Lip1, has never been found experimentally in the secretome. 

 The following defensive barrier that the fungus encounters is the cell wall, whose 
components have traditionally been divided into cellulose, hemicelluloses and pectin. 
Fourteen enzymes have been found in the secretome potentially involved in the deg-
radation of cellulose. These enzymes catalyse the hydrolysis of the ß-1,4 glycosidic 
bonds in the cellulose polymer in several ways: endo-ß-1,4-glucanases cleave internal 
glycosidic bonds leaving shorter polysaccharide chains, cellobiohydrolases release 
the disaccharide cellobiose from the non-reducing ends, and exo-ß-1,4- glucanases 
liberate successive glucose units from the polymer ends. Only one mutant has been 
generated for one of the  B. cinerea  endo-ß-glucanases genes,  cel5A  (Espino et al. 
 2005 ), which was shown by Q-RT-PCR to be expressed (Espino et al.  2005 ) both in 
axenic culture and in planta. However, the corresponding protein has never been found 
experimentally in the secretome and deletion of  cel5A  had no effect on virulence. 

 Another important component of the cell wall are hemicelluloses, which include 
several polysaccharides such as xylan, arabinoxylan, and xyloglucan. Only eight 
enzymes that can be clearly classifi ed as hemicellulases have been found in the sec-
retome, but given the heterogeneous nature of this group of enzymes, it is possible 
that more hemicelluloses are included with other polysaccharides degrading enzymes. 
In principle, hemicellulases are not good candidates as virulence factors in  B. cine-
rea , or at least not all of them, for instance when this fungus infects soft plant tissues 
poor in hemicelluloses. Two xylanase genes have been knocked-out in  B. cinerea . 
One of them belongs to family 10 of glycosyl hydrolases and was identifi ed in a 
screening for genes under the control of the  B. cinerea  Gα subunit of the heterotri-
meric G protein Bcg1 (Gronover et al.  2004 ), and the other was the family- 11 xyla-
nase Xyn11A (Brito et al.  2006 ). Mutants in the gene for the fi rst protein were equally 
virulent as the wild-type (J. Schumacher, pers. commun.) while mutants in  xyn11A  
displayed a reduction in pathogenicity for tomato leaves and grape berries. 
Retransformation of the  xyn11A  mutants with the wild-type gene  rescued the viru-
lence defect, unequivocally showing that Xyn11A contributes to virulence (Brito 
et al.  2006 ). The most obvious explanation for this phenotype,  i.e . xylanase activity 
is necessary for an effi cient break down of the cell walls and therefore necessary for 
virulence, not only presented the problem of the low xylan content of the walls in 
some tissues of  B. cinerea  hosts, but also did not agree well with xylanase redun-
dancy in the  B. cinerea  genome. There are fi ve xylanase genes in the genome and, 
accordingly, the  xyn11A  mutant shows a modest reduction in the growth rate with 
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xylan as the only carbon source as well as in the xylanase activity secreted to the 
culture medium. An alternative explanation for the reduced virulence of the  xyn11A  
mutants is that this protein may contribute to the infection process not with the xyla-
nase activity, but with the xylanase’s ability to elicit defense responses in plants. This 
last activity has been shown for several different xylanases and requires the binding 
of these protein elicitors to a receptor of the plant immune system that has been char-
acterized in tomato (Ron and Avni  2004 ). By working with purifi ed Xyn11A, as well 
as with four site-directed  xyn11A  mutants lacking xylan hydrolytic activity, it was 
shown (Noda et al.  2010 ) that this protein is indeed able to induce necrosis in plants 
independently of its hydrolytic activity. Moreover, Xyn11A variants lacking xylano-
lytic activity were able to complement the lower virulence of the  xyn11A  mutant, 
showing that it was the necrotizing activity, and not the ability to hydrolyse xylan, 
what was contributing to virulence. This also means that we still do not know to what 
extent xylanase activity is required by  B. cinerea  to invade its hosts. 

 Pectin is the third group of plant cell wall compounds and is probably the most 
abundant one in the cells which are primordially attacked by  B. cinerea , so it had been 
anticipated that their hydrolysis would be crucial in the invasion strategy of this fun-
gus. Pectin is also composed of different polymers, with homogalacturonans and 
rhamnogalacturonans being the most prominent. Among the proteins experimentally 
found in the secretome, there are 28 enzymes potentially involved in the degradation 
of pectin which include endopolygalacturonases, pectin methylesterases, and rhamno-
galacturonases. From this group, endopolygalacturonases and pectin methyl esterases 
have been analyzed for their contribution to virulence. Six endopolygalacturonases 
have been extensively studied and two of them, BcPG1 and BcPG2, are required for 
full virulence (Kars et al.  2005a ; ten Have et al.  1998 ), while the rest seem to be dis-
pensable for pathogenesis (Williamson et al.  2007 ). It is interesting to note that BcPG1 
and BcPG2 were the only endopolygalacturonases found in the early secretome 
(Espino et al.  2010 ), and that they both were among the ten most abundant proteins. 

 Pectin methylesterases demethylate pectin and make it more prone to degradation 
by depolymerizing enzymes such as endopolygalacturonases. Four pectin methyles-
terases have been found in the proteomic studies of the secretome, out of which two 
genes have been knocked out,  Bcpme1  and  Bcpme2  (Kars et al.  2005b ; Valette-Collet 
et al.  2003 ). The fi rst gene has been mutated in two different  B. cinerea  strains, 
B05.10 and Bd90.  Bcpme1  knock-out mutants in the  B. cinerea  background B05.10 
showed the same virulence as the wild-type strain, while deletion of  Bcpme1  in the 
background of Bd90 reduced the virulence of the deletion strain compared to the 
virulence of the corresponding wild-type strain. Thus, the search for virulence fac-
tors may be more complicated than previously anticipated since effect on virulence 
also depends on the genetic background of the strain. When assessing the contribu-
tion of one specifi c protein to the infectious process one needs to take into account 
that different results may be obtained when using different host plants, but also that 
different results may be obtained for different fungal strains. This is particularly 
important in the process of validating potential targets for new fungicides: a protein 
which is required for virulence in laboratory strains under controlled laboratory con-
ditions may not be so for natural strains in fi eld conditions.  
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12.3.3     Other Secreted Proteins 

 Another important group of proteins found in the secretome are oxidoreductases, 
most of them with unknown function. Some of them, for example, seem to be simi-
lar to esterases, but there is no clue about which ester they may hydrolyse. One of 
the enzymes found in this group is the Cu-Zn-superoxide dismutase BcSOD1, 
which has been actually shown to be a virulence factor (Rolke et al.  2004 ). 
Superoxide dismutases convert superoxide anion into oxygen and hydrogen perox-
ide, and it is not clear whether the detoxifi cation of superoxide or the production of 
hydrogen peroxide, or both, contribute to the infection.  B. cinerea  is known to 
actively produce hydrogen peroxide early during infection and this compound is 
considered to contribute, itself, to virulence (Heller and Tudzynski  2011 ). More 
details about ROS are given in Chap.   14    . 

 An interesting member of the secretome, which has been found in almost every  B. 
cinerea  secretome study, belongs to the cerato-platanin family of proteins (Pfam 
family PF07249). This family received its name from its founding member, the phy-
totoxic protein cerato-platanin, from the fungus  Ceratocystis platani  (formerly  C. 
fi mbriata ). Proteins of this family are known to elicit a range of defense responses in 
plants including hypersensitive (HR)-like cell death (Frías et al.  2011 ; Pazzagli et al. 
 1999 ; Yang et al.  2009 ). BcSpl1, one of the two cerato-platanins coded by the  B. 
cinerea  genome, is one of the most abundant proteins found in the early secretome 
(Espino et al.  2010 ), although it seems that cerato-platanins are mainly cell wall 
proteins (Boddi et al.  2004 ; Frías et al.  2014 ) that just happen to leak into the extra-
cellular medium. Knock-out mutants have been made for  Bcspl1 , and the resulting 
strains showed reduced virulence compared to the wild type (Frías et al.  2011 ). The 
recombinant BcSpl1 protein expressed in yeast caused fast and strong necrosis when 
infi ltrated in plant leaves, and the treated area showed several symptoms of HR such 
as induction of reactive oxygen species, electrolyte leakage, cytoplasm shrinkage, 
and cell autofl uorescence, as well as the induction of defense genes considered as HR 
markers (Frías et al.  2011 ). Moreover, existing evidences point to the recognition of 
cerato-platanins as Pathogen Associated Molecular Patterns (PAMPs) by the plant 
immune system as the molecular basis of the effects they cause on plants. The elicit-
ing motif has been identifi ed in BcSpl1 and shown to account by itself for the pro-
tein’s contribution to virulence (Frías et al.  2014 ). However, no plant receptor for 
cerato-platanins has been identifi ed yet. The fact that BcSpl1 elicits plant defenses 
and at the same time contributes to virulence is certainly unexpected but may be 
explained by the idea that necrotrophs such as  B. cinerea  could benefi t from cell 
death resulting from an intense defense response (HR, paragraph 12.5). Cerato-
platanins could therefore be just fungal cell-wall proteins with an eventual extensin-
like role (Baccelli et al.  2013 ; de Oliveira et al.  2011 ), whose recognitions as PAMPs 
by plant cells might favour  B. cinerea  infection strategy. 

 BcNEP1 and BcNEP2 are two members of the NEP1-like family of proteins (Pfam 
PF05630) of the  B. cinerea  genome. The proteins of this family also induce plant 
defense responses (callose apposition, accumulation of reactive oxygen  species, 
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induction of defense genes, etc.) and, at high doses, the death of the treated cells 
(Gijzen and Nürnberger  2006 ). Although both genes are expressed in the fungal cells 
(Cuesta Arenas et al.  2010 ), with different features, only BcNEP2 has been found 
experimentally in the secretome. Both proteins, expressed in yeast, are able to induce 
the synthesis of ethylene and necrosis in plant leaves (Cuesta Arenas et al.  2010 ). 
However, the mutants lacking either of the two NEPs are not affected in virulence, 
indicating that they might not contribute individually to the infection process, while 
attempts to generate the double mutant were unsuccessful (Cuesta Arenas et al.  2010 ). 

 Finally, one key feature of the proteins in the  B. cinerea  secretome is the high 
frequency of  O -glycosylation among them.  O -glycosylation usually occurs along 
the secretory pathway for protein regions rich in Ser and Thr. An in-silico search for 
such regions, among the proteins predicted to be secreted by  B. cinerea , found that 
41 % display at least one region with at least a 40 % Ser/Thr content in a minimum 
length of 20 residues (González et al.  2012 ). Additionally, about one fourth of 
secretory proteins were actually predicted to have hyper- O -glycosylated regions. 
Protein  O -glycosylation is initiated by protein  O -mannosyltransferases (PMTs), 
which add the fi rst mannose residue to the protein substrates in the ER. The three 
genes coding PMTs in the  B. cinerea  genome,  Bcpmt1 ,  Bcpmt2 , and  Bcpmt4 , have 
been individually deleted (González et al.  2013 ), and the corresponding Δ Bcpmt  
mutants have a wide array of defects in growth, morphology, and virulence. 
Especially signifi cant are the defects in the adherence and the penetration of intact 
plant surfaces, as well as a low production of extracellular matrix. These defects, 
along with the fact that plants do not possess PMTs, point to these enzymes as pos-
sible targets in the design of novel control strategies against  B. cinerea .   

12.4     Small RNAs as Virulence Factors 

 One interesting feature of  B. cinerea ’s infection strategy is its capacity to secrete 
small RNA molecules (sRNAs) able to selectively silence certain plant genes puta-
tively involved in plant defense, by hijacking the plant RNA interference system. In 
a recent paper Weiberg et al. ( 2013 ) described, for the fi rst time, that  B. cinerea  
secretes sRNAs that are taken up by plant cells and, once there, make use of the 
plant silencing machinery to promote degradation of defense-specifi c plant mRNAs, 
thus enhancing susceptibility to the fungus. These sRNAs were identifi ed in a 
search, by deep sequencing, for  B. cinerea  sRNAs that were more abundant in plant 
infections compared to axenic culture. This approach resulted in the identifi cation 
of 73 sRNAs with the potential to silence genes both in  A. thaliana  and tomato. 
Three of these were further characterized by Weiberg et al. ( 2013 ). These authors 
showed that they are pre-processed in the fungal cells by  B. cinerea ’s own Dicer 
enzymes and, once secreted and taken up by  A. thaliana  cells, they bind to one spe-
cifi c plant Argonaute protein to carry out gene silencing, resulting in diminished 
mRNA levels of the target plant genes. Silencing of these targets, which are sus-
pected to play a role in the plant immune system, results in enhanced susceptibility 
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to  B. cinerea , both in  A. thaliana  and tomato. Silencing of the  A. thaliana  targets for 
the three characterized sRNAs was shown to result in lower expression of the 
 BOTRYTIS - INDUCED KINASE1  gene  BIK1 , whose mutation is known to increase 
susceptibility to necrotrophic plant pathogens including  B. cinerea  and  Alternaria 
brassicicola  (Veronese et al.  2006 ) (Chap.   19    ). 

 The number of sRNAs that are potentially involved in silencing plant genes (Weiberg 
et al.  2013 ) was surprisingly high; expression of 832 sRNAs was enhanced during plant 
infection, and potential plant targets were identifi ed for 73 of them in  A. thaliana  and 
tobacco. Since the strategy used by these researchers aimed at the identifi cation of 
sRNAs fulfi lling certain stringent requirements (small size, higher expression in planta, 
non-complete identity with plant genes), other sRNAs not fulfi lling these criteria may 
also be important in pathogenesis. Therefore we can expect more sRNAs and corre-
sponding plant targets to be discovered in the future. Overall, these numbers point to a 
very prominent attack with sRNAs carried out by the fungus during infection.  

12.5     Targeting of Host HR and PCD Machinery 

 In the broadest sense, all pathogens can be divided into killers and non-killers (Sharon 
and Shlezinger  2013 ). The ultimate goal of killer pathogens is the conversion of 
 living tissue into dead organic matter. Therefore, killer pathogens are programmed to 
effi ciently kill host cells, while non-killer pathogens aim to keep their host alive, and 
are therefore programmed to prevent host cells from dying. Accordingly, host organ-
isms use opposite defense strategies against killer and non- killer pathogens: they are 
programmed to activate self-cell death when facing non- killer pathogens, and block 
cell death when attacked by killer pathogens. Control of cell death is therefore a 
central element in all types of pathogen–host interactions. Broadly, two main types 
of cell death are distinguished – uncontrolled death processes, collectively referred 
to as necrotic cell death, and controlled death, collectively referred to as PCD. 

 When examining the virulence strategy of  B. cinerea , we should consider these 
basic principles: as a killer pathogen,  B. cinerea ’s main strategy would be fast killing 
of the host tissue, and it could use either or both of necrosis- and PCD-inducing viru-
lence factors to achieve this goal. According to the model proposed by Shlezinger 
et al. ( 2011 ), necrosis-inducing factors are essential during the early infection phase, 
whereas PCD-inducing factors are probably more abundant at the later phase.  

12.6     Local Necrosis-Inducing Virulence Factors 

 Similar to other necrotrophic pathogens,  B. cinerea  is unable to extract nutrients 
from living tissues. This entails instant killing of host tissues upon the fi rst encoun-
ter. One alternative to destroy the plant tissues would be secretion of massive 
amounts of toxins and hydrolytic enzymes. However, considering that conidia are 
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the main source of  B. cinerea  infections, it is clear that at the early infection phase, 
production and secretion of proteins is limited to very small amounts. Hence, mas-
sive secretion of substances at the early stages of infection is unlikely. Furthermore, 
germinating conidia are exposed to toxic host metabolites, which induce cell death 
in the fungus and destroy a large part of the new hyphae. To counter the host-induced 
cell death, the fungus needs an active anti-PCD machinery, which enables rescue of 
a few cells during this critical stage (Shlezinger et al.  2011 ). Continuation of infec-
tion depends on the ability of the fungus to form a fully necrosed region, before 
being eliminated by the plant toxic compounds. Thus, even in successful infections, 
the active fungal biomass remains small until the end of the fi rst infection phase. 

 Close examination of  A. thaliana  leaf tissues 12–24 h after inoculation with  B. 
cinerea  shows development of HR-like, small necroses (Fig.  12.2 ). HR, while 
highly effective in restricting biotrophic pathogens, is ineffective against  B. cinerea . 
In fact, this fungus needs the host HR for full virulence; suppression of HR, either 

  Fig. 12.2    Stages and developmental changes during  B. cinerea  infection.  Left panel  shows macro 
images of infected  A. thaliana  leaves at 24, 48 and 72 h post-inoculation (PI). Trypan blue ( b ,  d ,  f ) 
stains dead plant cells and living fungal hyphae.  Arrows  show appearance of hypersensitive-like 
local necroses 24 h PI ( b ) and formation of a ring of dead plant cells at 48 and 72 h PI ( d ,  f ). The 
formation of local necroses 24 h PI is visible on leaves at higher magnifi cation ( g ). Organization 
and biomass of fungal hyphae and mycelium change from thin, isolated hyphae at 24 h PI ( h ) to a 
bulk of mycelium composed of thin hyphae at 48 h ( k ), to a well-organized mycelium composed 
of bundles of thick hyphae that grows from the centre of infection outward at 72 h PI ( n ). At 24 h 
PI, hyphae are viable, as can be seen by strong nuclear signal in a strain expressing a histone-GFP 
construct ( i ). Massive cell death is evidenced by disappearance of the nuclei at 48 h PI ( l ). At 72 h 
PI the fungus recovers and new hyphae are formed ( o ) (Modifi ed from Shlezinger et al.  2011 )       
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by chemicals or through mutations, restricts  B. cinerea  infection, whereas induced 
HR enhances the disease (El Oirdi and Bouarab  2007 ; Govrin et al.  2006 ; Govrin 
and Levine  2000 ; Hoeberichts et al.  2003 ; Rossi et al.  2011 ). Hence, it is reasonable 
to assume that certain factors, such as the necrosis-inducing BcNEPs and the cerato- 
platanin BcSpl1, would activate the HR response to induce fast necrosis. In this 
event, a very small amount of protein will be necessary, just enough to activate the 
plant’s self-destroy machinery. Furthermore, it can be expected that the effect of 
such molecules will be highly restricted to the site of protein application/secretion, 
similar to the nature of HR response. Indeed, both BcNEPs and the cerato-platanin 
BcSpl1 are active at super low (picomole) amounts, and induce local necrosis 
(Cuesta Arenas et al.  2010 ; Frías et al.  2011 ; Qutob et al.  2006 ). It is intuitive to 
predict that  B. cinerea  produces additional necrosis-inducing factors (proteins as 
well as other types of molecules) for the same purpose. One class of such molecules 
are the earlier mentioned toxins – oxalic acid, botrydial and alike.

12.7        Induction of Spreading Cell Death 

 Once established within a fully necrosed tissue, the fungus is no longer exposed to 
the plant defense substances, and fungal cells that had survived the fi rst encounter 
with living plant tissue can nourish on the dead tissue and produce new biomass in 
the protected zone. A clear change is visible in  A. thaliana  leaves at this stage in 
disease development, characterized by fast development of wet rotting (Fig.  12.2 ). 
This change in disease progression is accompanied by dramatic changes in develop-
ment of the fungus: massive amount of fungal mycelium develops, which is charac-
terized by bundles of thick hyphae organized as a radial colony that grows outward 
from the necrotic centre. While at the centre of the colony the plant tissue is fully 
macerated, a ring of intact, but dead plant cells is visible around the infection court 
(Fig.  12.2  and, e.g., Fig. 7 in Rowe et al.  2010 ). These changes in disease spreading 
and fungal development imply deployment of a new set of virulence factors, which 
are different in the nature and mode of action from the necrosis-inducing factors 
that are necessary for establishment of infection at the early phase. Instead, one can 
expect to fi nd factors of a more diffusible nature, which promote spreading cell 
death in tissues that are not in direct contact with the fungus. 

 The notion that  B. cinerea  uses specifi c virulence factors (effectors) to promote 
spreading cell death is relatively new, and such molecules have not (yet) been 
reported in  B. cinerea . Nevertheless, it is possible that such putative effectors would 
also target the HR and PCD machinery, although with different effects than those of 
the early infection phase effectors. A putative PCD-inducing virulence factor has 
been described in  Sclerotinia sclerotiorum , another broad host range necrotrophic 
pathogen that is closely related to  B. cinerea. S. sclerotiorum  mutants that do not 
produce oxalic acid (OA) trigger HR-like response, but are unable to initiate dis-
ease. OA has multiple effects on the plant, one of which is induction of apoptotic- 
like cell death (Kim et al.  2008 ). Transgenic tobacco plants expressing anti-apoptotic 

C. González et al.



241

genes did not develop apoptosis when treated with OA, and were highly resistant to 
infection by  S. sclerotiorum  as well as by  B. cinerea  (Dickman et al.  2001 ). Recent 
studies showed that OA suppresses autophagy, a process that is tightly connected 
with PCD and essential for survival of the tissue.  A. thaliana  mutants lacking 
autophagy genes showed full sensitivity to the  S. sclerotiorum  OA-defi cient mutant, 
as opposed to wild-type plants that are completely resistant to the mutant (Kabbage 
et al.  2013 ). These and other fi ndings led to the conclusion that OA induces apopto-
sis and suppresses autophagy during  S. sclerotiorum  infection, thereby initiating a 
death process while blocking autophagy, the pro-survival element of PCD (Zhou 
et al.  2014 ). Without OA,  S. sclerotiorum  is unable neither to trigger PCD nor to 
block autophagy, and hence the plant defense can be activated and block pathogen 
spreading. It should be noted that  B. cinerea  also produces large quantities of OA, 
but its effect on virulence was not shown in this system. 

 The possibility that  B. cinerea  effectors target the plant PCD and HR machiner-
ies receives additional support from work on the regulation of HR-associated PCD 
in plants (Chaps.   17    ,   18    , and   19    ). PCD is part of the normal plant development and 
life cycle. It is associated with various developmental processes such as xylogene-
sis, reproduction and senescence (Greenberg  1996 ; Pennell and Lamb  1997 ). 
External stimuli, both biotic and abiotic, can also lead to PCD. Perhaps the most 
familiar form of induced plant PCD is associated with HR following pathogen 
attack. The development of apoptotic markers during HR response has been known 
for a long time. In a normal HR response, PCD is limited to a small number of cells 
around the pathogen invasion site. Studies in  A. thaliana  have shown that a series of 
negative and positive regulators of PCD control the onset and termination of PCD 
during HR. The zinc-fi nger transcription factor LSD1 negatively regulates spread-
ing of cell death to cells surrounding infection sites (Dietrich et al.  1997 ). In  lsd1  
mutants, cell death control is impaired resulting in spreading of cell death to the 
entire leaf, a phenomenon known as ‘runway cell death’ (RCD). An  A. thaliana  
double mutant affected in both the NADPH oxidase AtrbohD and LSD1, shows 
enhanced RCD and increased sensitivity to  B. cinerea  (Torres et al.  2005 ). Mutation 
in  LOL1 , a  LSD1  paralogue gene, has opposite effects to the  lsd1  mutation. An 
 lsd1 / lol1  double mutant shows reduced RCD, whereas over-expression of  LOL1  
induces HR in wild-type as well as in  lsd1  plants (Epple et al.  2003 ). In wild type 
plants, LOL1 is antagonized by LSD1, which restricts the activity of LOL1 to a 
limited number of cells. In  lsd1  plants, LOL1 is not blocked, resulting in the RCD 
phenomenon. These results suggest that LSD1 might act as an antagonist of PCD by 
retaining LOL1 and possibly additional transcription factors that are positive regu-
lators of PCD, such as AtbZIP10, in the cytoplasm, thereby preventing activation of 
apoptosis by this group of pro-apoptotic transcription elements. This model resem-
bles the control of cell death in metazoan by the IAP family of zinc-fi nger proteins, 
which maintain a threshold for cell death by modulation of caspases. If this analogy 
is correct, caspase activity should be affected in the corresponding  A. thaliana  
mutant plants (Sharon and Finkelshtein  2009 ). 

 Indeed, recent work by Dangl and co-workers further support this model. 
AtMC1, one of three metacaspases found in  A. thaliana , showed strong interaction 
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with LSD1 and the  lsd1 -associated RCD phenotype was abolished in  atmc1  mutant 
background (Coll et al.  2010 ). Furthermore, there was no interaction between 
LSD1 and the second metacaspase AtMC2, although the RCD phenotype was 
intensifi ed in  atmc2  mutant background. These and other data show that 
HR-associated PCD is executed by AtMC1 and restricted in adjunct cells by the 
antagonistic activity of AtMC2. 

 Although there is no information on  B. cinerea  effectors that target these or simi-
lar regulators of HR/PCD, the RCD phenotype provides a mechanism that can 
explain the sharp shift from local death to fast-spreading lesion observed during  B. 
cinerea  infection. While early phase effectors act locally at super low levels and 
induce local necrosis, effectors at the second phase could possibly target regulators 
of the PCD machinery to generate the phenomenon of RCD. In view of the  B. cine-
rea  ability to manipulate plant cells via RNA interference mechanisms (Weiberg 
et al.  2013 ), already discussed above, these effectors could be secreted in the form 
of sRNAs with the capacity to silence key regulators of PCD. 

 Further evidences connecting PCD with the plant defense machinery come from 
work with anti-apoptotic genes. p35, an IAP-like protein from baculovirus sup-
presses apoptosis in mammalian cells by inhibiting caspases (Clem et al.  1996 ). 
Expression of the anti-apoptotic baculovirus protein p35 in plants signifi cantly 
affected disease caused by various pathogens. Transgenic tomato plants expressing 
the anti-apoptotic p35 baculovirus protein were protected from AAL toxin-induced 
cell death and showed enhanced resistance to infection by the necrotrophic fungal 
pathogen  A. alternata  (Lincoln et al.  2002 ). A p35 binding site mutant clone that is 
inactive against human caspase 3 did not protect plants form the pathogens or the 
toxin, indicating the involvement of plant caspases in the HR response. The anti- 
apoptotic protein BI-1 blocks PCD in plants. BI-1 is necessary for successful infec-
tion of barley by the powdery mildew fungus  Blumeria graminis , a non-killer 
(biotrophic) pathogen (Eichmann et al.  2004 ), whereas over-expression of BI-1 
reduces plants’ susceptibility to killer pathogens such as  Fusarium graminearum  
and  B. cinerea  (Babaeizad et al.  2009 ; Imani et al.  2006 ). AtBI-1, one of several 
homologs of human BI-1 found in  A. thaliana , blocked Bax- H 2 O 2 - and salicylic 
acid-induced PCD and reduced sensitivity to  B. cinerea  when overexpressed in  A. 
thaliana  and tobacco (Kawai-Yamada et al.  2004 ). Similarly, expression of Barley 
BI-1 in carrots limited necrosis and restricted spreading of  B. cinerea  (Imani et al. 
 2006 ). Finally, tobacco plants expressing anti-apoptotic members of the Bcl-2 fam-
ily of proteins, provided protection against  B. cinerea  and  S. Sclerotiorum  (Dickman 
et al.  2001 ). DNA laddering, a hallmark of apoptosis that occurred after infection 
with pathogens in wild type tobacco plants did not occur in the transgenic plants, 
suggesting that infection by these necrotrophic pathogens is promoted by induced- 
PCD, which enhances plant sensitivity to the pathogens. 

 The above examples show that plant cell death machinery, both necrosis and 
PCD, is target for  B. cinerea  effectors, which act to induce abrupt cell death by 
affecting essential processes (necrosis-inducing factors) and modify expression of 
these self-destroy mechanisms (PCD) to their own benefi t.  
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12.8     Concluding Remarks 

 The paradigm of  B. cinerea  infection has been revisited during the past years. It is 
now clear that the pathogenic development of  B. cinerea  is far more complex than 
previously appreciated. Disease progression is tightly regulated during the entire 
infection process, and the fungus makes developmental adaptations that match the 
different infection stages. Such sophisticated interaction between the fungus and the 
plant entails involvement of molecules with internal and external effects. One class 
of such molecules are highly specifi c virulence factors (effectors), similar to the 
situation in other patho-systems. Recent works on  B. cinerea  proteome and tran-
scriptome, along with advanced studies on the regulation of the plant HR defense 
response, suggest that  B. cinerea  virulence factors target and manipulate the plants’ 
HR and the associated self-cell death (PCD) machinery. Discovery of the fungal 
factors/effectors and identifi cation of their plant targets, hold potential for improve-
ment of plant tolerance to this devastating pathogen.     
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    Chapter 13   
 Signal Transduction Cascades Regulating 
Differentiation and Virulence in  Botrytis 
cinerea                      

       Julia     Schumacher    

    Abstract     Fungi are eukaryotic organisms that are more closely related to animals 
than to plants and algae, and therefore fungal cells share important features with 
mammalian cells. This is perhaps most apparent in the signaling cascades that medi-
ate the communication between environmental signals and the cellular machinery 
regulating developmental programs. Conserved signaling systems present in all 
eukaryotes, from yeast to mammals, comprise cAMP and Ca 2+  as second messen-
gers, and further include Ras superfamily proteins and mitogen-activated (MAP) 
kinases. Apart from that, fi lamentous fungi evolved a light response system allow-
ing for use of light and its absence, respectively, as environmental cues to control 
development and secondary metabolism. Recent progress in understanding the reg-
ulatory networks in  B. cinerea  by functional characterization of key components of 
the signal transduction pathways is summarized with emphasis on their impact on 
differentiation and virulence.  

  Keywords     Signal transduction   •   cAMP   •   Calcium   •   Light   •   Transcription factor  

13.1         Introduction 

 Signaling cascades transmit a signal (input) across membranes to the cytosol and/or 
the nucleus, where the respective cellular response is arranged (output). The signals 
(primary messengers) are perceived by receptors, transduced into intracellular sig-
nals involving phosphorylation events or secondary messenger systems, and fi nally 
passed through to the ultimate effector proteins: Regulation of transcription factors 
(TFs) allow for the reprogramming of the cell while the modifi cation of enzyme 
activities allow for the quick adaptation of the cell metabolism to environmental 
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changes. Some core components of signal transduction pathways are present in 
yeast, fi lamentous fungi, plants and animals; some of them have been duplicated in 
the higher eukaryotes; others got lost or have been acquired by certain species. The 
repertoire of TFs and their target genes (signaling outputs) are species-specifi c and 
can be considered as the result of adaptive evolution. Hence, signaling cascades 
may trigger different responses even in closely related species addressing the need 
to study their functions in the particular organism. Due to the availability of the 
genome sequence and the optimization of the molecular techniques, the number of 
functionally characterized genes in  B. cinerea  has risen in recent years.  

13.2     Monomeric G Proteins (Small GTPases) 

 Monomeric G proteins (GTPases of the Ras superfamily) function as binary molec-
ular switches between “on” and “off” states and regulate a variety of biochemical 
reactions inside the cell. When bound to GDP, they are in an inactive confi guration 
but the exchange of GDP to GTP, catalyzed by guanine nucleotide exchange factors 
(GEFs), results in a conformational change to an activated state (“on”). The GTPase 
interacts then with effector proteins transmitting the signal to downstream path-
ways. GTPase-activating proteins (GAPs) stimulate the otherwise low GTPase 
activity thereby restoring the inactive GDP-bound form (“off”). Furthermore, gua-
nine nucleotide dissociation inhibitors (GDIs) may maintain small GTPases in the 
inactive state by preventing their activations by GEFs (reviewed in Weeks and 
Spiegelman  2003 ). The Ras superfamily is divided into fi ve main families with 
conserved functions: RAS (cell proliferation), RHO (cell morphology/cytoskeletal 
dynamics), RAB (membrane traffi cking), RAN (nuclear transport), and ARF 
(vesicular transport) (reviewed in Wennerberg et al.  2005 ). 

 Like the budding yeast  Saccharomyces cerevisiae ,  B. cinerea  possesses three 
RasGTPases. BcRas1, BcRas2 and B0510_6434 (Broad Database) represent the 
orthologs of yeast Ras1p, Ras2p, and Rsr1p/Bud1p, respectively. Mutants of  bcras1  
and  bcras2  have been described: Δ bcras1  mutants are severely affected in growth 
by forming hyper-branched and deformed hyphae (Minz Dub et al.  2013 ); Δ bcras2  
mutants are impaired in radial growth rates as well, but unlike Δ bcras1 , they are 
able to differentiate conidia and sclerotia and to infect the plant tissue though with 
a considerable delay (Schumacher et al.  2008b ). 

  S. cerevisiae  has six RhoGTPases (Cdc42p, Rho1-5p); whereby Cdc42p and 
Rho1p are essential for viability. Cdc42p is required for polarized bud growth by 
regulating the organization of the actin cytoskeleton and the exocytic machinery; 
Rho1p regulates the activity of the (1,3)-β-D-glucan synthase and the cell wall 
integrity pathway (reviewed in Perez and Rincon  2010 ).  B. cinerea  as other fi lamen-
tous ascomycetes lacks an ortholog of Rho5p, but contains instead another 
RhoGTPase named BcRac. The phenotype of Δ bcrac  mutants resembles those 
caused by Δ bcras1 , suggesting that both monomeric GTPases act in the same sig-
naling pathway (Minz Dub et al.  2013 ). The phenotype of Δ bccdc42  mutants is 
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milder than that of Δ bcras1 /Δ bcrac  mutants: they exhibit slightly reduced growth 
rates, do not form sclerotia and produce fewer malformed conidia that possess 
altered germination and penetration properties (Kokkelink et al.  2011 ). Whether, in 
conformity with the yeast system, the  B. cinerea  orthologs of the p21-activated 
kinases (PAKs) Cla4p and Ste20p act as effector proteins of BcRac and BcCdc42 is 
currently under investigation (Minz Dub et al. unpublished). However, the RhoGEF 
BcCdc24 appears to be essential, possibly because of its GEF function for both, 
BcRac and BcCdc42. The formin BcSep1 which is involved in the assembly of 
F-actin cables, was recently identifi ed as effector protein of RhoGTPase signaling; 
it is associated with BcCdc24 via the scaffold protein BcBem1 and is required for 
polarized growth and septum formation (Giesbert et al.  2014 ).  

13.3     G Protein-Coupled Receptor (GPCR) Systems 

 Heterotrimeric G proteins are the most common signal transducers in eukaryotic 
cells and mediate the effects of various external signals. Prominent examples are the 
pheromone response in  S. cerevisiae  and the rhodopsin/transducin visual system in 
mammals. These G proteins act at the plasma membrane and are composed of three 
subunits: Gα contains a GTPase domain that is structurally identical to that of Ras 
superfamily proteins and interacts with a membrane-spanning G protein-coupled 
receptor (GPCR); Gβ interacts with Gα and Gγ. In the inactive state, the G protein 
subunits form a heterotrimer that is associated with the GPCR. Ligand binding to 
the receptor leads to the exchange of GTP for GDP in Gα, and Gα-GTP and the Gβγ 
dimer dissociate due to conformational changes. Gα and Gβγ can bind to and regu-
late membrane-localized effectors including adenylate cyclase, ion channels, phos-
phodiesterases, and phospholipases. Hydrolysis of the bound GTP by the intrinsic 
GTPase activity of Gα leads to the re-association of Gα-GDP with Gβγ and the 
GPCR (reviewed in Cabrera-Vera et al.  2003 ) (Fig.  13.1 ).

  Fig. 13.1    G proteins – the mode of action. See text for explanation       
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   In contrast to yeasts, which possess two Gα (Gpa1p, Gpa2p),  B. cinerea  and 
other fi lamentous fungi contain three Gα subunits. Respective genes named  bcg1- 
bcg3   in  B. cinerea  have been deleted revealing that all three Gα subunits are impli-
cated in the infection process. Deletion of  bcg1  causes aberrant colony morphology 
and severely reduced virulence (spreading) that is accompanied by altered  expression 
levels of genes involved in secondary metabolism (toxin biosynthesis) and plant cell 
wall degradation (Schulze Gronover et al.  2001 ,  2004 ). In contrast, the functions of 
the second Gα are less evident; Δ bcg2  mutants do not exhibit altered growth char-
acteristics and lesions provoked by Δ bcg2  conidia on bean leaves spread with 
slightly reduced speed (Schulze Gronover et al.  2001 ). Gα3 (Bcg3) is required for 
conidial germination induced by carbon sources; its absence furthermore results in 
reduced conidiation, excessive sclerotia formation and delayed infection of tomato 
leaves (Döhlemann et al.  2006 ). Mutants lacking  bcg1  or  bcg3  contain lower cAMP 
levels compared to the wild type and their phenotypes are at least partially restored 
by exogenous cAMP indicating that Gα1 and Gα3 trigger cAMP production via 
activation of the adenylate cyclase (Schulze Gronover et al.  2001 ; Klimpel et al. 
 2002 ; Döhlemann et al.  2006 ). 

  B. cinerea  possesses single genes ( bcgb1 ,  bcgg1 ) encoding Gβ and Gγ, respec-
tively. As expected due to their function as subunits of membrane-bound G proteins, 
Gβ- and Gγ-GFP fusion proteins localize at the plasma membrane. Deletions of 
 bcgb1  and  bcgg1  result in identical phenotypes  i.e. , reduced radial growth rates 
accompanied by increased aerial hyphae formation, loss of sclerotia formation, 
impaired conidiation, reduced virulence and increased intracellular cAMP levels 
(unpublished), corroborating the hypothesis that Gβ and Gγ act as a functional unit 
in  B. cinerea  to keep the Gα subunits in their inactive state. Notably, the latter func-
tion is not conserved in fungi as the disturbance of the Gβγ dimer in  Neurospora 
crassa  results in the posttranslational degradation of the Gα subunits and subse-
quently in lower intracellular cAMP contents (reviewed in Li et al.  2007 ). 

 Regulators of G protein signaling (RGSs) bind to activated Gα subunits and 
function as their GAPs (reviewed in Cabrera-Vera et al.  2003 ). The number and 
domain organization of RGSs differ among fungi; hence, fi ve, seven and eight RGSs 
were described for  Aspergillus nidulans ,  Fusarium graminearum  and  Magnaporthe 
oryzae , respectively (Wang et al.  2013 ). The search for RGSs in  B. cinerea  revealed 
seven candidates (Amselem et al.  2011 ) whereby BcRgs1 and BcRgs3 represent the 
orthologs of  A. nidulans  FlbA and RgsA which form specifi c RGS–Gα pairs with 
Gα1 (FadA) and Gα3 (GanB), respectively (reviewed in Yu  2006 ). Moreover, 
phosducin- like proteins (PhLPs) are required for proper G protein signaling by act-
ing as chaperones during Gβγ assembly (Willardson and Howlett  2007 ).  B. cinerea  
as  A. nidulans  possesses three PhLPs while  N. crassa  and  M. oryzae  just contain 
two (Amselem et al.  2011 ). BcPhnA, one of the three PhLPs, is involved in conidia 
and sclerotia production and is essential for plant infection (Kilani et al. 
unpublished). 

 The search for potential GPCRs in  B. cinerea  revealed 14 candidates including 
Ste2p/ Ste3p-like (pheromone) receptors (BcPre1, 2), the ortholog of the carbon 
sensor in yeast (BcGpr1), the cAMP receptor-like class which is absent from yeast 

J. Schumacher



251

(BcGpr2-6), the group of Stm1-related proteins (BcGpr7-10), and the class of 
microbial opsins (Bop1, 2) (Li et al.  2007 ; Amselem et al.  2011 ). Deletion 
approaches have been undertaken for  bcgpr1 - 5  ( bcpgr6  is a pseudogene). Respective 
mutants do not exhibit altered growth behaviors or virulence (unpublished). 
However, Δ bcgpr3  mutants are resistant to the toxic grapevine defensin VvAMP2 
(Nanni et al.  2014 ). Another class of receptors in fi lamentous fungi is typifi ed by  M. 
oryzae  PTH11, an integral membrane protein required for pathogenicity. Sixty-one 
PTH11-related proteins were identifi ed in  M. oryzae  (Kulkarni et al.  2005 ), and 
BlastP analyses in  B. cinerea  databases using PTH11 as query revealed 80 PTH11- 
like proteins. Two of them, named BTP1 and BTP2, were shown to lack obvious 
functions in virulence (Schulze Gronover et al.  2005 ; unpublished). Until today, no 
GPCR could be assigned to any heterotrimeric G protein by mutant analysis. 
Possibly, G proteins are primarily regulated by other factors, such as the ortholog of 
Ric8 that was recently demonstrated to function as GEF for Gα subunits in  N. crassa  
(Wright et al.  2011 ) and/or by PhLP and RGS family proteins.  

13.4     The Cyclic AMP (cAMP) Cascade 

 A prominent effector protein of heterotrimeric G proteins is the membrane- 
associated adenylate cyclase (AC). This enzyme is activated by interaction with 
stimulatory Gα subunits after ligand-binding to the GPCR, and forms the second 
messenger cAMP. The primary receptor protein for cAMP in eukaryotes is the 
cAMP-dependent protein kinase (PKA). In its inactive state, the PKA is a tetramer 
composed of two regulatory and two catalytic subunits. After binding of cAMP to 
the regulatory subunits, the tetramer dissociates into a dimer of regulatory subunits 
and two active monomeric catalytic subunits that phosphorylate effector proteins 
such as TFs and metabolic enzymes (reviewed in Sassone-Corsi  2012 ). 

 In common with other fi lamentous fungi,  B. cinerea  contains single genes encod-
ing the adenylate cyclase ( Bac ) and the regulatory PKA subunit ( BcPkaR ), and two 
genes encoding catalytic PKA subunits ( BcPka1 ,  BcPka2 ). Deletion of  bac  results 
in reduced intracellular cAMP levels, and affects colony growth, conidial germina-
tion and virulence (Klimpel et al.  2002 ; Döhlemann et al.  2006 ). Active Gα1, Gα3 
and the monomeric G protein BcRas2 elevate intracellular cAMP levels by interact-
ing with Bac (Klimpel et al.  2002 ; Schumacher et al.  2008b ). BcPka1 represents the 
major catalytic PKA subunit as its deletion leads to signifi cant growth retardation, 
reduced virulence and increased cAMP levels while the deletion of the second sub-
unit does not result in obvious phenotypes (Schumacher et al.  2008b ). However, 
both catalytic PKA subunits may substitute each other to maintain a basal level of 
PKA activity. Both Δ bac  and Δ bcpka1  mutants exhibit similarly reduced virulence 
on bean leaves, which is in line with the hypothesis that AC and PKA act in the 
same signaling pathway. Besides, both mutants have specifi c phenotypes; the 
defects in sugar-induced germination and sclerotia formation are unique to Δ bac  
suggesting additional effector proteins of Bac and cAMP. Indeed, two additional 
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proteins with cAMP-binding domains have been identifi ed that consequently may 
function downstream of Bac and in parallel to the PKA (Amselem et al.  2011 ).  B. 
cinerea  mutants deleted for  bcpkaR  share identical phenotypes with Δ bcpka1  
mutants and lack PKA activity. This situation differs from that found in other fungal 
systems in which the deletion of the regulatory subunit results in constitutively 
active PKA signaling (Lee et al.  2003 ). So far, it is not clear by which mechanism 
BcPka1 activity is abolished in the absence of  BcPkaR . 

 Amplitude and duration of cAMP signaling is modulated by phosphodiesterases 
(PDEs) that degrade the secondary messenger. Yeast and fi lamentous fungi contain 
two PDEs with unrelated primary sequences and different affi nities for the sub-
strate. BcPde1 and BcPde2 represent the low- and high-affi nity forms, respectively, 
and exhibit different subcellular localizations (Harren et al.  2013 ). BcPde2, the 
main PDE, is required for proper regulation of colony growth, conidiation, sclerotia 
formation and virulence. Absence of BcPde1 has no effect; however, the overex-
pression of this enzyme in the Δ bcpde2 -background and the more pronounced phe-
notype of ΔΔ bcpde1 / 2  mutants suggest that both enzymes have redundant functions 
and that the low-affi nity PDE may compensate for the loss of the high-affi nity 
PDE. Unlike the situation in other fungal systems in which the loss of PDE activity 
leads to elevated cAMP levels and in turn to constitutively active PKA signaling,  B. 
cinerea  PDE loss-of-function mutants contain slightly reduced cAMP levels and 
reduced PKA activities (Harren et al.  2013 ). In sum, there are several evidences that 
the regulation of cAMP signaling in  B. cinerea  differs widely from that found in 
other fungal species.  

13.5     Ca 2+ -Mediated Signal Transduction 

 Phospholipase C (PLC) isoforms are further effector proteins of GPCR systems. In 
mammalian cells, Gα, Gβγ, or both bind to membrane-localized PLCs after the dis-
sociation of the G protein has taken place. PLCs catalyze the hydrolysis of 
phosphatidylinositol- 4,5-bisphosphate (PIP 2 ) to inositol-1,4,5-trisphosphate (IP 3 ) 
and diacylglycerol (DAG), which are important secondary messengers. At this step, 
the signaling pathway splits into two branches. IP 3  binds to and thereby opens Ca 2+  
channels in the ER membrane leading to a quick rise in intracellular Ca 2+  that affects 
the activity of Ca 2+ -dependent proteins (see below). DAG, the other cleavage prod-
uct of PIP 2  remains embedded in the membrane and promotes there the activation of 
the Ca 2+ -dependent protein kinase (PKC) after Ca 2+ -induced translocation of the 
inactive PKC to the plasma membrane has taken place (reviewed in Rhee  2001 ). In 
common with mammalian systems, IP 3  is produced by PLCs in fungi resulting in 
increased cytosolic Ca 2+  levels; however, the characteristic IP 3 -binding Ca 2+  chan-
nels are missing and the molecular targets of IP 3  are still unknown. Moreover, it 
turned out that in yeast and possibly in fi lamentous fungi as well, the vacuole and 
not the ER is the main storage organelle for Ca 2+ . In yeast, Ca 2+  is released from this 
cell compartment  via  the vacuolar Ca 2+  channel Yvc1p in response to particular 
stimuli (reviewed in Cunningham  2011 ). 
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  B. cinerea  possesses two PLCs (BcPlc1, BcPlc2) while both  N. crassa  and  M. 
oryzae  contain four enzymes of this type. Deletion of  bcplc1  results in a pleiotropic 
phenotype including defects in conidial germination, hyphal branching, sclerotia 
formation and virulence. BcPlc1, Gα1 and the Ca 2+ -dependent calcineurin 
 phosphatase (CN) coordinately regulate gene expression indicating a crosstalk 
between heterotrimeric G protein- and Ca 2+ -dependent signal transduction 
(Schumacher et al.  2008c ). The function of BcPlc2 is still unknown. 

 It is crucial for the cell to maintain Ca 2+  levels within optimal ranges in the cyto-
sol and the organelles. In yeast, Ca 2+  enters the cytosol and is in turn transported into 
the vacuoles through the Ca 2+  pump Pmc1p and the Ca 2+ /H +  exchanger Vcx1p, or 
into the Golgi/ER through the Ca 2+  pump Pmr1p. Finally, excessive Ca 2+  in the 
secretory pathway is extruded from the cell  via  exocytosis (reviewed in Cui et al. 
 2009 ). In contrast to yeast, that possesses single copies of the Ca 2+ -transporting 
proteins, genomes of fi lamentous fungi contain multiple genes encoding putative 
orthologs of Pmr1p and Vcx1p (Amselem et al.  2011 ). Import of Ca 2+  is mediated 
 via  high- (HACS) and low-affi nity (LACS) Ca 2+  infl ux systems. Two putative HACS 
components  i.e. , the Ca 2+  channel proteins BcMid1 and BcCch1 have been studied 
in  B. cinerea : as in yeast, the proteins are required for facilitating growth in low 
environmental Ca 2+  conditions (Harren and Tudzynski  2013 ). 

 Free Ca 2+  ions act as cofactor for several enzymes including PLCs and PKCs, 
and as secondary messenger by binding to Ca 2+ -sensitive (EF-hand containing) pro-
teins, such as calmodulin (CaM) and neuronal Ca 2+  sensor (NCS) proteins. Upon 
Ca 2+  binding, CaM undergoes a conformational change enabling its interaction with 
effector proteins such as Ca 2+ /CaM-dependent kinases (CMKs) and the calcineurin 
(CN) phosphatase. Inactive CN represents a heterodimer composed of a catalytic 
(CNA) and a regulatory subunit (CNB). When Ca 2+ /CaM binds to CNA, the autoin-
hibitory domain is released from the active site enabling binding and dephosphory-
lation of CN substrates (Stie and Fox  2008 ). 

 FK506 and cyclosporine A (CsA) are naturally derived compounds and are used 
to prevent transplant rejection by blocking T-cell activation (immunosuppression) 
in patients. Both compounds act  via  interaction with peptidyl-prolyl isomerases 
(FKBP12 and cyclophilin A, respectively); subsequent binding of the drug–protein 
complexes to CN prevents its catalytic activity (reviewed in Cyert  2003 ). Deletions 
of the  B. cinerea  orthologs, named BcPic5/BcFkbp12 and Bcp1, result as expected, 
in FK506- or CsA-resistant mutants (Gioti et al.  2006 ; Meléndez et al.  2009 ; Viaud 
et al.  2003 ). Treatment of wild-type conidia with CsA does not affect conidial ger-
mination  per se  but results in hyper-branched hyphae and subsequent growth arrest. 
Comparative gene expression studies using CsA for inhibiting CN activity revealed 
18 CN-dependent ( CND ) genes (Viaud et al.  2003 ). Mutants deleted for  BccnA  and 
therefore missing CN activity are “viable” but are severely affected in hyphal growth 
and related differentiation processes such as the formation of a hyphal network and 
reproductive structures (Harren et al.  2012 ). The phosphoprotein BcRcn1 has been 
identifi ed as a positive regulator of CN activity: it interacts with BcCnA  via  a 
CN-docking motif, and is required for the expression of  bccnA  and CN-dependent 
genes (Harren et al.  2012 ). Phosphorylation of BcRcn1 is likely carried out by the 
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glycogen synthase kinase 3 (BcGsk3), the ortholog of yeast Mck1p (Harren et al. 
unpublished data). 

 Even though CN subunits and regulatory proteins are highly conserved in yeast, 
fungi and mammals – they do not exist in plants – striking differences exist with 
regard to the CN effectors. In yeast and mammals, CN acts on TFs, which are local-
ized in the cytosol when they are inactive. The dephosphorylated proteins are trans-
located to the nucleus where they induce gene expression. The PxIxIT motif for 
CN-binding is conserved in yeast and mammalian TFs and is present in almost all 
CN-regulated proteins. However, yeast Crz1 and human NFAT (nuclear factor of 
activated T cell) TFs are evolutionary not related (reviewed in Aramburu et al. 
 2004 ). BcCrz1 is the fi rst CN-regulated TF that has been described in a fi lamentous 
fungus (Schumacher et al.  2008a ).  Bccrz1  partially complements the yeast Δ crz1  
mutation, and the subcellular localization of the GFP-BcCrz1 fusion protein depends 
on Ca 2+  in a CN-dependent fashion in both,  S. cerevisiae  and  B. cinerea . BcCrz1 is 
involved in distinct processes including growth on poor media, hyphal morphology, 
stress response, cell wall and membrane integrity, and virulence. As expected for a 
component of the Ca 2+ /CN signaling pathway, high environmental Ca 2+  becomes 
toxic for Δ bccrz1  as the transcriptional response, usually enabling the adaptation to 
this stress condition is blocked (Schumacher et al.  2008a ; Schumacher  2012 ). 
Recently, genome-wide expression studies have been initiated to identify Ca 2+ -
induced genes (CIGs), and to study their fate in the absence of BcRcn1 or BcCrz1. 
Preliminary data support the hypothesis that more CN effector proteins apart from 
BcCrz1 exist: a number of Ca 2+ -responsive TFs (CTFs) was identifi ed whose induc-
tion does not require BcCrz1 (Harren et al. unpublished data).  

13.6     Mitogen-Activated Protein Kinase (MAPK) Cascades 

 Mitogen-activated protein kinase (MAPK) cascades function as key signal trans-
ducers that use protein phosphorylation/dephosphorylation cycles to channel infor-
mation. MAPK modules in all eukaryotes consist of three interlinked protein kinases 
that are sequentially activated: Activated MAP kinase kinase kinase (MAPKKK) 
phosphorylates two Ser and/or Thr residues in the activation loop of MAP kinase 
kinases (MAPKK). Activated MAPKK in turn triggers the activation of MAPKs  via  
dual phosphorylation of conserved Thr and Tyr residues (Fig.  13.2 ).

   Finally, activated MAPKs phosphorylate Ser/Thr residues of effector proteins in 
the cytosol and/or the nuclei to achieve specifi c output responses. Four MAPK mod-
ules are present in  S. cerevisiae  controlling mating response (Ste11p–Ste7p–Fus3p/
Kss1p), fi lamentous growth (Ste11p–Ste7p–Kss1p), cell wall integrity and cell 
cycle (Bck1p–Mkk1p/Mkk2p–Slt2p), or osmoregulation and stress response 
(Ssk2p/Ssk22p–Pbs2p–Hog1p) (reviewed in Zhao et al.  2007 ). 

 Based on sequence comparisons, three MAPKs and their upstream kinases have 
been identifi ed in  B. cinerea . The Fus3p/Kss1p ortholog represents Bmp1, whose 
deletion causes defects in hydrophobicity-induced germination, delayed vegetative 
growth, reduced size of conidia, lack of sclerotia formation, and loss of pathogenic-
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  Fig. 13.2    The signal transduction network in  B. cinerea . See text and Table  13.1  for explanation       
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ity. In line with the assumption that the components belong to the same MAPK 
module, the deletion mutants of the MAPKKK BcSte11, the MAPKK BcSte7 and 
the adaptor protein BcSte50 exhibit similar phenotypes as the Δ bmp1  mutant. The 
homeobox/ Cys2His2-TF BcSte12 is considered as one of several effector proteins 
of the BcSte11–BcSte7–Bmp1 module; its deletion results in delayed infection due 
to low penetration effi ciencies (in contrast to apathogenicity of the other mutants), 
loss of sclerotia formation and increased melanization (Schamber et al.  2010 ). 

 Bmp3 is orthologous to yeast Slt2p. Δ bmp3  mutants exhibit a pleiotropic pheno-
type including a general growth defect that becomes more obvious under hypo- 
osmotic conditions, increased susceptibility to oxidizing agents and fungicides, 
impaired conidiation and the lack of sclerotia formation. Moreover, the capacity of 
Δ bmp3  to penetrate and to colonize the host tissue is signifi cantly affected (Rui and 
Hahn  2007 ). To date, no further components of this MAPK module have been stud-
ied, but based on the high conservation of the MAPK components in fungi, BcBck1 
and BcMkk1 are likely the upstream kinases of Bmp3. 

 The MAPK orthologous to yeast Hog1p is called Sak1 in  B. cinerea , and is phos-
phorylated in response to oxidative and hyperosmotic stress as well as in response to 
treatment with fungicides and calcofl uor white (CFW). Along with the observed 
action spectrum, Δ bcsak1  mutants are hypersensitive to oxidative stress, hyperos-
motic conditions and CFW treatment; however, the mutants exhibit wild-type-like 
sensitivity to fungicides (Segmüller et al.  2007 ; Liu et al.  2008 ,  2011 ). Interestingly, 
the subcellular localization of BcSak1 in response to the stimuli differs: while 
BcSak1 localizes to the nuclei rapidly after exposure to osmotic stress, it remains in 
the cytosol after exposure to oxidative stress suggesting that BcSak1 effector pro-
teins in the cytosol/nuclei are selectively affected either in response to osmotic or 
oxidative stress (Heller et al.  2012 ). However, the mechanisms permitting the selec-
tive localization of BcSak1 are still unknown. The absence of BcSak1 affects fur-
thermore the composition and the integrity of the cell wall (increased contents of 
β-1-3 glucan and chitin accompanied by decreased susceptibility to cell wall- 
degrading enzymes and cell wall-interfering agents) (Liu et al.  2011 ), and the accu-
mulation of glycerol in response to fungicide and NaCl treatment (Liu et al.  2008 ). 
Unlike the other two MAPKs, BcSak1 is required for conidiation and dispensable 
for the formation of sclerotia. Δ bcsak1  hyphae are unable to penetrate the intact 
plant tissue; however, after wounding the mutant colonizes the host tissue almost in 
a wild-type-like fashion (Segmüller et al.  2007 ). Bos4 (MAPKKK) and Bos5 
(MAPKK) have been confi rmed to act upstream of BcSak1 in the same module: 
along with Δ bcsak1 , Δ bos4  and Δ bos5  mutants do not form conidia, and are affected 
in virulence and sensitivity to hyperosmotic stress. In addition, phosphorylation of 
BcSak1 does not occur in the mutant backgrounds (Yang et al.  2012 ; Yan et al.  2010 ). 

 Signaling cascades that involve phosphorylation  via  kinases require phospha-
tases to turn off signaling. As dephosphorylation of one of the two residues in 
MAPKs is already suffi cient for their inactivation, MAPK activity may be modu-
lated by Ser/Thr (PTCs), Tyr (PTPs) and dual-specifi city phosphatases (DSPs) 
(reviewed in Martin et al.  2005 ). To date, four PTC- and two PTP-encoding genes 
have been characterized in  B. cinerea . Unexpectedly, though BcPtpA, BcPtpB, and 
BcPtc1 are able to complement respective yeast deletion mutants by preventing the 
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accumulation of phosphorylated Hog1p, the phosphorylation of Bmp3 and BcSak1 
is not detectable or unchanged from wild type in respective  B. cinerea  deletion 
mutants (Yang et al.  2013b ,  c ). This might be explained by the presence of other 
MAPK phosphatases that over-compensate the loss of these phosphatases in order 
to prevent the inappropriate accumulation of phosphorylated MAPKs.  

13.7     Two-Component Signal Transduction 

 Two-component histidine kinase (HK) phosphorelay systems regulate many aspects 
of bacterial and fungal life including the responses to environmental stresses. The 
HK serves a sensory function and responds to a signal by catalyzing the autopho-
sporylation of a conserved His residue. In a series of phosphotransfers, the phospho-
ryl group is ultimately transferred to a conserved Asp residue in the receiver domain 
of a response regulator (RR). Eukaryotic HKs are hybrids combining HK and RR in 
single proteins, and require additional phosphotransfer through a His phosphotrans-
fer (HPT) protein and a second RR (reviewed in Fassler and West  2013 ). 

  B. cinerea , like yeast and other fi lamentous fungi, contains two RRs, named 
Brrg1 and BcSkn7, and a single HPT. However,  B. cinerea  possesses more 
HK-encoding genes (at least 20) than  S. cerevisiae  (1),  N. crassa  (11) and  Fusarium 
verticillioides  (16) (Catlett et al.  2003 ). The HKs share similar C-terminal regions 
with the essential domains for phosphotransfer, while the N-terminal regions are 
variable by housing protein domains for sensing different signals. Typical are GAF 
and PAS/PAC domains that allow for binding of cyclic GMP or chromophores or to 
sense the redox potential, cellular oxygen or light (reviewed in Catlett et al.  2003 ). 
Transmembrane domains are only present in a small number of HKs suggesting that 
HKs may also localize to the cytosol or the nuclei. Taken together, the presence of 
a high number of HKs with different sensing properties and a single phosphorelay 
step via HPT – turning  bchpt1  likely into an essential gene – allows the integration 
of multiple input signals into a single response. In  B. cinerea  as well as in other fi la-
mentous fungi the knowledge of HK functions is limited. To date, three HK-encoding 
genes have been studied in  B. cinerea : deletion mutants of  bchk1  and  bchk5  lack 
obvious phenotypes (Table  13.1 ), while it turned out that Bos1 fulfi lls a similar 
function as Sln1p in yeast. Deletion of  bos1  results in the constitutive activation of 
the BcSak1 module accompanied by increased sensitivity to hyperosmotic condi-
tions, oxidants, decreased sensitivity to fungicides, impaired virulence and loss of 
conidiation (Viaud et al.  2006 ; Liu et al.  2008 ).

   Brrg1, the ortholog of Ssk1p, is required for MAPK activation, as BcSak1 is not 
phosphorylated in Δ brrg1  mutants (Yan et al.  2011 ). Based on the fact that Bos1 
regulates certain phenotypes such as fungicide susceptibility, superoxide tolerance, 
adaptation and conidiation under high osmolarity independently of BcSak1, an 
additional effector pathway of the HK is assumed (Liu et al.  2008 ). Recently, it was 
shown, as suggested by Tanaka and Izumitsu ( 2010 ), that the second RR BcSkn7 is 
involved in the osmotic stress response pathway downstream of Bos1 (Viefhues 
et al.  2015 ; Yang et al.  2015 ).  
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    Table 13.1    List of functionally characterized signaling components in  B. cinerea    

 Name  Description  D  V  References 

 BcRas1  RasGTPase  +  +  Minz Dub et al. ( 2013 ) 
 BcRas2  RasGTPase  +  +  Schumacher et al. ( 2008b ) 
 BcCdc42  RhoGTPase  +  +  Kokkelink et al. ( 2011 ) 
 BcRac  RhoGTPase  +  +  Minz Dub et al. ( 2013 ) 
 BcRho3  RhoGTPase  +  +  An et al. ( 2015 ) 
 BcCdc24  RhoGEF  +  ?  Giesbert et al. ( 2014 ) 
 BcBem1  Scaffold protein  +  +  Giesbert et al. ( 2014 ) 
 BcFar1  Scaffold protein  –  –  Giesbert et al. ( 2014 ) 
 BcSte20  p21-activated kinase  +  −  Giesbert and Tudzynski unpublished 
 BcCla4  p21-activated kinase  ?  ?  Minz Dub and Sharon unpublished 
 Bcg1  Gα subunit  +  +  Schulze Gronover et al. ( 2001 ) 
 Bcg2  Gα subunit  −  −  Schulze Gronover et al. ( 2001 ) 
 Bcg3  Gα subunit  +  +  Döhlemann et al. ( 2006 ) 
 BcGb1  Gβ subunit  +  +  Schumacher and Tudzynski 

unpublished 
 BcGg1  Gγ subunit  +  +  Strotbaum and Schumacher 

unpublished 
 BcPhnA  Phosducin  +  +  Kilani et al. unpublished 
 BcRgs1  Regulator of G protein  +  +  Choquer et al. unpub. 
 BcGpr1  GPCR, Git3-like  −  −  Strotbaum and Schumacher 

unpublished 
 BcGpr2  GPCR, Git3-like  −  −  Strotbaum and Schumacher 

unpublished 
 BcGpr3  GPCR, secretin-like  −  −  Strotbaum and. Schumacher 

unpublished 
 BcGpr4  GPCR, secretin-like  −  −  Strotbaum and Schumacher 

unpublished 
 BcGpr5  GPCR, family 2-like  −  −  Strotbaum and Schumacher 

unpublished 
 Bop1  GPCR, opsin  −  −  Heller et al. ( 2012 ) 
 Btp1  7-TM protein  −  −  Schulze Gronover et al. ( 2005 ) 
 Btp2  7-TM protein  −  −  Schumacher and Tudzynski 

unpublished 
 Bac  Adenylate cyclase  +  +  Klimpel et al. ( 2002 ) 
 BcPka1  Catalytic PKA subunit  +  +  Schumacher et al. ( 2008b ) 
 BcPka2  Catalytic PKA subunit  −  −  Schumacher et al. ( 2008b ) 
 BcPkaR  Regulatory PKA subunit  +  +  Schumacher et al. ( 2008b ) 
 BcPde1  cAMP phosphodiesterase  −  −  Harren et al. ( 2013 ) 
 BcPde2  cAMP phosphodiesterase  +  +  Harren et al. ( 2013 ) 
 Bc1g01623  cAMP-binding protein  −  −  Harren and Tudzynski unpublished 
 BcPlc1  Phospholipase C  +  +  Schumacher et al. ( 2008c ) 
 BcCnA  Catalytic CN subunit PP2B  +  +  Harren et al. ( 2012 ) 
 BcRcn1  Regulator of CN  +  +  Harren et al. ( 2012 ) 

(continued)
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Table 13.1 (continued)

 Name  Description  D  V  References 

 BcGsk3  Glycogen synthase kinase 3  +  +  Harren and Tudzynski unpublished 
 Bcp1 a   CsA-binding protein  +  +  Viaud et al. ( 2003 ) 

 BcFkbp12  FK506-binding protein  −  −  Gioti et al. ( 2008 ) and Meléndez 
et al. ( 2009 ) 

 BcMid1  Ca 2+  channel protein  −  −  Harren and Tudzynski ( 2013 ) 
 BcCch1  Ca 2+  channel protein  −  −  Harren and Tudzynski ( 2013 ) 
 Bmp1  MAPK (Fus3p/Kss1p-like)  +  +  Zheng et al. ( 2000 ) and Döhlemann 

et al. ( 2006 ) 
 BcSte7  MAPKK [ ad  BMP1]  +  +  Schamber et al. ( 2010 ) 
 BcSte11  MAPKKK [ ad  BMP1]  +  +  Schamber et al. ( 2010 ) 
 BcSte50  Adaptor protein [ ad  BMP1]  +  +  Schamber et al. ( 2010 ) 
 BcBic5  BMP1-interacting protein  −  −  Müller et al. unpublished 
 BcBic8  BMP1-interacting protein  −  −  Müller et al. unpublished 
 BcMsb2  Sensor protein [ ad  BMP1]  −  +  Leroch et al. ( 2015 ) 
 BcSho1  Sensor protein  −  +  Leroch and Hahn unpublished 
 BcSak1  MAPK (Hog1p-like)  +  +  Segmüller et al. ( 2007 ) and Heller 

et al. ( 2012 ) 
 Bos5 a   MAPKK [ ad  BcSAK1]  +  +  Yan et al. ( 2010 ) 
 Bos4 a   MAPKKK [ ad  BcSAK1]  +  +  Yang et al. ( 2012 ) 
 Bmp3  MAPK (Slt2p-like)  +  +  Rui and Hahn ( 2007 ) 
 BcPtc1 a   Protein phosphatase 2C  +  +  Yang et al. ( 2013b ) 
 BcPtc3 a   Protein phosphatase 2C  +  +  Yang et al. ( 2013b ) 
 BcPtc5 a   Protein phosphatase 2C  −  −  Yang et al. ( 2013b ) 
 BcPtc6 a   Protein phosphatase 2C  −  −  Yang et al. ( 2013b ) 
 BcPtpA a   Protein phosphatase PTP  +  +  Yang et al. ( 2013c ) 
 BcPtpB a   Protein phosphatase PTP  +  +  Yang et al. ( 2013c ) 
 Bos1  Histidine kinase  +  +  Viaud et al. ( 2006 ) and Liu et al. 

( 2008 ) 
 BcHk1  Histidine kinase  −  −  Temme and Tudzynski unpublished 
 BcHk5  Histidine kinase  −  −  Cuesta Arenas and van Kan 

unpublished 
 Brrg1 a   Response regulator  +  +  Yan et al. ( 2011 ) 
 BcSkn7  Response regulator  +  +  Viefhues et al. ( 2015 ) 
 BcSnf1  Snf1p-like Ser/Thr kinase  +  +  Schumacher and Tudzynski 

unpublished 
 Bpk2  Sch9p-like Ser/Thr kinase  −  −  Schulze Gronover and Tudzynski 

unpub. 
 Bpk3  Atg1p-like Ser/Thr kinase  −  −  Schulze Gronover and Tudzynski 

unpub. 
 Bpk4  Sks1p-like Ser/Thr kinase  −  −  Schulze Gronover and Tudzynski 

unpub. 
 BcPom1  Protein kinase  +  +  Kilani et al. unpublished 
 BcPp2A  Protein phosphatase 2A  +  +  Giesbert et al. ( 2012 ) 

(continued)

13 Signal Transduction Cascades Regulating Differentiation and Virulence…



260

Table 13.1 (continued)

 Name  Description  D  V  References 

 BcNoxA  Catalytic NOX subunit A  +  +  Segmüller et al. ( 2008 ) and Roca 
et al. ( 2012 ) 

 BcNoxB  Catalytic NOX subunit B  +  +  Segmüller et al. ( 2008 ) and Roca 
et al. ( 2012 ) 

 BcNoxR  Regulatory NOX subunit  +  +  Segmüller et al. ( 2008 ) and Roca 
et al. ( 2012 ) 

 BcPls1  Tetraspanin  +  +  Gourgues et al. ( 2004 ) and Siegmund 
et al. ( 2013 ) 

 BcNoxD  ER protein  +  +  Siegmund et al. ( 2014 ) 
 BcVel1  Velvet protein (VeA-like)  +  +  Schumacher et al. ( 2012 ) 
 BcVel2 a   Velvet protein (VelB-like)  +  +  Yang et al. ( 2013a ) 
 BcLae1  Methyltransferase  +  +  Schumacher et al. ( 2015 ) 
 BcVvd1  Blue light sensor  +  ?  Cohrs and Schumacher unpublished 
 BcWcl1  GATA-TF  +  +  Canessa et al. ( 2013 ) 
 BcLtf1  GATA-TF  +  +  Schumacher et al. ( 2014 ) 
 BcLtf2  Cys2His2-TF  +  ?  Cohrs and Schumacher unpublished 
 BcLtf3  Cys2His2-TF  +  ?  Cohrs and Schumacher unpublished 
 BcCrz1  Cys2His2-TF [ ad  BcCnA]  +  +  Schumacher et al. ( 2008a ) 
 BcReg1  Transcriptional regulator  +  +  Michielse et al. ( 2011 ) 
 BcAtf1  bZIP-TF  +  +  Temme et al. ( 2012 ) 
 Bap1  bZIP-TF  −  −  Temme and Tudzynski ( 2009 ) 
 BcBip1  bZIP-TF  −  −  Choquer unpublished 
 BcYoh1  Cys2His2-TF  −  −  Simon et al. ( 2013 ) 
 BcSpt3  THIID-TF  +  +  Giesbert et al. ( 2012 ) 
 BcPro1  Zn2Cys6-TF  +  +  Marschall and Tudzynski 

unpublished 
 BcRum1  Zn2Cys6-TF  −  −  Leroch et al. ( 2013 ) 
 BcMrr1  Zn2Cys6-TF  ?  ?  Kretschmer et al. ( 2009 ) 
 BcPacC  Zn2Cys6-TF  +  +  Poussereau and Rascle unpublished 
 BcNaf1  Zn2Cys6-TF  −  −  Poussereau et al. unpub. 
 BcStf1  Zn2Cys6-TF  −  −  Poussereau and Kaiser unpublished 
 B0510_6651  Zn2Cys6-TF [ ad  BMP1]  −  −  Leroch et al. ( 2013 ) 
 BcCTF1α  Zn2Cys6-TF  +  −  Leroch and Hahn unpublished 
 B0510_1535  Zn2Cys6-TF  −  −  Müller and Hahn unpublished 
 B0510_8578  Zn2Cys6-TF  −  −  Müller and Hahn unpublished 
 B0510_602  Zn2Cys6-TF  −  −  Müller and Hahn unpublished 
 B0510_8863  Zn2Cys6-TF  −  −  Müller and Hahn, unpublished 
 BcXlr1  Zn2Cys6-TF  −  −  Schumacher unpublished 
 BcSte12  Homeobox-TF [ ad  BMP1]  +  +  Schamber et al. ( 2010 ) 
 BcHox8  Homeobox-TF  +  +  Antal et al. ( 2012 ) 

   D  differentiation (includes all tested growth characteristics),  V  virulence altered in respective dele-
tion mutant (+), not altered (−) 
  a Deletion done in other recipient strain than B05.10  
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13.8     Light Regulation 

 Filamentous fungi, unlike yeasts, possess several proteins (photoreceptors) that use 
chromophores to detect different wavelengths. Phytochromes are HKs using bilin to 
absorb red/far-red light; opsins are transmembrane proteins (GPCRs) that may use 
retinal to detect green light, and binding of fl avin ( via  LOV or FAD-binding 
domains) allows for absorption of near-UV and blue light. Cryptochromes are FAD- 
binding proteins that may additionally exhibit photolyase activity (reviewed in 
Rodriguez-Romero et al.  2010 ). 

 Since 100 years it is known that light represents an important environmental cue 
for  B. cinerea . Studies described its impact on morphogenesis by favoring conidia-
tion and suppressing sclerotial development, and reported on tropic responses of 
conidiophores, conidial germ tubes and apothecia (reviewed in Jarvis  1977 ). 
However, confusions have been caused by the isolation and investigation of  B. cine-
rea  strains exhibiting altered or no responses to light: those strains produced either 
conidia or sclerotia under the same light conditions (constant darkness or light), or 
even failed to produce any reproductive structures (reviewed in Jarvis  1977 ; Lorbeer 
 1980 ). In the 1970s it was demonstrated that  B. cinerea  responds to near-UV, blue, 
red and far-red light. According to these observations, a “Two-receptor-model” was 
postulated in which near-UV/blue- and red/far-red-reversible photoreceptors 
(“mycochromes”) are closely interacting to regulate asexual reproduction (reviewed 
in Epton and Richmond  1980 ). Along with the responses to different wavelengths, 
 B. cinerea  possesses near-UV-sensing cryptochromes (BcCry1, 2), potential blue 
light sensors (BcWcl1, BcVvd1, BcLov3, BcRgs5), opsins (Bop1, 2) as well as red/
far-red light-sensing phytochromes (BcPhy1-3) (Schumacher and Tudzynski  2012 ). 
Strain B05.10 forms predominantly conidia in short-wave light (near-UV, blue) and 
sclerotia in long-wave light (yellow, red). However, during exposure to blue light 
fewer conidia and instead more aerial hyphae are formed which is in accordance 
with previous reports describing the capacity of blue light to inhibit conidiation and 
to cause the de-differentiation of already developing conidiophore and sclerotial 
initials (reviewed in Epton and Richmond  1980 ). The exposure of undifferentiated 
surface-grown mycelia of strain B05.10 to white light (60 min) affected the expres-
sion levels of 293 genes, separated into 249 light-induced (LIGs) and 49 light- 
repressed genes (LRGs). To the group of LIGs belong genes involved in 
photoperception, oxidative stress response, and transcription (six light-responsive 
TFs). Members of the latter group (BcLtf1, BcLtf2, BcLtf3) regulate the differentia-
tion of conidiophores and conidia in the light (Schumacher et al.  2014 ; 
unpublished). 

 To get fi rst access to the light signaling machinery in  B. cinerea , the study of the 
 N. crassa  WHITE COLLAR (WC) orthologs has been initiated. BcWcl1 and 
BcWcl2 are GATA-type TFs that physically interact in the nuclei forming the WC 
complex (WCC) (Schumacher  2012 ). Deletion of  bcwcl1  results in mutants exhibit-
ing persistent conidiation while the overexpression of the WCC prevents conidia-
tion accompanied by increased aerial hyphae formation in the light. Additionally, 
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the WCC is required for achieving full virulence in the light. As in other fungi, gene 
expression in response to white light involves the WCC; however, induction either 
depends totally or only partially on the WCC in  B. cinerea . Shared targets of the 
WCC in  N. crassa  and  B. cinerea  include genes encoding photoreceptors, caroteno-
genic enzymes, and proteins putatively involved in running a circadian clock. 
Striking differences are observed for TFs reported to act downstream of the WCC in 
 N. crassa , suggesting that signaling events downstream of and/or in parallel with the 
WCC differ in the two fungi (Canessa et al.  2013 ). Given the properties of other 
wavelengths to affect morphogenesis in  B. cinerea , further photoreceptors may con-
tribute to drive white light-responsive gene expression. 

 However, it is evident that the VELVET complex – not present in yeast – consist-
ing of the VELVET-domain proteins BcVel1, BcVel2 and the putative methyltrans-
ferase BcLae1, is required for linking light signals with differentiation programs 
and secondary metabolism in  B. cinerea , analogous to the situation in other fi lamen-
tous fungi (Bayram and Braus  2012 ). Deletion of BcVel1 that acts as a scaffold by 
interacting with both, BcVel2 and BcLae1 (Schumacher et al.  2015 ), results in light- 
independent conidiation accompanied by the lack of sclerotial development, loss of 
oxalic acid production and reduced virulence. These phenotypes correspond to 
those observed for the wild strains T4 and 1750; and indeed, these strains carry 
single nucleotide polymorphisms (SNPs) in  bcvel1  leading to nonfunctional BcVel1 
proteins (Schumacher et al.  2012 ,  2013 ).  

13.9     Transcription Factors (TFs) as Ultimate Effector 
Proteins 

 TFs are crucial players in signal transduction pathways, being the link between 
signal input/fl ow and signaling output (alteration of the gene expression). The func-
tionality of TFs e.g. whether they induce or repress transcription depends on many 
parameters, and their involvement in a particular signaling pathway is sometimes 
diffi cult to predict. As effector proteins of more than one signaling cascade, TFs are 
furthermore prominent candidates to interconnect different pathways. 

 The genome of  B. cinerea  contains 406 genes encoding TFs of distinct families 
(Simon et al.  2013 ), and only a small number of them have been functionally char-
acterized to date. Generally, TFs are activated/inactivated by posttranslational mod-
ifi cations. For instance, kinases/phosphatases may defi ne the phosphorylation status 
of the TF and thereby its subcellular localization and/or transcriptional activity as it 
is the case for BcCrz1 (Schumacher  2012 ). Alternatively, the activity of a TF may 
be modulated by direct oxidation of Cys residues; an example is Bap1, which 
induces gene expression in response to oxidative stress (Temme and Tudzynski 
 2009 ). TFs may also work as nuclear receptors; here, the binding of a ligand results 
in a conformational change that allows the TF to bind to respective promoters. An 
example is BcMrr1, which triggers gene expression in response to fungicides 
(Kretschmer et al.  2009 ). Another example represents BcWcl1, which associates 
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with BcWcl2 in response to light turning on light-dependent gene expression 
(Canessa et al.  2013 ). However, TFs themselves may (additionally) underlie tran-
scriptional regulation; prominent examples in  B. cinerea  are the light-responsive 
and the recently identifi ed Ca 2+ -responsive TFs (Schumacher et al.  2014 ; Harren 
et al. unpublished).  

13.10     Conclusion 

 In the last decade, much new knowledge regarding signal transduction in  B. cinerea  
has been gained from targeted mutation approaches. However, this is still the begin-
ning; the identifi cation of crosstalks between the conserved pathways, the fungal- 
specifi c light signaling machinery and ROS (reactive oxygen species)-regulated 
signaling will be the challenge for the future. The latter pathway, that exploits ROS 
as additional second messengers, is introduced and discussed in detail by 
U. Siegmund and A. Viefhues in Chap.   14    .     
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    Chapter 14   
 Reactive Oxygen Species in the  Botrytis  – Host 
Interaction                     

       Ulrike     Siegmund      and     Anne     Viefhues   

    Abstract     Reactive oxygen species (ROS) are unavoidable byproducts of several 
metabolic processes. Due to their high reactivity they can cause molecular damages 
such as protein oxidations or DNA mutations, but they also serve as important sig-
nalling molecules within cells. Intracellular ROS primarily originate in the mito-
chondria; however enzymatic ROS generating systems such as the membrane 
associated NADPH oxidase complex (Nox) contribute to their production. In par-
ticular, during host-pathogen interactions ROS are of key importance for plant 
defence but also for fungal attack. As an early response to pathogen infestation the 
plant releases high amounts of reactive oxygen species to counteract the pathogen, 
known as the oxidative burst. It was shown that  Botrytis  exploits this plant defence 
reaction and even contributes to this oxidative burst by forming its’ own ROS. Thus, 
the fungus needs a robust oxidative stress responsive (OSR) system to cope with 
ROS. In order to balance the intracellular redox state, effective antioxidant systems, 
including the thioredoxin and the glutathione system, are indispensable. Furthermore, 
catalases, superoxide dismutases and several peroxidases support ROS scavenging 
by enzymatic inactivation. Transcription factors such as the  Botrytis  activator pro-
tein (Bap1) and the response regulator Skn7 were shown to be involved in OSR. In 
this chapter we discuss the role of ROS in  Botrytis  – host interaction and both ROS 
generating and detoxifying systems and their importance for  Botrytis  
pathogenicity.  

  Keywords     ROS   •   NADPH oxidases   •   Thioredoxin   •   Glutathione   •   Oxidative stress  

14.1         Reactive Oxygen Species (ROS) 

 Reactive oxygen species (ROS) are generated in all aerobic environments and play 
a major role for all organisms dependent on oxygen. The oxygen in our atmosphere 
facilitated the evolution of multi-cellular organisms, but is also the source for several 
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challenges for all organisms. The weak reactant oxygen tends to form radicals, 
either by energy transfer reactions ( 1 O 2 ), or by electron transfer reactions (O 2  ·− , 
H 2 O 2 , OH · ), which are highly reactive oxidants (Klotz  2002 ). ROS – like superoxide 
(O 2  ·− ) and hydrogen peroxide (H 2 O 2 ) – are on the one hand byproducts of aerobic 
metabolism or partial reductions of oxygen during respiration, especially in the 
mitochondria; on the other hand they are actively produced enzymatically (Heller 
and Tudzynski  2011 ). 

 ROS can be harmful causing DNA damage, protein inactivation or lipid per- 
oxidations; thus it has been necessary for all organisms to evolve detoxifi cation 
mechanisms to protect their own cells from these toxic effects and to maintain low 
intracellular ROS levels. Due to their potentially damaging nature, organisms can 
also use ROS as defence molecules, e.g. during the plant’s oxidative burst. Besides 
their function as defence molecules, ROS also function as signalling molecules dur-
ing cellular differentiation and development (Takemoto et al.  2007 ; Wojtaszek 
 1997 ). Functions of ROS as well as their production and detoxifi cation systems with 
particular emphasis on  Botrytis cinerea  will be discussed in this chapter. 

14.1.1     ROS during Cellular Differentiation and as Signaling 
Molecules 

 Over the past years it became obvious that ROS are involved in various differentia-
tion processes, but also act as signalling molecules. Hansberg and Aguirre ( 1990 ) 
previously suggested differentiation as a response to oxidative stress and during 
fungal differentiation processes changes in ROS level were detected (Aguirre et al. 
 2005 ). ROS were also associated with development of fungal infection structures, 
polarized growth and fruiting body formation (summarized in Scott and Eaton 
 2008 ). Regarding roles of ROS as signalling molecules, data suggest that ROS are 
involved in signalling cascades, therewith regulating cellular functions and H 2 O 2  
seems to be the major messenger as it is diffusible and more stable than O 2  ·−  
(Afanas’ev  2007 ; Giorgio et al.  2007 ). In microvessels (mice) and coronary arteries 
(human) H 2 O 2  was shown to play an essential role as an endothelium-derived hyper-
polarizing factor modulating the vascular tone (Matoba et al.  2000 ; Zhang et al. 
 2012 ). In tomato leaves it was suggested that ROS are generated near the cell walls 
of vascular bundle cells and serve as second messengers for the activation of defense 
genes in mesophyll cells (Orozco-Cardenas et al.  2001 ). Acting as second messen-
gers is not the only role of ROS in plant defense.  

14.1.2     ROS During Plant Infection 

 When attacked by a pathogen the plant reacts with an oxidative burst, which is the 
rapid and transient production of ROS; mainly produced by the plant’s Rboh’s 
(respiratory burst oxidase homolog) – homologs of mammalian NADPH oxidase 
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gp91 phox  (Torres et al.  2002 ; Wojtaszek  1997 ). ROS from the oxidative burst can 
drive the crosslinking of cell wall structural proteins and orchestrate the so-called 
hypersensitive response (HR; mechanism of plants to prevent spread of infections; 
Chaps.   12    ,   17    ,   18    , and   19    ): they trigger programmed cell death in attacked cells, and 
are used as signals to induce cellular protectants like glutathione peroxidases 
(Brisson et al.  1994 ; Levine et al.  1994 ). In  Arabidopsis thaliana  it was shown that 
the inoculation of the plant with  B. cinerea  and also  Sclerotinia sclerotiorum  induces 
ROS production during the oxidative burst (Govrin and Levine  2000 ). Furthermore, 
virulence of  B. cinerea  was attenuated in HR-defi cient  Arabidopsis  mutants and 
indicates suppressed growth of  B. cinerea  in these mutants compared to WT plants; 
similar results were obtained on transgenic plants expressing animal anti-apoptotic 
genes (Dickman et al.  2001 ). Additionally, growth was enhanced on plants whose 
HR was previously triggered by avirulent pathogens (Govrin and Levine  2000 ). 
Comparable results were obtained on  Arabidopsis  strains with delayed or reduced 
cell death response; here infection with different  Botrytis  strains was slower, while 
plants with accelerated response were more susceptible (Van Baarlen et al.  2007 ). 
Staining of ROS during infection showed an accumulation of H 2 O 2  in the infection 
zones in tomato and bean leaves (chloronaphtol staining; Schouten et al.  2002 ). A 
literally closer look at ROS production indicated ROS accumulation around pene-
trated cell walls, at the plasma membrane and inside cells around the inoculation 
site during early stages of infection (Schouten et al.  2002 ; Tenberge  2004 ; Van 
Baarlen et al.  2007 ), while during later stages ROS accumulation proceeded inside 
infected tissue leading to death of the infected cells and colonization by  B. cinerea  
(Muckenschnabel et al.  2002 ; Van Baarlen et al.  2007 ). High resolution imaging of 
infected  A. thaliana  showed a maximum of H 2 O 2  accumulation at the inoculation 
site after 48 h. At this point it has also accumulated in cell walls, mitochondria and 
chloroplasts (Simon et al.  2013 ).   

14.2     Fungal ROS Producing Systems 

14.2.1     NADPH Oxidases 

 As mentioned, NADPH oxidases (Nox) constitute the most common enzymatic sys-
tems to produce ROS. They are multi-enzyme complexes which transport electrons 
through membranes reducing oxygen to superoxide using NADPH as an electron 
donor with FADH 2  and two hemes as cofactors (Bedard and Krause  2007 ). The 
mechanism of activation is best characterized in the phagocytic oxidase gp91 phox  
(also known as Nox2), which is responsible for the oxidative burst of neutrophils. 
The catalytical subunit gp91 phox  is a transmembrane protein stabilized by another 
transmembrane protein p22 phox ; together they form the integral transmembrane pro-
tein fl avocytochrome b 558 . Assembly of the active complex requires the transloca-
tion of the cytosolic subunits p40 phox , p47 phox , p67 phox  and the small GTPase Rac to 
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the membrane (Babior et al.  2002 ). Generally, Nox produce ROS in a regulated 
manner in different cell types as response to growth factors, cytokinesis and calcium 
signals (Lambeth  2004 ). Generation of ROS by Nox plays a role during defence 
responses as mentioned, but also participates in the signalling system in multicel-
lular organisms (Takemoto et al.  2007 ). In mammals fi ve Nox and two Duox (Dual 
oxidases = longer homologs of Nox2) are present, but occurrence is not restricted to 
mammals. Nox have been identifi ed in most multicellular organisms, and recently 
even in the unicellular yeast, where a putative Nox ortholog has been described 
(Aguirre and Lambeth  2010 ; Rinnerthaler et al.  2012 ). 

 In fungi two homologs of gp91 phox  have been identifi ed, named NoxA and 
NoxB. In some fungi a third isoform was found (Aguirre et al.  2005 ), which con-
tains an additional EF-hand (Ca 2+  binding motif) at the N-terminus as described for 
mammalian Nox5 or plant Rboh’s, but so far a function for this isoform is not 
known. Furthermore, homologs for the cytosolic components p67 phox  and Rac were 
identifi ed in fungi named NoxR and Rac. NoxR was shown to be a regulator of the 
two catalytical subunits NoxA and NoxB in several fungi (Segmüller et al.  2008 ; 
Takemoto et al.  2006 ), which were shown to be involved in different processes. 
Thus, NoxA (Nox1) is involved in fruiting body formation in  Aspergillus nidulans  
(Lara-Ortiz et al.  2003 ),  Podospora anserina  (Malagnac et al.  2004 ) and  Neurospora 
crassa  (Cano-Dominguez et al.  2008 ), sclerotia formation in  Claviceps purpurea  
(Giesbert et al.  2008 ) and virulence in  S. sclerotiorum  (Kim et al.  2011 ),  Alternaria 
alternata  (Yang and Chung  2012 ) and  C. purpurea  (Giesbert et al.  2008 ). On the 
other hand NoxB (Nox2) is necessary for penetration of host tissue in  Magnaporthe 
grisea  (Egan et al.  2007 ), sclerotia production in  C. purpurea  (Schürmann et al. 
 2013 ) and ascospore germination in  P. anserina  (Malagnac et al.  2004 ) as well as  N. 
crassa  (Cano-Dominguez et al.  2008 ). In the following we will concentrate on Nox 
occurrence, composition, function and involvement in pathogenicity in  B. cinerea . 

14.2.1.1     Components of  B. cinerea  Nox Complexes, Function 
and Organization 

 As most other fungi,  B. cinerea  possesses two catalytical subunits, BcNoxA and 
BcNoxB, the regulatory component NoxR and the GTPase Rac (see Fig.  14.1 ; 
Segmüller et al.  2008 ). Analyses of the respective mutants indicate that the two 
catalytical subunits exhibit distinct functions, as described above for the majority of 
other fungi. NoxA is involved in colonization of plant tissue, sclerotia formation 
and mutants were more sensitive to oxidative stress (Segmüller et al.  2008 ). 
Furthermore, it was recently shown that NoxA is necessary for CAT (conidial anas-
tomosis tubes) fusions (Roca et al.  2012 ) and is localised primarily in the ER 
(Siegmund et al.  2013 ). In addition, BcNoxA is involved in infection cushion for-
mation on glass surface (Siegmund et al.  2014 ), while in contrast BcNoxB is neces-
sary for appressoria-mediated penetration leading to delayed infection. Furthermore, 
BcNoxB is localised in the ER and its deletion also led to increased sensitivity to 
oxidative stress (Segmüller et al.  2008 ; Siegmund et al.  2013 ). In contrast to what 
was previously published (smaller and fewer sclerotia) a more detailed functional 
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characterization of  BcnoxB  including new generated deletion mutants, showed that 
such mutants still formed normal sclerotia (Siegmund U, unpublished data). 
Analysis of the ∆ BcnoxR  mutant showed an additive phenotype of  BcnoxA  and  B  
deletion mutants. Accordingly the mutant was defective in primary lesion formation 
and host tissue colonization, more sensitive to oxidative stress and it was impaired 
in sclerotia and CAT fusion formation. GFP-fusions showed a localisation in small 
aggregates throughout the hyphae and at the hyphal tip (Segmüller et al.  2008 ; Roca 
et al.  2012 ; Siegmund et al.  2013 ). Recently, analysis of the small GTPase BcRac 
suggested an involvement of the protein in polar growth, pathogenicity (deletion 
mutants were non-pathogenic) and cell-cycle progression through mitosis. 
Furthermore, deletion mutants had reduced growth rate with hyper-branching and 
deformed hyphae and were vegetatively sterile (Minz Dub et al.  2013 ).

   So far analyses of known homologs of Nox components from mammals indicate 
that NoxR regulates NoxA and B in  B. cinerea , but attempts to show a direct inter-
action of these components using yeast two-hybrid assays were not successful. 
Investigations from other fungi, e.g.  E. festucae , suggest that the scaffold protein 
Bem1 and the GEF (guanine nucleotide exchange factor) Cdc24 are part of the Nox 
complex. In  E. festucae  and  C. purpurea  a direct interaction via the PB1 domains 
(Phox and Bem1p – mediates protein-protein interactions) was shown between 
NoxR, Bem1 and Cdc24 (Herrmann et al.  2014 ; Schürmann et al.  2013 ; Takemoto 
et al.  2011 ). Comparable studies in  B. cinerea  did not show a similar interaction of 
Bem1 and Cdc24 with NoxR. Only BcCdc24 and BcBem1 strongly interact with 
each other. Functional analysis of these proteins indicated an involvement of 
BcBem1 in conidia formation and germination as well as in penetration and host 
colonization. Nevertheless, BcCdc24 appears to be an essential protein as deletion 
seems to be lethal. A heterokaryotic mutant of the  Bccdc24  deletion showed a simi-
lar germination defect as ∆ Bcbem1  and was retarded in host penetration (Giesbert 
et al.  2014 ). 

 Besides these more obvious connections, recently two other proteins were sug-
gested to be connected to fungal Nox complexes as potential stabilizing proteins. 
On one hand the tetraspanin Pls1 and Nox2 (homolog of BcNoxB), are similarly 
distributed in fungal genomes, meaning they are either both present or absent, hint-
ing to similar functions. Furthermore, Pls1 was also shown to have a similar func-
tion in ascospore germination as Nox2 in  P. anserina  (Lambou et al.  2008 ). On the 
other hand, also in  P. anserina , a connection of Nox1 (homolog of BcNoxA) to the 
putative ER protein PaNoxD (homolog of Pro41 from  Sordaria macrospora ) was 
suggested, as both deletion mutants exhibit similar phenotypes (Lacaze et al.  2014 ). 
The tetraspanin BcPls1 was analysed in the  B. cinerea  strains T4 and B05.10; in T4 
it is involved in appressoria-mediated penetration (Gourgues et al.  2004 ), in B05.10 
it is also necessary for appressoria-mediated penetration, for female fertility and it 
localises in the ER of the apical segment of the hyphae (Siegmund et al.  2013 ). The 
similar appressorium-mediated penetration defect and localisation of BcNoxB and 
BcPls1 hint to a close association of these two proteins and a concerted function 
during pathogenicity (Segmüller et al.  2008 ; Siegmund et al.  2013 ). 
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 The  B. cinerea  ER protein BcNoxD (Pro41 homolog in  B. cinerea ) was function-
ally characterized and indeed showed an identical phenotype as the  BcnoxA  deletion 
mutant. BcNoxD is similarly involved in plant colonization, sclerotia formation and 
CAT fusions as shown for BcNoxA. Besides the phenotypic similarities, localisa-
tion studies revealed the presence of both proteins in the ER, BcNoxD being addi-
tionally present in vesicles (Siegmund et al.  2014 ). As both catalytical Nox subunits 
are located in the ER/nuclear envelope, a putative function of these proteins in this 
compartment needs to be considered. From mammals it is known that several Nox 
isoforms have functions in the ER, amongst others  via  a connection to the protein 
disulfi de isomerase (Pdi), a protein involved in oxidative protein folding and degra-
dation of mis-folded proteins (Laurindo et al.  2012 ,  2014 ). Reducing equivalents for 
Pdi are provided by glutathione (GSH, see below; Appenzeller-Herzog et al.  2010 ; 
Toledano et al.  2013 ), but the ER oxidoreductase Ero1 is the main antagonist of Pdi 
(Sevier and Kaiser  2008 ; see Fig.  14.1 ). We recently investigated a role of BcNoxA 
in the ER by complementing the deletion mutant with a construct retaining BcNoxA 
in the ER. The construct complemented the pathogenicity defect of the mutant, but 
not CAT fusions or sclerotia development, suggesting distinct roles of BcNoxA in 
the ER and after translocation (Siegmund et al.  2014 ). 

 Taken together NoxA and B and interaction partners have been analysed in  B. 
cinerea , but their mode of activation and regulation remains to be elucidated. All of 
the mentioned proteins are involved in pathogenicity with varying severity. Their 
involvement in ROS production and its impact on pathogenicity are discussed in the 
next paragraph.  

14.2.1.2     Involvement of Nox Derived ROS in Pathogenicity? 

 As described, components of the Nox complexes in  B. cinerea  are involved in vari-
ous differentiation processes as well as pathogenicity, but surprisingly, no changes 
in the ROS level were detected in the corresponding mutants. In axenic cultures 
neither 3,3′-diaminobenzidine (DAB) staining of extracellular ROS (Siegmund 
et al.  2013 ), nor nitro blue tetrazolium (NBT) staining of superoxide in the hyphae 
detected any differences between wild type and  BcnoxA ,  B  or  R  mutants (Segmüller 
et al.  2008 ). Interestingly, fl avoenzyme inhibition through diphenyleneiodonium 
chloride (DPI) led to loss of superoxide production in hyphae, while the ∆ BcnoxAB  
double deletion mutant also produced superoxide as the WT (NBT staining, 
Viefhues A, unpublished data). Thus, another fl avoenzyme seems to produce ROS 
as an alternative source. As all  bcnox  deletion mutants were impaired in some step 
of pathogenicity, ROS levels were also analysed during infection. NBT staining of 
hyphae after infection of onion epidermis did not show any difference in superoxide 
level, neither did the cytochemical detection of cerium perhydroxide formed by the 
reaction of cerium ions with H 2 O 2  (Segmüller et al.  2008 ). Nox are not engaged in 
major ROS production in  B. cinerea  (at least not detectable with the applied meth-
ods), but rather ROS derived from Nox are necessary for signalling and differentia-
tion. This would explain the various differentiation processes disturbed in the 
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mutants (sclerotia formation, CAT fusions) and also that the mutants are impaired 
in pathogenicity, because they fail to properly form appressoria or infection cush-
ions (on glass). Lastly, if ROS involved in pathogenicity are not produced by the 
enzymatic system of the NADPH oxidases, what alternative systems, other fl avoen-
zymes for example, are responsible for ROS production and how is this process 
regulated?   

14.2.2     Alternative ROS Producing Systems 

 Investigations regarding Nox in various fungi revealed the existence of alternative 
ROS sources, since deletion of Nox isoforms did not necessarily lead to reduced 
ROS production. Mitochondria produce predictably more ROS in quantitative terms 
than Nox in most cell types (Balaban et al.  2005 ; Laurindo et al.  2014 ). The mito-
chondria are thought to generate continuous levels of O 2  ·−  at complex I and III of the 
electron transport chain (Starkov  2008 ), which is then converted to H 2 O 2  by mito-
chondrial superoxide dismutases (SOD). Mitochondrial ROS are involved in regula-
tion of apoptosis in animal cells and it was suggested that they also participate in 
cell signalling (Werner and Werb  2002 ) and development (Aguirre et al.  2005 ; 
Severin and Hyman  2002 ). Fungal data regarding mitochondria as a major source 
for ROS are thus far limited (reviewed by Tudzynski et al.  2012 ). 

 Besides the mitochondria as an alternative ROS source, there are also other enzy-
matic systems producing ROS. Several ROS producing systems including laccases, 
GMC oxidoreductases, galactose oxidases and quinone reductases were implicated 
in plant biomass degradation (Grissa et al.  2010 ; Martinez et al.  2005 ). Laccases are 
copper-containing phenol oxidases with several functions. In  B. cinerea  laccase 
activity oxidizes tannins in grape berries and plays a role in degradation of the 
plant’s secondary metabolite resveratrol (Adrian et al.  1998 ), suggesting a role in 
pathogenicity. Nevertheless, analysis of two laccases in  B. cinerea  BcLcc1 and 
BcLcc2 indicated expression only for  Bclcc2  during infection, but no altered viru-
lence in the respective deletion mutant (Schouten et al.  2002 ). Another class of 
enzymes generating ROS is that of glucose oxidases (GOD); these enzymes gener-
ate H 2 O 2  as a by-product during the oxidation of glucose. Two GODs have been 
identifi ed in  B. cinerea  so far; one intracellular GOD, whose involvement in patho-
genicity is unlikely, the second GOD found is a secreted enzyme, BcGod1, which 
was shown not to be involved in pathogenicity (Liu et al.  1998 ; Rolke et al.  2004 ).   

14.3     ROS Detoxifi cation and Scavenging 

 To counteract ROS either originating from normal physiological processes or from 
environmental changes, the fungus needs an effi cient detoxifi cation system. The 
intracellular redox status depends on the balance between oxidizing and reducing 
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equivalents. To ensure this balance, different ROS detoxifi cation systems are pres-
ent in the cell. One can distinguish between enzymatic and non-enzymatic ROS 
degradation. While the glutathione system and antioxidants are non-enzymatic, the 
thioredoxin system belongs to the enzymatic systems as do detoxifying enzymes 
including catalases, peroxidases and superoxide dismutases. Moreover, transcrip-
tion factors are known to be important for the regulation of these components. In the 
following we give insight into the different detoxifi cation systems, important OSR 
(oxidative stress response) transcription factors and their role in pathogenicity and 
development. 

14.3.1     Non-enzymatic ROS Scavenging Systems 

14.3.1.1     The Glutathione System 

 In order to detoxify ROS, low molecular weight compounds interact with radicals 
and oxidants. These antioxidants differ in chemical structure and usually involve 
small soluble molecules that are oxidized by ROS and in doing so, eliminate oxi-
dants from the surrounding. One key antioxidant is the cellular redox buffer gluta-
thione, a tripeptide γ- L -glutamyl- L -cysteinyl-glycine, which is part of one of the 
major redox systems, the glutathione system. Glutathione is synthesized based on 
glutamate, cysteine, and glycine and found in most prokaryotes and eukaryotes 
(Meister and Anderson  1983 ; Foyer and Noctor  2005 ). The central cysteine allows 
the reversible oxidation and reduction of glutathione; accordingly it either exists as 
a reduced form (GSH) or oxidized as glutathione disulfi de (GSSG). Besides the 
requirement for glutathione to buffer and maintain the general redox status, it can 
reduce glutaredoxins (Carmel-Harel and Storz  2000 ). Glutaredoxin (Grx) belongs 
to the thioredoxin family and contains a conserved hallmark sequence, consisting of 
two vicinal cysteine residues CxxC giving these proteins a high redox potential 
(Holmgren  1989 ). Grx is reduced by GSH  via  electrons from NADPH, whereupon 
GSH is oxidized to GSSG. Glutaredoxins can directly reduce oxidized substrates or 
hydrogen peroxide in a catalytic manner (Collinson et al.  2002 ). The phenotype of 
 grx  deletion, depending if either one or several  grx  are deleted, resulted in enhanced 
susceptibility towards oxidative stress and loss of oxidoreductase activity in yeasts, 
including  Candida glabrata  (Gutierrez-Escobedo et al.  2013 ),  C. albicans  (Chaves 
and da Silva  2012 ),  Saccaromyces cerevisiae  (Collinson et al.  2002 ; Pujol-Carrion 
et al.  2006 ; Tan et al.  2010 ) and  Schizosaccharomyces pombe  (Chung et al.  2004 ). 

 In order to reinstate the GSH pool in the cell GSSG can be recycled by the glu-
tathione reductase (Glr) under consumption of electrons from NADPH (Grant et al. 
 1996 ). Glrs belong to the oxidoreductase family, which is featured by a NADPH 
binding site, an FAD prosthetic group and an active site containing redox-active 
disulfi de (Mustacich and Powis  2000 ). Deletion of glutathione reductase in 
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 Fusarium oxysporum  (Sato et al.  2011 ),  A. nidulans  (Sato et al.  2009 ,  2011 ),  S. 
cerevisiae  (Muller  1996 )  or S. pombe  (Lee et al.  1997 ) resulted in increased accu-
mulation of GSSG and reduced growth rates in the presence of oxidants, ROS or 
elemental sulfur. In  B. cinerea  two glutathione reductases (BcGlr1, BcGlr2) were 
identifi ed. Investigation of the deletion phenotype of  Bcglr2  revealed no changes in 
development, resistance or virulence. The effect of  Bcglr1  deletion was more pro-
nounced. It could be shown that infection development on primary leaves of 
 Phaseolous vulgaris  was retarded for ∆ Bcglr1  (Viefhues et al.  2014 ). This defect 
could be attributed to delayed conidia germination, as infections with mycelium 
spread in a WT manner. Moreover, reduced growth on minimal medium was 
observed, indicating partial amino acid auxotrophy of the mutant. Restoration of 
growth by the addition of either cysteine or methionine suggests an involvement of 
the glutathione system in sulfur metabolism. BcGlr1 was shown to be essential for 
the reduction of oxidized glutathione. Analysis of the glutathione pool by redox- 
sensitive GFP confi rmed that the loss of  Bcglr1  results in increased GSSG levels 
due to the loss of reductase function. Thus,  Bcglr1  is essential for the reversibility 
of GSH/GSSG reactions (Viefhues et al.  2014 ).  

14.3.1.2     Antioxidants 

 Besides GSH several other compounds are involved in scavenging ROS. Small mol-
ecules like ascorbic acid, polyamines, polychelatins, carotenoids, fl avonoids and 
alkaloids were described to take part in the detoxifi cation of ROS in yeast (Jamieson 
 1998 ). The data available for  Botrytis  on this topic are limited. However, it was 
shown that the addition of antioxidants like ascorbic acid can rescue pathogenicity 
defects of mutants disrupted in the tolerance of oxidative stress, as was postulated 
for the deletion of the light dependent transcription factor  Bcltf1  (Schumacher et al. 
 2014 ). On the other hand, the addition of antioxidants to a conidial suspension of 
 Botrytis  was shown to suppress infection, depending on the type and the concentra-
tion of the antioxidants (Elad  1992 ). In contrast to fungi, plants clearly depend on 
antioxidants in response to pathogen attack, and as mentioned above their antioxi-
dants alter pathogen infections. Upon H 2 O 2  application plants already accumulate 
antioxidants like GSH (Levine et al.  1994 ). Also, under pathogen attack antioxi-
dants and detoxifying enzymes could be detected at the infection site of  P. vulgaris  
(Elad and Lapsker  2001 ). In  Botrytis -infected tomato leaves a clear shift in the anti-
oxidant pool could be observed. 

 While the content of ascorbic acid did not signifi cantly change, a strong accumu-
lation of dehydroascorbate and a prooxidative change in the ascorbate redox status 
in chloroplasts could be seen (Kuzniak and Sklodowska  1999 ). Furthermore 
Kuzniak and Sklodowska ( 1999 ) confi rmed a decrease in glutathione content and an 
increase in Glr activity after infection. In  A. thaliana  a decrease of ascorbic acid was 
confi rmed (Muckenschnabel et al.  2002 ). Depending on the time, a decrease in the 
antioxidant level makes sense when considering the oxidative stress present in the 

U. Siegmund and A. Viefhues



279

biological tissues of the plant (Noctor and Foyer  1998 ). Von Tiedemann ( 1997 ) 
demonstrated that the aggressiveness of  Botrytis  correlates with the intensity of the 
oxidative burst it induces. Thus, it is even possible that the fungus uses plant derived 
ascorbic acid for the production of oxalate and H 2 O 2  (Loewus  1999 ; Muckenschnabel 
et al.  2002 ).   

14.3.2     Enzymatic Systems 

14.3.2.1     The Thioredoxin System 

 Besides non-enzymatic ROS detoxifi cation one of the main enzymatic systems is 
the thioredoxin system. In diverse organisms this complex, consisting of thiore-
doxin (Trx) and thioredoxin reductase (Trr), was shown to regulate several meta-
bolic enzymes, which form disulfi de bonds during their catalytic cycle and function 
as scavengers of ROS (Malagnac et al.  2007 ). Thioredoxins, similar to Glutaredoxins, 
belong to the family of oxidoreductases that allow reversible thiol exchange reac-
tions to reduce oxidized substrates (Arner and Holmgren  2000 ; Holmgren  1989 ). 
The thioredoxin reductase functionally belongs to the fl avoprotein family of 
nucleotide- disulphide oxidoreductases, including the glutathione reductase 
described previously. The thioredoxin system was shown to be involved in numer-
ous central cellular processes such as synthesis of desoxyribonucleotides, sulfur 
metabolism, regulation of gene expression and oxidative stress defence (Yoshida 
et al.  2003 ). The data available on the thioredoxin system in phytopathogenic fungi 
is still limited so far. However, it was shown that this system is of major importance 
for development and stress response in several fungi. Investigations on the thiore-
doxin system in  S. cerevisiae  (Gan  1991 ; Izawa et al.  1999 ; Garrido and Grant  2002 ; 
Oliveira et al.  2010 ),  C. albicans  (da Silva Dantas et al.  2010 ),  A. nidulans  (Thon 
et al.  2007 ),  S. pombe  (Casso and Beach  1996 ),  P. anserina  (Malagnac et al.  2007 ), 
 N. crassa  (Onai and Nakashima  1997 ) and  Cryphonectria parasitica  (Kim and Kim 
 2006 ) showed effects on vegetative growth, ROS tolerance, amino acid synthesis, 
sexual reproduction and even viability. 

 In  B. cinerea  one thioredoxin reductase (BcTrr1) and several thioredoxin-like 
proteins were identifi ed. As BcTrr1 is a component of an important redox system, it 
is not surprising that the oxidative stress resistance was shown to be affected. The 
mutant was highly sensitive towards H 2 O 2  and showed constitutive expression of 
oxidative stress responsive (OSR) genes, such as glutathione reductase, glutare-
doxin, glutathione peroxidase and peroxiredoxin. Moreover, the mutant itself 
showed enhanced ROS production (Viefhues et al.  2014 ). Between numerous Trx- 
like proteins only one candidate was annotated as a  bona fi de  Trx (BcTrx1). 
Sequence analysis revealed a second putative thioredoxin (BcTrx2), which shows 
the conserved Trx-site. Deletion of  Bctrx1  resulted in reduced tolerance towards 
H 2 O 2 . Analysis of the redox status by examining changes in the intracellular gluta-
thione pool using a redox sensitive GFP (Heller et al.  2012a ; Meyer et al.  2007 ) 
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revealed no infl uence of  Bctrx1  deletion on GSH/GSSG ratio. The phenotype of 
∆ Bctrx2  did not differ from the WT and no infl uence on oxidative stress tolerance 
could be observed (Viefhues et al.  2014 ). As BcTrx2 could be localized in the ER, 
the missing response to oxidative stress might hint towards a role in ER processes 
including protein folding rather than direct a role in redox control. In mammals it 
was shown that Trx-like proteins may have reductase activity  in vitro  and are able to 
participate in protein folding processes to support proteins of the folding complex 
(Sugiura et al.  2010 ). Although interplay between Trx, Trr and putative substrates is 
likely, yeast two-hybrid analyses could not confi rm interactions, yet. 

 Thus far controversial results regarding the importance of ROS detoxifi cation 
during pathogenesis were obtained (Rolke et al.  2004 ; Schouten et al.  2002 ; Temme 
and Tudzynski  2009 ).  Bctrx1  and  Bctrr1  knock-outs had a severe infl uence on 
pathogenicity as they exhibited strongly retarded lesion formation. Tissue macera-
tion or spreading lesions could hardly be observed and the plant remained viable 
(Viefhues et al.  2014 ).  B. cinerea  was shown to exploit the plants oxidative burst 
and even contributes to it; however, as ∆ Bctrx1  and ∆ Bctrr1  were highly sensitive 
toward H 2 O 2 , this appears to be too much ROS to handle for the other detoxifi cation 
systems. Redox balance cannot be fully restored without BcTrx1 and BcTrr1 and 
presumably results in a highly oxidized surrounding. The fact that ∆ Bctrr1  pro-
duced higher amounts of ROS and was greatly impaired in vegetative growth sug-
gests not only a total disruption of ROS regulation, but shows the thioredoxin system 
to be a key player for several metabolic processes. Moreover, the data obtained for 
the thioredoxin system indicate that redox processes and regulation are important 
for host-pathogen interactions in  B. cinerea  but also for its own development.  

14.3.2.2     Other ROS Detoxifying Enzymes 

 In addition to the thioredoxin system several intra- and extra-cellular ROS scaveng-
ing enzymes are present, including catalases (CAT), superoxide dismutases (SOD), 
peroxiredoxins (PRX) and several peroxidases. Catalases are enzymes with high 
turnover rates that convert H 2 O 2  into O 2  and H 2 O. Schouten et al. ( 2002 ) investi-
gated the extracellular catalase gene  Bccat2 , one of seven catalases present in  B. 
cinerea. Bccat2  expression was rapidly induced upon exposure to H 2 O 2  in vitro  and 
mRNA was already detected in very early stages of plant infection. Disruption of 
 Bccat2  resulted in an enhanced sensitivity to H 2 O 2  and up-regulation of  Bcgst1  (glu-
tathione S-transferase) and  Bcubi4  (polyubiquitin). Induction of stress responsive 
genes indicated that the ∆ Bccat2  mutant was generally more stressed than the WT; 
however, an infl uence on pathogenicity was not observed (Schouten et al.  2002 ). 

 The intracellular peroxisomal catalase BcCatA described by Van der Vlugt- 
Bergmans et al. ( 1997 ) noticeably differs structurally from BcCat2. BcCatA was 
expressed under H 2 O 2  conditions; however,  BccatA  was not expressed  in planta  and 
does not have any infl uence on virulence. The tomato catalase encoding gene  cat1  
was expressed under infection conditions, indicating that oxidative stress is occur-
ring during infection (Van der Vlugt-Bergmans et al.  1997 ). Not only catalases but 
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also superoxide dismutases (SODs) detoxify ROS. SODs convert O 2  ·−  to H 2 O 2 , 
which can be further reduced by catalases or peroxidases to H 2 O. BcSod1 is involved 
in oxidative stress response and pathogenicity, as deletion mutants were signifi -
cantly retarded in lesion development and showed sensitivity to paraquat. Thus, 
BcSod1 appears to be a virulence factor; however, it remains to be elucidated if 
superoxide from the host, fungus or even from both are substrates for BcSod1 
(Rolke et al.  2004 ). Peroxidases, like guaiacol peroxidase, glutathione peroxidase or 
ascorbic peroxidase are capable of H 2 O 2  detoxifi cation (Gil-ad et al.  2000 ). 
Glutathione peroxidase for example can convert H 2 O 2  to H 2 O upon oxidation of 
glutathione. However, investigations of the glutathione peroxidase BcGpx3 showed 
neither involvement in pathogenicity nor in response to oxidative stress (Viefhues 
et al.  2015 ). Because of the numerous ROS detoxifying enzymes, the effect of a 
single deletion can be masked in most cases. Interplay of all enzymes is necessary 
to provide a stable redox environment and to allow a successful infection process.   

14.3.3     Transcriptional Regulation of OSR Genes 

 All previously mentioned enzymes are regulated transcriptionally by a diversity of 
stress responsive factors. One important component for evoking stress response is 
the mitogen-activated protein kinase (MAPK) Hog1, whose homologs were shown 
to be involved in the reaction to different types of stress in various fungi (Dixon 
et al.  1999 ; Du et al.  2006 ; Moriwaki et al.  2006 ; Zhang et al.  2002 ). When Hog1 is 
activated, it can either phosphorylate transcription factors or proteins to execute 
their functions by structural changes or gene expression or, depending on stress- 
mediating transcriptional activators, it translocates to the nucleus and associates to 
stress responsive promoters to recruit components of the transcriptional machinery 
(Alepuz et al.  2001 ; Chap.   13    ). Depending on the stress applied the  B. cinerea  Hog1 
homolog BcSak1 either localized to the nucleus (osmotic stress) or remained cyto-
solic (oxidative stress). Interestingly, during early stages of infection a translocation 
of the MAPK to the nucleus was verifi ed, indicating either that  B. cinerea  suffers 
from osmotic stress during infection or other factors might induce the translocation, 
like fungal programmed cell death–inducing factors secreted by plants (Heller et al. 
 2012b ). Analysis of a  Bcsak1  disruption mutant revealed a function of this gene in 
conidiospore formation and plant penetration. Accordingly, the ∆ Bcsak1  mutant 
was not able to colonize unwounded tissue (Segmüller et al.  2007 ). Moreover, 
reduced secretion of major phytotoxins could be observed (Heller et al.  2012b ). 
Expression analyses confi rmed that BcSak1 is necessary for the expression of sev-
eral stress responsive genes under oxidative stress (Heller et al.  2012b ). 

 BcSak1 shares some target genes with the bZIP transcription factor Bap1 
( Botrytis  activator protein), which mainly regulates OSR genes. Macroarray data 
revealed a group of common target genes, amongst others  BccatA ,  BccatB ,  BccatC , 
 Bcgrx1 , and  Bcgpx3 . Nonetheless, Bap1 seems to be regulated independently of the 
BcSak1 pathway, as knock-out phenotypes differed; still crosstalk between both 
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pathways is likely due to their shared role in oxidative stress response. The mode of 
action of Bap1 upon oxidative stress is assumed to be regulated as described for the 
yeast activator protein Yap1. Under oxidative stress glutathione peroxidases or per-
oxiredoxins sense H 2 O 2  and direct the oxidation of two cysteines in the C- and 
N-terminal cysteine rich domain region of Yap1. This oxidation results in disulfi de 
bond formation and a subsequent conformational change of the transcription factor. 
A nuclear export signal located in the C-terminal region gets masked and therewith 
inhibits binding of the nuclear export regulator (NER). Accumulation in the nucleus 
occurs and thus Yap1 can regulate gene expression. The reversion of the oxidized 
condition is achieved by the expression of thioredoxin, which results in a negative 
feedback regulation, enabling Yap1 to translocate back to the cytoplasm (Delaunay 
et al.  2000 ). The results for the deletion of  bap1  were surprising; no effect on patho-
genicity was observed, although several OSR genes were not expressed in the 
knock-out mutant and tolerance towards H 2 O 2  and menadione was greatly decreased. 
However, expression analysis  in planta  (2 dpi) revealed that Bap1 target genes were 
not even expressed in the WT, although H 2 O 2  was measurable (Temme and 
Tudzynski  2009 ). So does the fungus sense oxidative stress during infection? 

 The yeast response regulator (RR) Skn7 was described to be involved in the OSR 
and to work in concert with Yap1 in gene regulation (Calvo et al.  2012 ; Mulford and 
Fassler  2011 ). Depending on the stress being applied Skn7 signalling pathways dif-
fer. Under osmotic or cell wall stress conditions, a phosphotransferase changes the 
phosphorylation status of Skn7 and thereby evokes the transcription of stress 
responsive genes. However, if oxidative stress is applied, Skn7 is directly oxidized 
and regulates gene expression. A homolog of this RR was identifi ed in  B. cinerea  
(BcSkn7). High sensitivity to oxidative stress and localisation in the nucleus sup-
ports a probable function of BcSkn7 in stress responses. Moreover, Bap1 and 
BcSkn7 share several target genes, including  Bctrx1 ,  Bctrr1 ,  Bcgpx3 , and  Bcgrx1  
and thus a coordinated regulation of Bap1 and BcSkn7 is possible. Nevertheless, the 
role of BcSkn7 in pathogenicity is only minor (Yang et al.  2014 ; Viefhues et al. 
 2015 ). Besides the previously mentioned transcription factors, the Cys2His2 zinc 
fi nger protein Msn2/4 could play a role in ROS response in concert with Bap1 and 
Skn7. In yeast a noteworthy sensitivity to different types of stress and the impor-
tance for the expression of stress responsive genes was established (Hasan et al. 
 2002 ; Martinez-Pastor et al.  1996 ). 

 All the factors are important for the regulation of numerous OSR genes. However, 
the impact on pathogenicity when compared to their essential function in gene regu-
lation is only minor. Next to the deletion of single OSR genes also the deletion of 
stress response regulators appears to be partially redundant. The components might 
form a complex regulatory network (see Fig.  14.1 ) and work as back-up systems 
when other components fail. Still the question remains: Is enzymatic ROS detoxifi -
cation in the  Botrytis -host interaction important?   
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14.4     Future Perspectives 

 The plant’s defence response, especially the oxidative burst, seems to be essential 
for successful infection of  B. cinerea . As  Botrytis  also contributes to the process by 
triggering its own ROS, the question emerges as to how the fungus produces and 
copes with such large amounts of ROS. As described above a variety of ROS pro-
ducing (focus on Nox) and detoxifying systems have been analysed in detail in  B. 
cinerea  and some of them are involved in pathogenicity at various modes. ROS play 
a dual role, during infection: on the one hand causing oxidative stress, which needs 
to be handled by the fungus and on the other hand ROS are needed as signalling 
molecules for differentiation processes. Regarding the role of ROS during differen-
tiation processes investigations of BcNox complexes revealed that these enzymes in 
 B. cinerea  produce only minor amounts of ROS. Nevertheless, these are essential 
for differentiation processes such as appressoria and sclerotia formation or CAT 
fusions and the functional interaction between the fungus and its host. The discov-
ered function of Nox in the ER of  B. cinerea  was unexpected. However, it provides 
another hint that Nox are rather not involved in ROS synthesis leading to oxidative 
stress for the plant, but in complex regulation mechanisms. Regulation through Nox 
derived ROS takes, amongst others, place in the ER, where Pdi might serve as a link 
to couple ER-stress to Nox dependent ROS generation (Laurindo et al.  2012 ). The 
locations of Nox and their putative complex partners, as well as the connection to 
the components in charge of the redox status in the ER (Pdi, Ero1, GSH) are depicted 
in Fig.  14.1 . In addition this scheme illustrates the complex connections and loca-
tions of the proteins involved in various parts of ROS scavenging, and the connec-
tion to ROS during infection of the plant. 

 Although many single components have been investigated, by now their role in 
ROS scavenging and detoxifi cation during infection still needs to be elucidated. 
Additional factors including antioxidants and complex interplay of the different 
systems provide a challenge to defi ne the contribution of single factors in the (de-) 
toxifi cation process during infection. A concentration on interactions in these net-
works rather than a continuative analysis of single genes might be benefi cial. The 
diverse ROS scavenging/redox systems have different infl uences on virulence and 
their detailed role in detoxifi cation of ROS, especially derived from the plant’s oxi-
dative burst, will have to be addressed in the future.     

  Acknowledgements   We thank Paul Tudzynski, Marty Dickman and Julia Schumacher for criti-
cal reading and/or discussion, Bettina Richter for excellent technical assistance and the DFG (Tu 
50/19) and the GRK (Graduate Research School) 1409 for funding.  

   References 

    Adrian M, Rajaei H, Jeandet P et al (1998) Resveratrol oxidation in  Botrytis cinerea  conidia. 
Phytopathology 88:472–476  

14 Reactive Oxygen Species in the Botrytis – Host Interaction



284

    Afanas’ev IB (2007) Signaling functions of free radicals superoxide & nitric oxide under physio-
logical & pathological conditions. Mol Biotechnol 37:2–4  

    Aguirre J, Lambeth JD (2010) Nox enzymes from fungus to fl y to fi sh and what they tell us about 
Nox function in mammals. Free Radic Biol Med 49:1342–1353  

      Aguirre J, Ríos-Momberg M, Hewitt D et al (2005) Reactive oxygen species and development in 
microbial eukaryotes. Trends Microbiol 13:111–118  

    Alepuz PM, Jovanovic A, Reiser V et al (2001) Stress-induced map kinase Hog1 is part of tran-
scription activation complexes. Mol Cell 7:767–777  

    Appenzeller-Herzog C, Riemer J, Zito E et al (2010) Disulphide production by Ero1 alpha-PDI 
relay is rapid and effectively regulated. EMBO J 29:3318–3329  

    Arner ES, Holmgren A (2000) Physiological functions of thioredoxin and thioredoxin reductase. 
Eur J Biochem 267:6102–6109  

    Babior BM, Lambeth JD, Nauseef W (2002) The neutrophil NADPH oxidase. Arch Biochem 
Biophys 397:342–344  

    Balaban RS, Nemoto S, Finkel T (2005) Mitochondria, oxidants, and aging. Cell 120:483–495  
    Bedard K, Krause KH (2007) The NOX family of ROS-generating NADPH oxidases: physiology 

and pathophysiology. Physiol Rev 87:245–313  
    Brisson LF, Tenhaken R, Lamb C (1994) Function of oxidative cross-linking of cell wall structural 

proteins in plant disease resistance. Plant Cell 6:1703–1712  
    Calvo IA, Garcia P, Ayte J et al (2012) The transcription factors Pap1 and Prr1 collaborate to acti-

vate antioxidant, but not drug tolerance, genes in response to H 2 O 2 . Nucleic Acids Res 
40:4816–4824  

     Cano-Dominguez N, Alvarez-Delfi n K, Hansberg W et al (2008) NADPH oxidases NOX-1 and 
NOX-2 require the regulatory subunit NOR-1 to control cell differentiation and growth in 
 Neurospora crassa . Eukaryot Cell 7:1352–1361  

    Carmel-Harel O, Storz G (2000) Roles of the glutathione- and thioredoxin-dependent reduction 
systems in the  Escherichia coli  and  Saccharomyces cerevisia e responses to oxidative stress. 
Annu Rev Microbiol 54:439–461  

    Casso D, Beach D (1996) A mutation in a thioredoxin reductase homolog suppresses p53-induced 
growth inhibition in the fi ssion yeast  Schizosaccharomyces pombe . Mol Gen Genet 
252:518–529  

    Chaves GM, da Silva WP (2012) Superoxide dismutases and glutaredoxins have a distinct role in 
the response of  Candida albicans  to oxidative stress generated by the chemical compounds 
menadione and diamide. Mem Inst Oswaldo Cruz 107:998–1005  

    Chung WH, Kim KD, Cho YJ et al (2004) Differential expression and role of two dithiol glutare-
doxins Grx1 and Grx2 in  Schizosaccharomyces pombe . Biochem Biophys Res Commun 
321:922–929  

     Collinson EJ, Wheeler GL, Garrido EO et al (2002) The yeast glutaredoxins are active as glutathi-
one peroxidases. J Biol Chem 277:16712–16717  

    da Silva Dantas A, Patterson MJ, Smith DA et al (2010) Thioredoxin regulates multiple hydrogen 
peroxide-induced signaling pathways in  Candida albicans . Mol Cell Biol 30:4550–4563  

    Delaunay A, Isnard AD, Toledano MB (2000) H 2 O 2  sensing through oxidation of the Yap1 tran-
scription factor. EMBO J 19:5157–5166  

    Dickman MB, Park YK, Oltersdorf T et al (2001) Abrogation of disease development in plants 
expressing animal antiapoptotic genes. Proc Natl Acad Sci U S A 98:6957–6962  

    Dixon KP, Xu JR, Smirnoff N et al (1999) Independent signaling pathways regulate cellular turgor 
during hyperosmotic stress and appressorium-mediated plant infection by  Magnaporthe gri-
sea . Plant Cell 11:2045–2058  

    Du C, Sarfati J, Latge JP et al (2006) The role of the sakA (Hog1) and tcsB (s1n1) genes in the 
oxidant adaptation of  Aspergillus fumigatus . Med Mycol 44:211–218  

    Egan MJ, Wang ZY, Jones MA et al (2007) Generation of reactive oxygen species by fungal 
NADPH oxidases is required for rice blast disease. Proc Natl Acad Sci U S A 
104:11772–11777  

U. Siegmund and A. Viefhues



285

    Elad Y (1992) The use of antioxidants (free-radical scavengers) to control grey mould ( Botrytis 
cinerea ) and white mould ( Sclerotinia sclerotiorum ) in various crops. Plant Pathol 
41:417–426  

    Elad Y, Lapsker Z (2001) Involvement of reactive oxygen species and antioxidative processes in 
the disease caused by  B. cinerea  on bean leaves and in its biological control by means of 
 Trichoderma harzianum  T39. IOBC Bull 24(3):21–25  

    Foyer CH, Noctor G (2005) Redox homeostasis and antioxidant signaling: a metabolic interface 
between stress perception and physiological responses. Plant Cell 17:1866–1875  

    Gan ZR (1991) Yeast thioredoxin genes. J Biol Chem 266:1692–1696  
    Garrido EO, Grant CM (2002) Role of thioredoxins in the response of  Saccharomyces cerevisiae  

to oxidative stress induced by hydroperoxides. Mol Microbiol 43:993–1003  
     Giesbert S, Schürg T, Scheele S et al (2008) The NADPH oxidase Cpnox1 is required for full 

pathogenicity of the ergot fungus  Claviceps purpurea . Mol Plant Pathol 9:317–327  
    Giesbert S, Siegmund U, Schumacher J et al (2014) Functional analysis of BcBem1 and its interac-

tion partners in  Botrytis cinerea : impact on differentiation and virulence. PLoS One 
9(5):e95172. doi:  10.1371/journal.pone.0095172      

    Gil-ad NL, Bar-Nun N, Noy T et al (2000) Enzymes of  Botrytis cinere a capable of breaking down 
hydrogen peroxide. FEMS Microbiol Lett 190:121–126  

    Giorgio M, Trinei M, Migliaccio E et al (2007) Hydrogen peroxide: a metabolic by-product or a 
common mediator of ageing signals? Nat Rev Mol Cell Biol 8:722–728  

    Gourgues M, Brunet-Simon A, Lebrun MH et al (2004) The tetraspanin BcPls1 is required for 
appressorium-mediated penetration of  Botrytis cinerea  into host plant leaves. Mol Microbiol 
51:619–629  

     Govrin EM, Levine A (2000) The hypersensitive response facilitates plant infection by the necro-
trophic pathogen  Botrytis cinerea . Curr Biol 10:751–757  

    Grant CM, Collinson LP, Roe JH et al (1996) Yeast glutathione reductase is required for protection 
against oxidative stress and is a target gene for yAP-1 transcriptional regulation. Mol Microbiol 
21:171–179  

    Grissa I, Bidard F, Grognet P et al (2010) The Nox/Ferric reductase/Ferric reductase-like families 
of Eumycetes. Fungal Biol 114:766–777  

    Gutierrez-Escobedo G, Orta-Zavalza E, Castano I et al (2013) Role of glutathione in the oxidative 
stress response in the fungal pathogen  Candida glabrata . Curr Genet 59:91–106  

    Hansberg W, Aguirre J (1990) Hyperoxidant states cause microbial cell differentiation by cell iso-
lation from dioxygen. J Theor Biol 142:201–221  

    Hasan R, Leroy C, Isnard AD et al (2002) The control of the yeast H 2 O 2  response by the Msn2/4 
transcription factors. Mol Microbiol 45:233–241  

    Heller J, Tudzynski P (2011) Reactive oxygen species in phytopathogenic fungi: signaling, devel-
opment, and disease. Annu Rev Phytopathol 49:369–390  

    Heller J, Meyer AJ, Tudzynski P (2012a) Redox-sensitive GFP2: use of the genetically encoded 
biosensor of the redox status in the fi lamentous fungus  Botrytis cinerea . Mol Plant Pathol 
13:935–947  

      Heller J, Ruhnke N, Espino JJ et al (2012b) The mitogen-activated protein kinase BcSak1 of 
 Botrytis cinerea  is required for pathogenic development and has broad regulatory functions 
beyond stress response. Mol Plant-Microbe Interact 25:802–816  

    Herrmann A, Tillmann B, Schürmann J et al (2014) Small GTPase-associated signaling by the 
guanine nucleotide exchange factors CpDock180 and CpCdc24, the GTPase effector CpSte20 
and the scaffold CpBem1 in  Claviceps purpurea . Eukaryot Cell 13(4):470–482  

     Holmgren A (1989) Thioredoxin and glutaredoxin systems. J Biol Chem 264:13963–13966  
    Izawa S, Maeda K, Sugiyama K et al (1999) Thioredoxin defi ciency causes the constitutive activa-

tion of Yap1, an AP-1-like transcription factor in  Saccharomyces cerevisiae . J Biol Chem 
274:28459–28465  

    Jamieson DJ (1998) Oxidative stress responses of the yeast  Saccharomyces cerevisiae . Yeast 
14:1511–1527  

14 Reactive Oxygen Species in the Botrytis – Host Interaction

http://dx.doi.org/10.1371/journal.pone.0095172


286

    Kim JH, Kim DH (2006) Cloning and characterization of a thioredoxin gene, CpTrx1, from the 
chestnut blight fungus  Cryphonectria parasitica . J Microbiol 44:556–561  

    Kim H, Chen C, Kabbage M et al (2011) Identifi cation and characterization of  Sclerotinia sclero-
tiorum  NADPH oxidases. Appl Environ Microbiol 77:7721–7729  

    Klotz LO (2002) Oxidant-induced signaling: effects of peroxynitrite and singlet oxygen. Biol 
Chem 383:443–456  

     Kuzniak E, Sklodowska M (1999) The effect of  Botrytis cinerea  infection on ascorbate-glutathione 
cycle in tomato leaves. Plant Sci 148:69–76  

    Lacaze I, Lalucque H, Silar P et al (2014) Identifi cation of NoxD/Pro41 as the homologue of the 
p22phox NADPH oxidase subunit in fungi. Mol Microbiol. doi:  10.1111/mmi.12876      

    Lambeth JD (2004) NOX enzymes and the biology of reactive oxygen. Nat Rev Immunol 
4:181–189  

    Lambou K, Malagnac F, Barbisan C et al (2008) The crucial role of the Pls1 tetraspanin during 
ascospore germination in  Podospora anserina  provides an example of the convergent evolution 
of morphogenetic processes in fungal plant pathogens and saprobes. Eukaryot Cell 
7:1809–1818  

    Lara-Ortiz T, Riveros-Rosas H, Aguirre J (2003) Reactive oxygen species generated by microbial 
NADPH oxidase NoxA regulate sexual development in  Aspergillus nidulans . Mol Microbiol 
50:1241–1255  

     Laurindo FR, Pescatore LA, Fernandes Dde C (2012) Protein disulfi de isomerase in redox cell 
signaling and homeostasis. Free Radic Biol Med 52:1954–1969  

     Laurindo FR, Araujo TL, Abrahao TB (2014) Nox NADPH oxidases and the endoplasmic reticu-
lum. Antioxid Redox Signal. doi:  10.1089/ars.2013.5605      

    Lee J, Dawes IW, Roe JH (1997) Isolation, expression, and regulation of the pgr1(+) gene encod-
ing glutathione reductase absolutely required for the growth of  Schizosaccharomyces pombe . 
J Biol Chem 272:23042–23049  

     Levine A, Tenhaken R, Dixon R et al (1994) H 2 O 2  from the oxidative burst orchestrates the plant 
hypersensitive disease resistance response. Cell 79:583–593  

    Liu S, Oeljeklaus S, Gerhardt B et al (1998) Purifi cation and characterization of glucose oxidase 
of  Botrytis cinerea . Physiol Mol Plant Pathol 53:123–132  

    Liu W, Leroux P, Fillinger S (2008) The HOG1-like MAP kinase Sak1 of  Botrytis cinerea  is nega-
tively regulated by the upstream histidine kinase Bos1 and is not involved in dicarboximide- 
and phenylpyrrole-resistance. Fungal Genet Biol 45:1062–1074  

    Loewus FA (1999) Biosynthesis and metabolism of ascorbic acid in plants and of analogs of ascor-
bic acid in fungi. Phytochemistry 52:193–210  

     Malagnac F, Lalucque H, Lepere G et al (2004) Two NADPH oxidase isoforms are required for 
sexual reproduction and ascospore germination in the fi lamentous fungus  Podospora anserina . 
Fungal Genet Biol 41:982–997  

     Malagnac F, Klapholz B, Silar P (2007) PaTrx1 and PaTrx3, two cytosolic thioredoxins of the fi la-
mentous ascomycete  Podospora anserina  involved in sexual development and cell degenera-
tion. Eukaryot Cell 6:2323–2331  

    Martinez AT, Speranza M, Ruiz-Duenas FJ et al (2005) Biodegradation of lignocellulosics: micro-
bial, chemical, and enzymatic aspects of the fungal attack of lignin. Int Microbiol 8:195–204  

    Martinez-Pastor MT, Marchler G, Schuller C et al (1996) The S accharomyces cerevisiae  zinc fi n-
ger proteins Msn2p and Msn4p are required for transcriptional induction through the stress- 
response element (STRE). EMBO J 15:2227–2235  

    Matoba T, Shimokawa H, Nakashima M et al (2000) Hydrogen peroxide is an endothelium-derived 
hyperpolarizing factor in mice. J Clin Invest 106:1521–1530  

    Meister A, Anderson ME (1983) Glutathione. Annu Rev Biochem 52:711–760  
    Meyer AJ, Brach T, Marty L et al (2007) Redox-sensitive GFP in  Arabidopsis thaliana  is a quan-

titative biosensor for the redox potential of the cellular glutathione redox buffer. Plant 
J 52:973–986  

    Minz Dub A, Kokkelink L, Tudzynski B et al (2013) Involvement of  Botrytis cinerea  small 
GTPases BcRAS1 and BcRAC in differentiation, virulence, and the cell cycle. Eukaryot Cell 
12:1609–1618  

U. Siegmund and A. Viefhues

http://dx.doi.org/10.1111/mmi.12876
http://dx.doi.org/10.1089/ars.2013.5605


287

    Moriwaki A, Kubo E, Arase S et al (2006) Disruption of SRM1, a mitogen-activated protein kinase 
gene, affects sensitivity to osmotic and ultraviolet stressors in the phytopathogenic fungus 
 Bipolaris oryzae . FEMS Microbiol Lett 257:253–261  

      Muckenschnabel I, Goodman BA, Williamson B et al (2002) Infection of leaves of  Arabidopsis 
thaliana  by  Botrytis cinerea : changes in ascorbic acid, free radicals and lipid peroxidation 
products. J Exp Bot 53:207–214  

    Mulford KE, Fassler JS (2011) Association of the Skn7 and Yap1 transcription factors in the 
 Saccharomyces cerevisiae  oxidative stress response. Eukaryot Cell 10:761–769  

    Muller EG (1996) A glutathione reductase mutant of yeast accumulates high levels of oxidized 
glutathione and requires thioredoxin for growth. Mol Biol Cell 7:1805–1813  

    Mustacich D, Powis G (2000) Thioredoxin reductase. Biochem J 346(Pt 1):1–8  
    Noctor G, Foyer CH (1998) Ascorbate and glutathione: keeping active oxygen under control. Annu 

Rev Plant Physiol Plant Mol Biol 49:249–279  
    Oliveira MA, Discola KF, Alves SV et al (2010) Insights into the specifi city of thioredoxin 

reductase- thioredoxin interactions. A structural and functional investigation of the yeast thio-
redoxin system. Biochemistry 49:3317–3326  

    Onai K, Nakashima H (1997) Mutation of the cys-9 gene, which encodes thioredoxin reductase, 
affects the circadian conidiation rhythm in  Neurospora crassa . Genetics 146:101–110  

    Orozco-Cardenas ML, Narvaez-Vasquez J, Ryan CA (2001) Hydrogen peroxide acts as a second 
messenger for the induction of defense genes in tomato plants in response to wounding, syste-
min, and methyl jasmonate. Plant Cell 13:179–191  

    Pujol-Carrion N, Belli G, Herrero E et al (2006) Glutaredoxins Grx3 and Grx4 regulate nuclear 
localisation of Aft1 and the oxidative stress response in  Saccharomyces cerevisiae . J Cell Sci 
119:4554–4564  

    Rinnerthaler M, Buttner S, Laun P et al (2012) Yno1p/Aim14p, a NADPH-oxidase ortholog, con-
trols extramitochondrial reactive oxygen species generation, apoptosis, and actin cable forma-
tion in yeast. Proc Natl Acad Sci U S A 109:8658–8663  

     Roca MG, Weichert M, Siegmund U et al (2012) Germling fusion via conidial anastomosis tubes 
in the grey mould  Botrytis cinere a requires NADPH oxidase activity. Fungal Biol 
116:379–387  

      Rolke Y, Liu SJ, Quidde T et al (2004) Functional analysis of H 2 O 2 -generating systems in  Botrytis 
cinerea : the major Cu-Zn-superoxide dismutase (BCSOD1) contributes to virulence on French 
bean, whereas a glucose oxidase (BCGOD1) is dispensable. Mol Plant Pathol 5:17–27  

    Sato I, Shimizu M, Hoshino T et al (2009) The glutathione system of  Aspergillus nidulans  involves 
a fungus-specifi c glutathione S-transferase. J Biol Chem 284:8042–8053  

     Sato I, Shimatani K, Fujita K et al (2011) Glutathione reductase/glutathione is responsible for 
cytotoxic elemental sulfur tolerance via polysulfi de shuttle in fungi. J Biol Chem 
286:20283–20291  

         Schouten A, Tenberge KB, Vermeer J et al (2002) Functional analysis of an extracellular catalase 
of  Botrytis cinerea . Mol Plant Pathol 3:227–238  

    Schumacher J, Simon A, Cohrs KC et al (2014) The transcription factor BcLTF1 regulates viru-
lence and light responses in the necrotrophic plant pathogen  Botrytis cinerea . PLoS Genet 
10:e1004040  

     Schürmann J, Buttermann D, Herrmann A et al (2013) Molecular characterization of the NADPH 
oxidase complex in the ergot fungus  Claviceps purpurea : CpNox2 and CpPls1 are important 
for a balanced host-pathogen interaction. Mol Plant-Microbe Interact 26:1151–1164  

    Scott B, Eaton CJ (2008) Role of reactive oxygen species in fungal cellular differentiations. Curr 
Opin Microbiol 11:488–493  

    Segmüller N, Ellendorf U, Tudzynski B et al (2007) BcSAK1, a stress-activated mitogen-activated 
protein kinase, is involved in vegetative differentiation and pathogenicity in  Botrytis cinerea . 
Eukaryot Cell 6:211–221  

           Segmüller N, Kokkelink L, Giesbert S et al (2008) NADPH oxidases are involved in differentiation 
and pathogenicity in  Botrytis cinerea . Mol Plant-Microbe Interact 21:808–819  

14 Reactive Oxygen Species in the Botrytis – Host Interaction



288

    Severin FF, Hyman AA (2002) Pheromone induces programmed cell death in  S. cerevisiae . Curr 
Biol 12:R233–R235  

    Sevier CS, Kaiser CA (2008) Ero1 and redox homeostasis in the endoplasmic reticulum. Biochim 
Biophys Acta 1783:549–556  

         Siegmund U, Heller J, Van Kan JAL et al (2013) The NADPH Oxidase Complexes in  Botrytis 
cinerea : evidence for a close association with the ER and the tetraspanin Pls1. PLoS One 
8:e55879  

      Siegmund U, Marschall R, Tudzynski P (2014) BcNoxD, a putative ER protein, is a new compo-
nent of the NADPH oxidase complex in  Botrytis cinerea . Mol Microbiol. doi:  10.1111/
mmi.12869      

    Simon UK, Polanschutz LM, Koffl er BE et al (2013) High resolution imaging of temporal and 
spatial changes of subcellular ascorbate, glutathione and H 2 O 2  distribution during  Botrytis 
cinerea  infection in Arabidopsis. PLoS One 8:e65811  

    Starkov AA (2008) The role of mitochondria in reactive oxygen species metabolism and signaling. 
Ann N Y Acad Sci 1147:37–52  

    Sugiura Y, Araki K, Iemura S et al (2010) Novel thioredoxin-related transmembrane protein TMX4 
has reductase activity. J Biol Chem 285:7135–7142  

    Takemoto D, Tanaka A, Scott B (2006) A p67Phox-like regulator is recruited to control hyphal 
branching in a fungal-grass mutualistic symbiosis. Plant Cell 18:2807–2821  

     Takemoto D, Tanaka A, Scott B (2007) NADPH oxidases in fungi: diverse roles of reactive oxygen 
species in fungal cellular differentiation. Fungal Genet Biol 44:1065–1076  

    Takemoto D, Kamakura S, Saikia S et al (2011) Polarity proteins Bem1 and Cdc24 are components 
of the fi lamentous fungal NADPH oxidase complex. Proc Natl Acad Sci U S A 
108:2861–2866  

    Tan SX, Greetham D, Raeth S et al (2010) The thioredoxin-thioredoxin reductase system can func-
tion  in vivo  as an alternative system to reduce oxidized glutathione in  Saccharomyces cerevi-
siae . J Biol Chem 285:6118–6126  

     Temme N, Tudzynski P (2009) Does  Botrytis cinerea  ignore H 2 O 2 -induced oxidative stress during 
infection? Characterization of  Botrytis  activator protein 1. Mol Plant Microbe Interact 
22:987–998  

    Tenberge KB (2004) Morphology and cellular organization in  Botrytis  interaction with plants. In: 
Elad Y, Williamson P, Tudzinski P, Delen N (eds)  Botrytis : biology, pathology and control. 
Kluwer Academic, Dordrecht, pp 67–84  

    Thon M, Al-Abdallah Q, Hortschansky P et al (2007) The thioredoxin system of the fi lamentous 
fungus  Aspergillus nidulans : impact on development and oxidative stress response. J Biol 
Chem 282:27259–27269  

    Toledano MB, Delaunay-Moisan A, Outten CE et al (2013) Functions and cellular compartmenta-
tion of the thioredoxin and glutathione pathways in yeast. Antioxid Redox Signal 
18:1699–1711  

    Torres MA, Dangl JL, Jones JD (2002)  Arabidopsis  gp91phox homologues AtrbohD and AtrbohF 
are required for accumulation of reactive oxygen intermediates in the plant defense response. 
Proc Natl Acad Sci U S A 99:517–522  

    Tudzynski P, Heller J, Siegmund U (2012) Reactive oxygen species generation in fungal develop-
ment and pathogenesis. Curr Opin Microbiol 15:653–659  

      Van Baarlen P, Woltering EJ, Staats M et al (2007) Histochemical and genetic analysis of host and 
non-host interactions of  Arabidopsis  with three  Botrytis  species: an important role for cell 
death control. Mol Plant Pathol 8:41–54  

     Van der Vlugt-Bergmans CJB, Wagemakers CAM, Dees DCT et al (1997) Catalase A from  Botrytis 
cinerea  is not expressed during infection on tomato leaves. Physiol Mol Plant Pathol 50:1–15  

        Viefhues A, Heller J, Temme N (2014) Redox systems in  Botrytis cinerea : impact on development 
and virulence. Mol Plant Microbe Interact 27:858–874  

    Viefhues A, Schlathoelter I, Simon A, et al (2015) Unravelling the function of the response regula-
tor BcSkn7 in the stress signaling network of  Botrytis cinerea . Eukaryot Cell pii: EC.00043-15. 
[Epub ahead of print]  

U. Siegmund and A. Viefhues

http://dx.doi.org/10.1111/mmi.12869
http://dx.doi.org/10.1111/mmi.12869


289

    von Tiedemann A (1997) Evidence for a primary role of active oxygen species in induction of host 
cell death during infection of bean leaves with  Botrytis cinerea . Physiol Mol Plant Pathol 
50:151–166  

    Werner E, Werb Z (2002) Integrins engage mitochondrial function for signal transduction by a 
mechanism dependent on Rho GTPases. J Cell Biol 158:357–368  

     Wojtaszek P (1997) Oxidative burst: an early plant response to pathogen infection. Biochem 
J 322(Pt 3):681–692  

    Yang SL, Chung KR (2012) The NADPH oxidase-mediated production of hydrogen peroxide 
(H 2 O 2 ) and resistance to oxidative stress in the necrotrophic pathogen  Alternaria alternata  of 
citrus. Mol Plant Pathol 13:900–914  

    Yang Q, Yin D, Yin Y et al (2014) The response regulator BcSkn7 is required for vegetative dif-
ferentiation and adaptation to oxidative and osmotic stresses in  Botrytis cinerea . Mol Plant 
Pathol. doi:  10.1111/mpp.12181      

    Yoshida T, Oka S, Masutani H et al (2003) The role of thioredoxin in the aging process: involve-
ment of oxidative stress. Antioxid Redox Signal 5:563–570  

    Zhang Y, Lamm R, Pillonel C et al (2002) Osmoregulation and fungicide resistance: the  Neurospora 
crassa  os-2 gene encodes a HOG1 mitogen-activated protein kinase homologue. Appl Environ 
Microbiol 68:532–538  

    Zhang DX, Borbouse L, Gebremedhin D et al (2012) H 2 O 2 -induced dilation in human coronary 
arterioles: role of protein kinase G dimerization and large-conductance Ca 2+ -activated K +  chan-
nel activation. Circ Res 110:471–480    

14 Reactive Oxygen Species in the Botrytis – Host Interaction

http://dx.doi.org/10.1111/mpp.12181


291© Springer International Publishing Switzerland 2016 
S. Fillinger, Y. Elad (eds.), Botrytis – the Fungus, the Pathogen and its 
Management in Agricultural Systems, DOI 10.1007/978-3-319-23371-0_15

    Chapter 15   
 Secondary Metabolism in  Botrytis cinerea : 
Combining Genomic and Metabolomic 
Approaches                     

       Isidro     G.     Collado      and     Muriel     Viaud    

    Abstract     Filamentous fungi produce a wide variety of bioactive secondary metab-
olites that play roles in development and fi tness. In the pre-genomic era of  Botrytis 
cinerea  research, already about eight families of secondary metabolites have been 
isolated from  in vitro  mycelium .  In particular, the predominant metabolites botryd-
ial and botcinic acid were identifi ed as two unspecifi c phytotoxins contributing to 
the necrotrophic and polyphagous lifestyle of the fungus. Sequencing and annota-
tion of the complete genome revealed more than 40 clusters of genes dedicated to 
the synthesis of polyketides, terpenes, non-ribosomal peptides and alkaloids which 
indicates that  B. cinerea  has the potential to produce many metabolites that have not 
been described so far. By a combination of transcriptomic, mutagenesis and metab-
olomic approaches the genes responsible for the production of botcinic acid and 
botrydial were identifi ed and signifi cant progress was made in the elucidation of the 
corresponding polyketidic and terpenic biosynthesis pathways. Mutagenesis also 
revealed that, although these two toxins play together a signifi cant role in plant tis-
sues colonization, some of the other secondary metabolites seem to be crucial for 
the necrotrophic processes as well. A major bottleneck in the identifi cation of these 
compounds is that they are not produced in suffi cient amounts during standard  in 
vitro  conditions. However, progress in understanding the regulation of fungal 
 secondary metabolism, through transcription factors and epigenetic mechanisms, 
provide new strategies to “wake up” biosynthetic genes during  in vitro  growth. This 
will pave the way for the characterization of these metabolites that play an impor-
tant if not essential role in  B. cinerea  virulence.  
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15.1       Introduction 

 Filamentous fungi produce a wide variety of medically (e.g. antibiotics) and agri-
culturally important (e.g. mycotoxins) secondary metabolites (SMs). These com-
pounds can be classifi ed as terpenes, polyketides, non-ribosomal peptides, 
prenylated tryptophan derivatives, or as hybrids between these four main classes 
(Wiemann and Keller  2014 ). Although, the native biological role of many of them 
remains unclear, they are believed to allow the fungi to survive in their different 
ecological niches. One well-known example is the production of pigments that act 
as UV-protectants. Fungi also produce bioactive compounds that help them to com-
pete with other organisms. In addition, SMs could act as virulence factors both on 
animal and plant hosts (Scharf et al.  2014 ). 

 The grey mould fungus  Botrytis cinerea  infects more than 200 plant species (see 
Chaps.   2    ,   7    , and   21    ) thereby encountering very different abiotic and biotic stresses 
where SMs can be a selective advantage. The most obvious SM produced by this 
pathogen is melanin that gives the typical colour of grey mould and protects survival 
structures i.e. conidia and sclerotia from UV (Doss et al.  2003 ). But  B. cinerea  also 
produces several structurally unique terpenes and polyketides that were isolated 
from  in vitro  grown mycelium. The terpenes include abscisic acid (ABA), botrydial 
and other botryane derivatives while the polyketides include botcinic acid, botcinins 
and botrylactone (Collado et al.  2000 ,  2007 ; Shiina and Fukui  2009 ). Purifi ed 
botrydial and botcinic acid showed nonspecifi c phytotoxic activities (Rebordinos 
et al.  1996 ; Cutler et al.  1993 ,  1996 ) and were therefore considered as putative 
weapons allowing  B. cinerea  to kill the cells of a large range of plant species and to 
feed on dead tissues. 

 With the availability of the genome sequence (Amselem et al.  2011 ; Staats and 
Van Kan  2012 ), the genetic determinants of SMs production were more easily 
investigated. This chapter shows how recent studies provided new insights into the 
arsenal of SMs that  B. cinerea  can produce, their biosynthesis routes and their func-
tions in fungal development and virulence.  

15.2     Genome Sequencing Revealed a Repertoire 
of Secondary Metabolism Genes 

 Although, the identifi cation of genes involved in the biosynthesis of botrydial and 
ABA was initiated already a decade ago (Siewers et al.  2004 ,  2005 ,  2006 ), sequenc-
ing of  B. cinerea  genome provided a complete view of the repertoire of genes 
involved in the synthesis of SMs. A total of 44 genes encoding enzymes responsible 
for the committed biosynthetic step (called “Key” Enzyme, KE) i.e. terpene syn-
thases, PolyKetide Synthases (PKSs), Non-Ribosomal Peptide Synthetases 
(NRPSs), PKS-NRPS hybrids and DiMethylAllylTryptophan Synthases (DMATS) 
were predicted from the sequences of the B05.10 and T4 strains (Table  15.1 ).
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       Table 15.1    Repertoire of secondary metabolism key enzymes (KEs) in  Botrytis cinerea    

 KE name(s) 
 Gene ID in B05.10 and 
T4 strains (BC1G/BofuT4)  Metabolite when isolated or predicted 

 BcStc1/Bot2  16381.1/not predicted  Botrydial (Pinedo et al.  2008 ) 
 BcStc2  09560.1/P130680.1  Unknown sesquiterpenes 
 BcStc3  06357.1/P062370.1 
 BcStc4  14308.1/P096230.1 
 BcStc5  10537.1/P162160.1 
 BcStc6  Absent/P020710.1 
 BcDtc1  13295.1/P044420.1  Unknown diterpenes 
 BcDtc2  06148.1/P017060.1 
 BcDtc3  06751.1/P132450-60.1 
 BcPax1  01823.1/P135790.1  Unknown indole-diterpene 
 BcPhs1  13908.1/P163490.1  Retinal (Schumacher et al.  2014 ) 
 BcPks6/Boa6  16086-7.1/not predicted  Botcinic acid (Dalmais et al.  2011 ; 

Massaroli et al.  2013 )  BcPks9/Boa9  15837-39.1/not predicted 
 BcPks12  06876.1/P088370.1  Melanin (Schumacher et al.  2014 ) 
 BcPks13  14497.1/P077210.1 
 BcBik1  Absent/absent  Bikaverin (Schumacher et al. 2013 ) 
 BcPks1  13366.1/P088990.1  Unknown polyketides 
 BcPks2  02586.1/P108860.1 
 BcPks4  04786.1/P037780.1 
 BcPks8  02704.1/P119030.1 
 BcPks10  04310.1/P125860.1 
 BcPks11  09042.1/P059830.1 
 BcPks14  08227.1/P034170-90.1 
 BcPks15  01752.1/P135120.1 
 BcPks16  10686-7/P152140.1 
 BcPks17  01953.1/P052990.1 
 BcPks18  06884-5.1/P088290.1 
 BcPks19  16074.1/P119530.1 
 BcPks20  07029-30.1/P085340.1 
 BcPks21  13114.1/P103050.1 
 BcChs1/Bpks  06032.1/P125060.1  Pyrones, resorcylic acids and 

resorcinols (Jeya et al.  2012 ) 
 BcNps2  03511.1/P120010-20.1  Ferrichrome siderophores (Bushley 

and Turgeon  2010 )  BcNps3  10927-8.1/P150070.1 
 BcNps7  15494.1/Not predicted 
 BcNps6  10566-7.1/P162470.1  Coprogene siderophore (Bushley and 

Turgeon  2010 ) 
 BcNps1  07441-2.1/P002220.1  Unknown peptides 
 BcNps4  02495.1/P109840.1 
 BcNps5  10622.1/P115630.1 
 BcNps8  04782.1/P037730.1 
 BcNps9  09040-1.1/P059820.1 

(continued)
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   As in other fungal genomes, most of these KE encoding-genes are co-localized 
with other genes encoding enzymes (e.g. P450 monooxygenases) that likely con-
tribute to the biosynthesis of the same SM by modifi cations of the initial skeleton. 
The number of these gene clusters suggests that  B. cinerea , as several other fungal 
pathogens, may be able to produce approximately 40 different families of com-
pounds. Notably, the repertoire of the produced SMs must be specifi c to  B. cinerea  
since less than half of the KEs are shared with the closely related fungus  Sclerotinia 
sclerotiorum  that is also necrotrophic and polyphageous (Amselem et al.  2011 ). 

 Functional annotation of  B. cinerea  genes by itself did not allow the identifi ca-
tion of those responsible for the biosynthesis of the compounds previously isolated 
from  in vitro  cultures. Nevertheless, fungal PKS and NRPS enzymes contain highly 
conserved functional domains that have been used for phylogenetic studies. This 
revealed that only a couple of these KEs are widely distributed among fungi and 
therefore present in  B. cinerea . The fi rst case is the PKS involved in melanin synthe-
sis (Kroken et al.  2003 ; see paragraph 4.2). The second case concerns the NRPSs 
responsible for the biosynthesis of siderophores (Bushley and Turgeon  2010 ; Table 
 15.1 ; Fig.  15.10 ). Additionally, the genome of  B. cinerea  contains a cluster of genes 
that are orthologous to those responsible for the production of paxilline suggesting 
that an indole-diterpene could be synthetized. The biological activity most com-
monly associated with indole diterpenes is entomotoxicity which may contribute to 
protect fungal reproductive structures from insects (Saikia et al.  2008 ). 

 Below we present the set of phytotoxins and other SMs that have been experi-
mentally investigated in  B. cinerea  so far .  When available, we include the structure 
of the compounds, their biosynthesic routes, the corresponding required genes and 
hypotheses about their role in the  B. cinerea  life cycle.  

Table 15.1 (continued)

 KE name(s) 
 Gene ID in B05.10 and 
T4 strains (BC1G/BofuT4)  Metabolite when isolated or predicted 

 BcPks3  00695.1/P020270.1  Unknown amino-acid containing- 
polyketides (PKS-NRPS hybrids)  BcPks5  15478-79.1/P085990.1 

 BcPks7  15702-4.1/P071080.1 
 BcDms1  08209.1/P033980.1  Unknown alkaloids 
 BcDms2  Not predicted/P098370.1 

  Indicated gene IDs refer to Amselem et al. ( 2011 ). Other gene IDs and inactivated genes are avail-
able at   http://botbioger.versailles.inra.fr/botmut/    . Corresponding metabolites are indicated when 
identifi ed or predicted 
  Stc  sesquiterpene cyclase,  Dtc  diterpene cyclase,  Pks  polyketide synthase,  Nps  non-ribosomal pep-
tide synthetases,  Dms  dimethylallyltryptophan synthase  
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15.3     Terpenes 

15.3.1     Botrydial and Other Botryanes 

 The fi rst SMs isolated from  B. cinerea  culture broth were the sesquiterpenes (15 
carbone-terpenes) botrydial and related compounds. Since the isolation and charac-
terization of botrydial ( 1 ) and dihydrobotrydial ( 2 ), an important number of deriva-
tives have been characterized (Collado et al.  2000 ,  2007 ). Although the botryanes 
have an apparently non-isoprenoid structure, their sesquiterpenoid origin was estab-
lished in a series of papers by Hanson and co-workers who focussed on defi ning the 
manner in which farnesyl pyrophosphate (FPP) is folded in fungal sesquiterpenoids 
(Bradshaw et al.  1981 ,  1982 ; Hanson  1981 ). The NMR spectra of these compounds 
have been assigned and have facilitated the elucidation of the structures of many 
additional botryane metabolites that have subsequently been isolated from the fun-
gus (Fig.  15.1 ).

   The formation of the various metabolites is dependent on the growth and culture 
conditions, such as agitation and pH. Compounds differing in the oxidation level of 
C-10 and C-15 are common. A number of the carboxylic acids were isolated as their 
methyl esters (compounds  3  and  4 ) or lactones ( 5  and  6 ) whilst the l0:15- hemiacetals 
have also been obtained either free (compound  2 ) or as their methyl ethers ( 7  and  8 ) 
(Collado et al.  1995 ,  2007 ; Fig.  15.1 ). A detailed examination of the fermentation 
broth led to the isolation of l-epibotrydial ( 1a ), 8,9-epibotrydial ( 1b ) and 
1,8,9-epibotrydial ( 1c ; Durán-Patrón et al.  1999 ). Further series of botryane metab-
olites are dehydration products of botrydial ( 1 ) (botryendial ( 9 ), botryenalol ( 10 ), 
and botrydiendial ( 11 )). The diene may undergo dehydrogenation to form aromatic 
metabolites (10-oxodehydrodihydrobotrydial ( 12 ) and dehydrobotrydienol ( 13 ); 
Collado et al.  1996 ; Durán-Patrón et al.  2000 ). 

 Additional biochemical studies have revealed detailed information about the ste-
reochemistry of the biosynthetic steps to generate botrydial and its derivatives from 
FPP (Fig.  15.2 ; Bradshaw et al.  1981 ,  1982 ; Durán-Patrón et al.  2001 ,  2003 ). The 
folding of FPP from which botryane carbon skeleton is formed was distinguished by 
investigating the labelling pattern arising from feeding of [l,2- 13 C 2 ]-acetate, 
[4,5- 13 C 2 ]-mevalonate and the induced couplings arising from a pulse-feeding 
experiment of [l- 13 C]-acetate to intact culture of  B. cinerea  (Hanson  1981 ). The 
results were consistent with the folding of FPP shown in Fig.  15.2 , which was remi-
niscent of the biosynthetic scheme leading to the formation of caryophyllene.

   The stereochemical fate of the mevalonoid hydrogen atoms shed further light on 
the mechanism and stereochemistry of the enzymatic formation of presilphiperfolan- 
8- ol (PSP; Hanson  1981 ). Incorporation experiments of labelled acetate and 
 mevalonate established, in addition to the origin of the botrydial ( 1 ) carbon skele-
ton, the operation of a backbone rearrangement as well as that a 1,3-hydrogen shift 
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had occurred during the course of FPP cyclization (Bradshaw et al.  1982 ). 
Furthermore, studies with H 2  18 O revealed that the hydroxyl group at C-9 originated 
from water consistent with the discharge of a presilphiperpholane C-9 cation 
(Hanson  1981 ; Fig.  15.2 ). 

 The fi rst gene shown to be involved in botrydial synthesis ( Bcbot1 ) was identi-
fi ed already a decade ago. It encodes a P450 monooxygenase responsible for one of 
the fi nal steps of botrydial biosynthesis (Fig.  15.2 ; Siewers et al.  2005 ). Indeed, 
 ΔBcbot1  deletion mutants are unable to produce either 10β,15α-dihydroxyprobotryane 
( 2e ), botrydial ( 1 ), or dihydrobotrydial ( 2 ) (Fig.  15.2 ). Genome sequencing revealed 
that  Bcbot1  is part of a cluster of fi ve co-expressed genes all encoding biosynthetic 
enzymes (Fig.  15.3 ; Pinedo et al.  2008 ).

   The  Bcstc1  gene, also named  Bcbot2 , was shown to encode the SesquiTerpene 
Cyclase (STC) that is responsible for the corresponding step in the biosynthesis of 
botrydial. Indeed targeted deletion of the  Bcbot2  gene abolished production of 

  Fig. 15.1    Some of the most relevant botryane metabolites isolated from  B. cinerea        
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botrydial and all related probotryane metabolites. Direct evidence for the biochemi-
cal function of  Bcbot2  came from the demonstration that recombinant BcBot2 pro-
tein converted FPP to the parent tricyclic alcohol PSP ( 2a ; Fig.  15.2 ; Pinedo et al. 
 2008 ). Moreover, preparative scale incubation of labelled FPP with the BcBot2 
enzyme confi rmed the cyclisation processes suggested in earlier studies (Wang 
et al.  2009 ). 

 The cluster also includes two other P450 monooxygenase-encoding genes, 
 Bcbot3 , and  Bcbot4  as well as a fi fth gene which showed high homology to an 
acetyl transferase ( Bcbot5 ), suggesting that it is likely responsible for the intro-
duction of the characteristic acetyl group of botrydial ( 1 ) and related late-stage 
biosynthetic intermediates ( 2c ,  2d ; Fig.  15.2 ). Gene inactivation of  Bcbot3  and 
 Bcbot4  confi rmed that they are required for botrydial synthesis (Collado et al. 
 unpublished ). In  summary, PSP  2a  is converted to botrydial by the action of three 

  Fig. 15.2    Biosynthetic pathway from FPP to Botrydial ( 1 )       
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cytochrome P450s encoded by the genes  Bcbot1 ,  Bcbot3 , and  Bcbot4  as well as by 
an acetyl transferase (probably BcBot5), acting in as yet an undetermined sequence. 

 An intriguing biosynthetic step which is not yet resolved is the cleavage of the 
C10–C15 bond on the trihydroxypresilphiperfolane intermediate  2e . Incorporation 
experiments with isotopically labelled precursors have established the stereochem-
istry of this process. These results and the isolation of the probotryane- 
presilphiperfolane metabolites  2a – 2e  confi rmed that the dialdehyde is formed by 
the cleavage of a  trans  probotryane 10β:15α glycol. The structures of these biosyn-
thetic intermediates showed that the probotryane skeleton is hydroxylated, by the 
three cytochrome P450s BcBot1, BcBot3, and BcBot4, in two steps, with concomi-
tant acetylation of hydroxyl group on C4, to give the glycol  2e  with the above pro-
posed stereochemistry (Fig.  15.2 ). Although the cleavage of the C-10:C-15 bond 
may take place by a direct enzymatic process, there is the possibility of neighbour-
ing group participation from the C-9 hydroxyl group. Dehydrogenation of the cis 
9β:10β-diol may afford a transient 9:10 epidioxide which could then undergo an 
acid catalyzed fragmentation of the O-O bond, leading in turn to fi ssion of the 
C-10:C-15 bond and the formation of botrydial ( 1 ) (Collado et al.  2007 ). 

 Botrydial was fi rst shown to be phytotoxic by Rebordinos et al. ( 1996 ) who inoc-
ulated the compound in tobacco leaves and observed typical chlorotic symptoms of 
grey mould. This powerful phytotoxic activity is also visible on bean leaves at con-
centration as low as 1 ppm (Colmenares et al.  2002a ). Dihydrobotrydial and other 
botryane compounds are also phytotoxic but to a lesser extent (Collado et al.  1996 , 
 1999 ; Durán-Patrón et al.  1999 ; Colmenares et al.  2002a ). The toxicity of botrydial 
and its derivatives is not specifi c to plants as cytotoxic activity was also observed on 
human cell lines (Reino et al.  2003 ). 

  Fig. 15.3    Schematic view 
of the botrydial genes 
cluster. The  dotted line  
indicates AT-rich DNA. 
 MO  MonoOxygenase       
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 The isolation of epibotrydials ( 1a – 1c ), as well as the high number of botrydial 
derivatives isolated from  B. cinerea  broth, has allowed to obtain important conclu-
sion about the structure activity relationship for this family of toxins, revealing that 
botrydial ( 1)  and 8,9-epimer ( 1b ), which showed the highest phytotoxic activity, 
presented a similar spatial disposition of carbonyl groups, with parallel aldehyde 
groups where the aldehydic hydrogens and the oxygen of tertiary hydroxyl groups 
must be coplanar, as shown in Fig.  15.4 . The phytotoxic activity correlated with the 
aldehydic oxidation state of the substituents on C-1 and C-8 carbon atoms. 
Furthermore, differences in the biological activities of compounds  1  and  1c  support 
the idea that bioactivity is strongly correlated with the stereochemistry of substitu-
ents on C-1, C-8 and C-9 carbon atoms. Especially, the relative confi guration ( S ) of 
the C-1 substituent seems to play a critical role in the binding of the substrate to the 
chemoreceptor (Durán-Patrón et al.  1999 ; Reino et al.  2003 ).

   Botrydial was detected in a range of hosts infected by  B. cinerea.  On infected 
bean leaves, the concentration of the toxin reaches approximately 50 ppm (Deighton 
et al.  2001 ). Altogether, these data suggested that botrydial could act as a weapon to 
kill the cells of a large range of hosts to allow the pathogen to feed on dead tissues. 
The availability of  ΔBcbot1  and  ΔBcbot2  null mutants later revealed that the toxin 
was a strain-dependant virulence factor. Indeed, gene inactivation in the T4 strain 
resulted in an impaired plant tissues colonisation while the gene inactivation in the 
B05.10 or SAS56 backgrounds gave mutants that were as virulent as the wild-type 
strains (Siewers et al.  2005 ; Pinedo et al.  2008 ). This absence of virulence defect 
could be due to a functional redundancy with botcinic acid that is produced by the 
strains B05.10 and SAS56 but not by the T4 strain. Further evidence of redundancy 
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was provided by the construction of double mutants that were impaired both in 
botrydial and in botcinic acid production (See part 4.1). 

 The cellular target of botrydial remains unknown but the recent work of Rossi 
et al. ( 2011 ) provided clues about its mode of action during plant infection. Indeed, 
application of botrydial on several lines of  Arabidopsis thaliana  indicated that it 
induces the hypersensitive response through the salicylic acid and jasmonic acid 
signaling pathways. Therefore, botrydial may act as effector of plant cell death. 

 When botrydial is present at high concentrations (50–250 ppm), it inhibits the 
growth of  B. cinerea  itself (Durán-Patrón et al.  2004 ). Interestingly, the fungus 
seems to possess a detoxifi cation mechanism. Evidently, when the concentration of 
botrydial ( 1 ) reaches a particular level (approx. 100 ppm), the fungus transforms it 
into less active phytotoxins including dihydrobotrydial ( 2 ) and secobotrytrienediol 
( 14 ; Fig.  15.5 ). Labelling studies with [1- 13 C]- and [1,2- 13 C 2 ]-acetate confi rmed that 
secobotrytrienediol ( 14 ) is biosynthesized from FPP by the botryane pathway 
(Durán-Patrón et al.  2003 ). Further investigations of these degradative reactions 
confi rmed that they are two main detoxifi cation pathways which depend on the 
ambient pH as shown in Fig.  15.5  (Durán-Patrón et al.  2004 ; Daoubi et al.  2006 ).

15.3.2        Abscisic Acid 

 The sesquiterpene abscisic acid (ABA) ( 15 ; Fig.  15.6 ) is a well-known plant hor-
mone, but its production by fungi was only reported for some of species including 
 B. cinerea  (Marumo et al.  1982 ). Other authors have detected 1′-deoxy-ABA in  B. 
cinerea  culture fi ltrate and presented evidences that 1′,4′-trans-ABA-diol ( 16 ) is an 
endogenous precursor of ABA. Furthermore, four new metabolites, structurally 
related to ABA have been reported ( 17 – 20 ; Wang et al.  2008 ; Fig.  15.6 ). Early steps 
of ABA biosynthesis in  B. cinerea  suggested a route from FPP via allofarnesene and 
ionylideneethane (Innomata et al.  2004 ).

   Using a  B. cinerea  isolate that over-produces ABA, Siewers et al. ( 2004 ) identi-
fi ed a fi rst gene involved in the biosynthesis of this sesquiterpene. The  Bcaba1  gene 
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encoding a P450 monooxygenase was shown to be over-expressed in the presence 
of the ABA precursor mevalonic acid and gene inactivation resulted in the absence 
of ABA. The genomic locus includes three other genes ( Bcaba2-4 ) encoding an 
additional P450 monooxygenase, a putative dehydrogenase and an unknown pro-
tein. Gene inactivation demonstrated that they are, as BcAba1, involved in the later 
stages of ABA biosynthesis (Siewers et al.  2006 ). Analysis of the intermediate com-
pounds that are still produced by the mutants supported the biosynthesis route sug-
gested by Innomata et al. ( 2004 ). Strikingly, the  Bcaba1-4  locus and the neighbouring 
genomic region do not contain a gene encoding a STC that would be expected for 
the corresponding biosynthesis step from FPP. The current hypothesis is that the 
 Bcstc  gene responsible for ABA production is localized elsewhere in the genome 
thus suggesting that not all genes involved in the synthesis route of one SM (here 
ABA) are systematically clustered in the  B. cinerea  genome. Identifi cation of the 
BcStc involved in ABA biosynthesis will allow the study the whole chemical 
pathway. 

 The production of the plant hormone ABA by a pathogen is intriguing and raises 
questions about its possible role in manipulating the host. ABA produced by plants 
has often been considered a negative regulator of disease resistance through down- 
regulation of defense responses (reviewed in Mauch-Mani and Mauch  2005 ). 
Notably, tomato ABA-defi cient mutants display enhanced resistance to  B. cinerea  
which is characterized by an rapid epidermal cell wall fortifi cation and higher 
induction of defense-related genes (Asselbergh et al.  2007 ; Chap.   18    ). On the other 
hand, the phenotype of  B. cinerea ΔBcaba1  null mutant showed that ABA produc-
tion by the pathogen is not essential for virulence (Tudzynski et al. unpublished).  

15.3.3     Carotenoid/Retinal 

 During stress conditions such as intensive illumination , B. cinerea  mycelium some-
times shows an orange coloration that could be due to the production of carotenoids, 
a group of pigments that are widely produced among plants and fungi to protect 
them against oxidative stress. Genome annotation and transcriptomic analysis 
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  Fig. 15.6    Abscisic acid and some isolated derivatives       
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revealed a cluster of genes encoding enzymes putatively involved in the biosynthe-
sis of carotenoid pigments i.e. a phytoene dehydrogenase (BcPhd1) and a phytoene 
synthase (BcPhs1). Additionally, as fi rst described in  Fusarium fujikuroi  (Prado- 
Cabrero et al.  2007 ), the cluster also contains genes that are predicted to encode an 
opsin (Bop2) and a carotenoid oxygenase (BcCao1) involved in the synthesis of 
retinal, the chromophore for opsin. The four  B. cinerea  clustered genes are up- 
regulated by light which fi ts with the expected protective role of carotenoids and the 
function of opsin as photoreceptor (Schumacher et al.  2014 ; Chap.   13    ).   

15.4     Polyketides 

15.4.1     Botcinic Acid, Botcinins and Botrylactone 

 The second well-known family of toxins described in  B. cinerea  is constituted of 
highly hydroxylated nonanolactone polyketides called botcinolides (Cutler et al. 
 1993 ; Collado et al.  2000 ). In 2005, Nakajima’s group reported the isolation of a 
group of antifungal metabolites, which they designated as botcinins ( 21 – 30 ; Fig. 
 15.7 ). The absolute confi guration of botcinin A ( 24 ) was determined by applying 
the modifi ed Mosher’s method and a careful reinvestigation of the spectroscopic 
data reported for botcinolide analogues allowed to revise the structures of botcino-
lide derivatives to botcinic ( 21 ) and botcineric acids ( 22 ) and to their ring-closing 
derivatives, botcinins ( 24 – 30 ) (Tani et al.  2005 ,  2006 ; Fig.  15.7 ).

   The revised structures of this group of natural products have been unequivocally 
determined through their total synthesis (Fukui and Shiina  2008 ; Fukui et al.  2009 ) 
and a revision comparing the botcinolides with their corresponding botcinin struc-
tures has been reported (Shiina and Fukui  2009 ). In addition, new polyketides called 
botrylactones ( 31 – 33 ) were described as bearing an interesting lactone skeleton fea-
turing two oxirane bridges. The structure of the compound  31  originally identifi ed 
by Welmar et al.  1979  was recently revised (Moraga et al.  2011 ). Botcinins ( 21 – 30 ) 
and botrylactones ( 31 – 33)  (Fig.  15.7 ) are related polyketides sharing an identical 
C1–C8 fragment (Massaroli et al.  2013 ). Preliminary isotopic labelling experi-
ments, in which labelled sodium acetates, propionate and L-methylmethionine, 
were fed to cultures of  B. cinerea  clearly demonstrated that botcinins skeleton arise 
from an acetate-derived polyketide, being assembled from carbon C-8 to C-1, with 
its four pendent methyl groups originating from l-methylmethionine (Fig.  15.7 ). 

 The iterative nature of fungal PKSs means that, in the majority of cases, there is 
only one PKS involved in the synthesis of one particular polyketide. However, bot-
cinic acid as few other fungal polyketides requires the action of two PKS, BcBoa6 
and BcBoa9 (Table  15.1 ; Fig.  15.8 ). These two PKS encoding genes were identifi ed 
as highly co-expressed during tomato leaf infection. Deletion of either  Bcboa6  or 
 Bcboa9  gene indicated that they act in concert to synthetize botcinic acid ( 21 ): 
 ΔBcboa6  and  ΔBcboa9  null mutants did not produce botcinic acid or its derivatives, 
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but interestingly  ΔBcboa9  overproduced botrylactone ( 31 ) (Dalmais et al.  2011 ; 
Massarolli et al.  2013 ).

   Further isotopic labelling experiments showed that BcBoa6 mediates the forma-
tion of the per-methylated pentaketide core, common to both botcinins and botrylac-
tones, whereas BcBoa9 would be responsible for the 7- O -acyltetraketide side chain 
of botcinic acid and its derivatives ( 21 – 30 ) (Massaroli et al.  2013 ). These results 
enable to propose and confi rm the biosynthetic route (Fig.  15.9 ), where the path-
ways to botrylactone ( 31 ) and botcinins ( 21 – 30 ) diverge in the botrylactone precur-
sor ( 31a ) opening up through a retro-Claisen mechanism to produce the 
corresponding botcinin and botrylactone derivatives. Furthermore, the biosynthetic 
pathway shed light on the origin of the acetate starter unit solving a longstanding 
mystery in the biosynthesis of botcinins.

   The  Bcboa6  and  Bcboa9  genes are both clustered with other co-regulated  Bcboa  
genes ( Bcboa1-6  and  Bcboa7-17  respectively, Fig.  15.8 ; Dalmais et al.  2011 ) that are 
expected to contribute to the biosynthesis of botcinins and botrylactones. The update 
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of the T4 strain genome sequence (Staats and Van Kan  2012 ) revealed that  Bcboa1-6  
and  Bcboa7-17  loci are physically linked by a 8 kb region of AT-rich DNA. 

 Botcinic acid and derivatives have been described as phytotoxins provoking 
chlorosis and necrosis both in dicotyledonous (bean, tobacco) and monocotyledon-
ous (wheat, corn) plants (Cutler et al.  1993 ,  1996 ). Deletion of the key enzyme 

  Fig. 15.8    Schematic view of the botcinic acid genes cluster. The  dotted line  indicates AT-rich 
DNA.  TF  Transcription factor,  MO  Monooxygenase,  DH  DeHydrogenase       
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encoding genes ( Bcboa6  or  Bcboa9 ) did not modify signifi cantly the virulence of 
B05.10 in standard pathotests. In contrast, double mutants ( ΔBcboa6 ΔBcbot2 ) that 
do not produce botcinic acid nor botrydial were severely impaired in necrotrophic 
development suggesting that the two compounds have a redundant function in plant 
tissue colonization (Dalmais et al.  2011 ). 

 In addition to their phytotoxic activity, metabolites of the botcinin family are of 
particular interest because of their antifungal activity against the fungus  Magnaporthe 
grisea , the causal agent of the rice blast disease (Tani et al.  2005 ,  2006 ).  

15.4.2     Polyketidic Pigments: Melanin and Bikaverin 

  B. cinerea  produces melanin of the dihydroxynaphthalene (DHN) type (Doss et al. 
 2003 ) which contributes to the typical colour of the symptoms of grey mould dis-
ease. DHN-melanin is probably the polyketide that is most widely produced by 
fungi (Scharf et al.  2014 ) and the required key enzyme, a reducing PKS, is con-
served (Kroken et al.  2003 ). In contrast to other fungi,  B. cinerea  possesses two 
PKSs, BcPks12 and BcPks13, possibly involved in DHN-melanin synthesis. The 
 Bcpks13  gene is clustered with two genes encoding the other enzymes required for 
melanin biosynthesis, scytalone dehydratase (BcScd1) and hydroxynaphthalene 
reductase (BcBrn2). On the basis of gene expression patterns during the life cycle 
of  B. cinerea , it was suggested that BcPks12 and BcPks13 are responsible for the 
characteristic grey colour of sclerotia and conidia, respectively (Schumacher et al. 
 2014 ). In addition to its role as a protectant against UV and other exogenous stresses 
(oxidizing agents, desiccation), fungal melanin is often associated with the cell wall 
and thereby also contribute to fungal structures i.e. conidia, sclerotia and appresso-
ria (Scharf et al.  2014 ). 

 Recently, it was shown that some rare strains of  B. cinerea  produce an additional 
polyketidic red pigment, bikaverin (Schumacher et al.  2013 ) that was previously 
only described in  F. fujikuroi  and closely related species. Phylogenetic studies sug-
gested that an ancestor of the genus  Botrytis  acquired the six clustered genes 
required for bikaverin synthesis ( bik1-6 ) by horizontal gene transfer (HGT) from 
 Fusarium  (Campbell et al.  2012 ; Schumacher et al.  2013 ). The bikaverin cluster 
would have then subsequently decayed to different degrees in different  Botrytis  spe-
cies as a result of independent mutation and deletion events (Campbell et al.  2013 ). 
Notably, even in  B. cinerea , most of the strains (including B05.10 and T4) are 
impaired in bikaverin production due to the loss of the PKS encoding gene ( bik1 ) 
and deleterious mutations in two other biosynthesis genes. The reason why only few 
strains of  B. cinerea  retain the ability to produce bikaverin remains unknown, but 
two hypotheses could be raised: the production of bikaverin could be an additional 
way to protect the fungus from UV damage. This is supported by the fact that, 
bikaverin-producing  Fusarium  species lack the PKS-encoding gene responsible for 
DHN-melanin biosynthesis. Bikaverin was also previously described as toxic 
against protozoa, nematodes, ascomycetes and oomycetes (Limon et al.  2010 ). 
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Therefore, it may confer to  B. cinerea  a selective advantage to survive as a sapro-
trophe in soil in the presence of fungivore nematodes and competing microbes 
(Campbell et al.  2013 ).   

15.5     “Orphan” Secondary Metabolites from  Botrytis cinerea  

 It is worth noting that several orphan SMs, those whose genes have not been identi-
fi ed yet, have been reported in  B. cinerea . They are presented in Fig.  15.10  together 
with a couple of compounds that have been isolated from other  Botrytis  species.

    B. cinerea  seems to produce several trihydroxamate siderophores under low-iron 
stress conditions. However, only ferrirhodin ( 34 ) was characterised as the predomi-
nant secreted siderophore (Konetschny-Rapp et al.  1988 ). The biosynthesis of this 
cyclic peptide could be dependant of one of the putative ferrichrome synthases 
(BcNps2, 3 or 7; Table  15.1 ). As iron is an indispensable nutrient for all eukaryotic 
organisms, the ability to overcome iron limitation is crucial for fungal fi tness and in 
some cases for full virulence (Scharf et al.  2014 ). 

 The polyketide botrallin ( 35 ; Overeem and Van Dijkman  1968 ; Kameda et al. 
 1974 ) was isolated from  B. allii , while the antimicrobial polyketides ramulosin ( 36 ) 
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and its derivatives ( 37  and  38 ), have been isolated from an undetermined  Botrytis  
species (Stierle et al.  1998 ). 

 Several isolated metabolites from  Botrytis  spp. display chemical structures aris-
ing from mixed biosynthetic pathways.  B. cinerea  and  B. squamosa  produce com-
pounds with a botryane skeleton and a fi ve-membered lactone ring moiety at C-10: 
4-acetoxytetrahydrobotryslactone ( 39 ; Colmenares et al.  2002b ) and botryslactone 
( 40 ; Kimura et al.  1995 ). The biosynthetic origin of carbons C-16, C-17, and C-18 in 
compounds  39  and  40  may arise from the condensation of a unit of acetate, a methyl 
unit and the corresponding botryane. Interestingly, compound ( 40 ) showed activity 
as plant growth inhibitor and root-promoting factor. Additional reported SMs ( 41 –
 42 ) could be due to mixed biosynthetic pathways (possibly involving both a PKS 
and a NRPS): the plant growth regulator BSF-A produced by  B. squamosa  ( 41 ; 
Kimura et al.  1993 ) and the plant growth inhibitor cinereain produced by  B. cinerea  
( 42 ; Cutler et al.  1988 ). 

 Finally, the fi rst described mycosporines have been isolated from  B. cinerea  
(Fabre-Bonvin et al.  1976 ; Arpin et al.  1977 ). These SMs that are widespread in 
fungi absorb UV radiation and act as sunscreen. In addition, they are closely associ-
ated with light-induced conidiation and are suspected to have a sporogenic activity. 
In accordance with these general observations,  B. cinerea  mycosporine 2 ( 43 ) is 
produced by conidiating mycelium and absorbs UV light in the 260–340 nm range.  

15.6     Strategies to Identify New (Cryptic) Metabolites 

 Over the past years, the fi eld of genome mining has emerged and an important num-
ber of SMs has been characterized from sequenced fungi by genomics-guided 
approaches (Challis  2008 ). In  B. cinerea , a range of interesting bioactive com-
pounds have been characterized but still a high number of SMs remain completely 
unknown. Indeed, the majority (approx. 80 %) of the KEs listed in Table  15.1  con-
tribute to the synthesis of undetermined compounds. Some of them must be involved 
in the synthesis of the “orphan” SMs presented in Fig.  15.10 , but the remaining ones 
correspond to SMs that have not been isolated from cultures so far. One of the main 
reasons that hamper the identifi cation of fungal SMs is the fact that some of the 
biosynthesis gene clusters are silent under standard cultivation conditions. Several 
global transcriptomic analyses of  B. cinerea  in different physiological stages, both 
during  in vitro  growth and during the infection process, have been conducted these 
last years (Amselem et al.  2011 ; Schumacher et al.  2012 ,  2014 ). From these differ-
ent data sets, it appears that each SM biosynthesis cluster has its own expression 
pattern. Some clusters, like those involved in botrydial and botcinic acid biosynthe-
sis, are expressed both  in vitro  and  in planta , while some other clusters are more 
specifi cally induced at one specifi c developmental stage such as appressorium for-
mation. Finally, some clusters of genes are very weakly expressed in all conditions 
tested so far. Therefore, one challenge for the coming years is to overcome this 
technical bottleneck to produce new fungal SMs from  in vitro  cultures. In this 
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aspect, both the improvement of culture conditions and a better knowledge of the 
regulation of secondary metabolism would be helpful (reviewed in Sherlach and 
Hertweck  2009 ; Brakhage  2012 ; Wiemann and Keller  2014 ). 

 Production of SMs depends on environmental signals that can be either abiotic 
or biotic. Therefore, modulating the medium composition and incubation condi-
tions could modify the patterns of compounds isolated from fungal cultures. For 
example, illumination and oxidative stress induce the expression of a range of SM 
biosynthesis genes in  B. cinerea  (Schumacher et al.  2014 ). Since some SMs play a 
role in interspecies interactions (e.g. antibiotics), co-cultivation with other microor-
ganisms can also activate silent gene clusters as demonstrated in  Aspergillus  
(Brakhage  2012 ). 

 An alternative approach to the improvement of culture conditions is genetic engi-
neering. One possibility is to express the fungal KE gene in  Escherichia coli , to 
purify the protein and to study its activity  in vitro . As mentioned above, this allowed 
the identifi cation of BcBot2 as a PSP synthase (Pinedo et al.  2008 ). Similarly, puri-
fi ed BcChs1/Bpks that belongs to the chalcone synthase superfamily (type III PKS) 
was shown to accept C4–C18 aliphatic acyl-CoAs and benzoyl-CoA as the starters 
to form pyrones, resorcylic acids and resorcinols through sequential condensation 
with malonyl-CoA (Joya et al.  2012 ). Although the biosynthetic activity of single 
KE can successfully be studied  in vitro , it does not provide the identity of the fi nal 
bioactive SM(s) produced by the fungus. In this respect, activation of the whole 
enzymatic pathway is required. Important advances in the knowledge of the control 
of fungal SM gene expression have been recently obtained in the model fungi 
 Aspergillus  spp .  and  Fusarium  spp .  It was demonstrated that SM gene expression is 
subject to regulatory controls involving both transcription factors (TFs) and chro-
matin structure remodelling. Secondary metabolism gene clusters often contain a 
gene encoding a TF required for the expression of its co-clustered genes (approx. 30 
% of the clusters in  B. cinerea ). These pathway-specifi c TFs could act jointly with 
global TFs responsive to environmental factors to regulate SM gene expression. 
Nevertheless, the binding of TFs to the promoters of SM biosynthesis genes could 
be prevented by the formation of localized heterochromatin. This repression 
involves a fungal specifi c protein complex called  Velvet  and several enzymes 
involved in the modifi cation of chromatin structure (Brakhage  2012 ). 

 Investigation of the signalling pathways in  B. cinerea  (fully described in Chap. 
  13    ) showed that botrydial and botcinic acid genes clusters are dependant of several 
TFs including BcCrz1 (Schumacher et al.  2008a ), BcAtf1 (Temme et al.  2012 ), 
BcYoh1 (Simon et al.  2013 ), the light-responsive TF BcLtf1 (Schumacher et al. 
 2014 ) and the putative transcriptional regulator Reg1 (Michielse et al.  2011 ). 
BcCrz1 is acting downstream the calcineurin signalling pathway (Schumacher et al. 
 2008b ) while BcAtf1 and Reg1 acts downstream the stress-induced mitogen- 
activated protein kinase cascade (Heller et al.  2012 ). Although the importance of 
these TFs in regulating toxin gene clusters, and other SM biosynthesis genes has 
been demonstrated, the evidence of a direct regulation by binding to the promoter 
was only determined for the global regulator BcYoh1 through a yeast-one-hybrid 
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approach (Simon et al.  2013 ). Further knowledge of the specifi c and global TFs will 
provide new strategies (such as overexpression of TFs) to activate silent biosyn-
thetic SM genes that will hopefully lead to the production of large quantities of SMs 
from culture broths. 

 As in other fi lamentous fungi, the  Velvet  complex was shown to link light- 
dependant development and secondary metabolism in  B. cinerea  (Schumacher et al. 
 2012 ,  2013 ,  2015 ; Chap.   13    ). The probable control of SMs production by chromatin- 
linked mechanisms is currently under investigation. This will pave the way for elab-
orating global approaches to inhibit heterochromatin formation either by epigenetic 
modifi ers (e.g. inhibitors of histone deacetylases and of DNA methyltransferases) 
or by using mutants as already done in other fungi (Sherlach and Hertweck  2009 ; 
Brakhage  2012 ). 

 Once more SMs will have been characterized from  B. cinerea , the remaining 
challenge for phytopathologists will be the elucidation of their role in the develop-
ment of grey mould disease. From recent gene knock-out studies, three additional 
unknown terpenes and polyketides appear to be involved in the ability to invade 
plant tissues (Viaud et al. unpublished). This suggests that, beside botcinic acid and 
botrydial,  B. cinerea  produces several other SMs that are required for necrotrophy. 
When these compounds will be identifi ed and purifi ed, their biological activities 
could be investigated on the model plant  A. thaliana  as previously reported for 
botrydial (Rossi et al.  2011 ) and on other host plants. 

 In addition to their activities toward plants, new SMs isolated from  B. cinerea  
could have interesting toxic activities toward other organisms (fungi, oomycetes, 
insects, bacteria, nematodes…) that can be exploited in biotechnologies. Indeed, as 
more fungal genome sequences are becoming available and more SM biosynthetic 
genes are being identifi ed, fungi re-emerge as important resources for new thera-
peutic and agrochemical agents (Sherlach and Hertweck  2009 ). 

 Finally, studying  B. cinerea  secondary metabolism may provide useful start 
points for the identifi cation of new biological targets to control this crop-devastating 
fungus. This wealth of knowledge may enable to design selective and rational 
structure- based fungicides. One promising example is the use of non-phytotoxic 
analogues of botrydial biosynthetic intermediates, that can either block the produc-
tion of the toxin or generate fungitoxic compounds, both resulting in a reduced 
 fi tness of  B. cinerea  (Collado et al.  2007 ).     
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    Chapter 16   
 Contribution of Proteomics Research 
to Understanding  Botrytis  Biology 
and Pathogenicity                     

       Eva     Liñeiro    ,     Jesús     Manuel     Cantoral    , and     Francisco     Javier     Fernández-Acero    

    Abstract     Recent work has clearly shown the capacity of proteomics-based meth-
odologies to establish the roles played by specifi c proteins in different biological 
processes. Beyond the study of genes, it has been established that proteins are the 
relevant set to be analyzed in research aiming to solve specifi c biological questions. 
Proteomics approaches can be categorized according to three different methodolo-
gies; gel-based, mainly two-dimension gel electrophoresis (2-DE); gel free, based 
on liquid chromatography-mass spectrometry (LC-MS); and quantitative pro-
teomics, by isobaric markers. Most of these methodologies have been applied to 
studies of the proteome of  Botrytis cinerea . Since the publication of the fi rst pro-
teomics report on  Botrytis , technological advances have accelerated the identifi ca-
tion of global protein content. Clearly, the publication of the  B. cinerea  genome has 
been of tremendous value to the proteomics research community; this has supported 
the accurate identifi cation, through MS, of this fungus’ peptides. This landmark 
event has greatly facilitated the development of proteomics studies exploring the 
biology of the fungus; to date, mainly mycelium samples have been used. Only a 
few reports have aimed at the study of fractions of the total proteome, and all of 
these are focused on the secretome. The role of several particular proteins related to 
fungal pathogenicity, metabolism, biology, etc. has been elucidated, but the number 
of  Botrytis  proteins found, as a proportion of the total proteins predicted from the 
genome, remains below 10 %. There is much work to be done.  
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16.1         Introduction 

 For most of the last 30 years the study of phytopathogenic fungi has been under-
taken from a classical viewpoint, through the use of molecular biology techniques 
based on the isolation and characterization of individual genes and proteins, one by 
one. In the late 1990s and early 2000s, the development of large-scale DNA sequenc-
ing technology produced a signifi cant breakthrough, allowing the publication of 
many fungal genomic sequences. After the publication of the fi rst fungal genome in 
1996, (Dujon  1996 ), the development of functional genomic analyses and large- 
scale techniques such as transcriptomics, proteomics and, more recently, metabolo-
mics, effectively transformed research into plant fungal pathology. This evolution, 
from the study of genomics to the application of these new research techniques, has 
led some authors to describe the current period as the “post-genomic era” 
(Fernandez-Acero et al.  2007a ; James  1997 ; Kim et al.  2007 ). Currently, among the 
possibilities that “-omics” offer towards achieving a better understanding of  Botrytis 
cinerea  biology, high-throughput proteomics techniques, in conjunction with 
advances in bioinformatics, have been shown to be very useful and effective tools in 
the research of various aspects related to biological, metabolic, physiological and 
pathological processes, as we will describe in the course of this chapter. 

 Proteomics is the science concerned with the study of the structure, function and 
interaction of the whole set of proteins codifi ed by an organism (Wilkins et al. 
 1995 ). It comprises a wide range of tools, techniques and technological approaches 
for the systematic, large-scale analysis of the proteome; this latter term has, in turn, 
been defi ned as the complete set of proteins expressed by an individual organism, a 
tissue, or a cell, etc., at a given time and under certain conditions. Proteomics stud-
ies may also be directed at studying a specifi c subset of proteins of an organism 
(referred to as a subproteome), such as specifi c organelles (Fernández-Acero et al. 
 2010 ; Garrido et al.  2011 ; Kim et al.  2007 ). Concerning fungal biology, the most 
relevant and studied subproteome is the secretome, which is defi ned as the combina-
tion of native secreted proteins and the cellular machinery involved in their secre-
tion. This subproteome consists primarily of cell wall degrading enzymes (CWDEs), 
many of which are known virulence factors in these organisms (Fernández-Acero 
et al.  2010 ). The importance of this information for unravelling pathogenesis and 
the infection cycle is undisputable. 

16.1.1     Technical Constraints: From Past to Present 

 Proteins are the fi nal effectors for most of the processes occurring in the cell and, 
currently, proteomics methodologies based on Mass Spectrometry (MS) offer new 
tools for gaining insights into these processes. MS is an analytical technique used to 
determine the molecular mass of a compound by measuring the mass/charge ratio 
(m/z) of ions under vacuum conditions. When it was fi rst discovered, MS could not 
be applied to the study of proteins, but in the late 1990s, the development of “Matrix- 
Assisted Laser Desorption/Ionization” (MALDI) (Hillenkamp et al.  1991 ) and 
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“Electrospray ionization” (ESI) (Fenn et al.  1989 ), enabled mass spectrometry to be 
applied to the study of proteins and peptides. MALDI and ESI are two soft ioniza-
tion techniques that allow gas phase ions to be obtained from large biomolecules 
without excessive fragmentation, and these techniques were crucial for the initial 
development of proteomics (Dass  2000 ). 

 Unlike the genome, which remains constant under all circumstances, the pro-
teome is a highly dynamic system that varies depending on the environmental, phys-
iological and/or pathological conditions of the organism. Proteins are regulated in 
their activity and level in response to internal or external events, either as a result of 
a differential expression of genes or depending on post-transcriptional events such 
as differential RNA splicing/editing and post-translational modifi cations (PTMs) of 
the synthesized peptides. More than 200 different types of PTMs have been described 
(Minguez et al.  2012 ). Among the best known are phosphorylation, glycosylation 
and proteolysis, which can redirect the biological function of any synthesized pep-
tide. It can be said that the proteome of a given organism is the expression of its 
phenotype. Proteomics studies are among the most appropriate approaches for ana-
lyzing the biological processes that take place in an organism, as well as for under-
standing the complex network of interactions involved in cellular functions. 

 The approaches used in proteomics studies are labor-intensive because they 
depend heavily on the specifi c requirements of each particular study. Due to the 
dynamic nature of the proteome, each change in the assayed conditions entails a 
dramatic change in protein synthesis, PTMs, etc., and, therefore, in the results and 
conclusions of the study, analysis or experiment. In addition the proteome of phyto-
pathogenic fungi undergoes continuous changes over time and it is crucial to decide 
the right time or stage when biological samples should be taken (mycelia, conidia, 
sclerotia, etc.) and to repeat the sampling at the same point in all replicates carried 
out. Therefore a good experimental design is crucial for obtaining good fi nal results 
(Fernandez-Acero et al.  2007a ). That design will include the choice of the best 
methodology for sample preparation, harvesting, protein extraction and separation, 
MS analysis, protein identifi cation and quantifi cation, as well as data analysis and 
interpretation. Concerning fi lamentous fungi, a key limiting factor is the choice of 
an effective protein extraction method capable of breaking open their exceptionally 
robust cell wall and of solubilizing all mycelial proteins free from contaminants. 
Polysaccharides, lipids, pigments and other fungal metabolites are among the con-
taminants that can reduce the protein extraction ratio and/or disturb the subsequent 
separation of the proteins. This is particularly important because it is impossible to 
study proteins if the extraction method is unable to extract them from their natural 
location in the cell. Briefl y, a fungal protein extraction protocol should comprise at 
least three stages: homogenization, protein precipitation and cleaning, and the pro-
tocol should be adapted to the particular requirement of the species being studied. 
Advances in fungal protein extraction procedures have been reviewed by several 
authors (Garrido et al.  2011 ; González Fernández et al.  2010 ). 

 Once the proteomics researcher has decided on a good protein extraction method, 
a wide range of possibilities for protein separation and MS identifi cation is avail-
able. Basically these possibilities can be classifi ed into two categories: gel-based 
and gel-free methods. The standard proteomics study of an organism has tradition-
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ally been based on the separation of the complex mix of proteins that make up its 
proteome by two-dimensional electrophoresis in polyacrylamide gel (2-DE), in 
combination with mass spectrometry identifi cation. As we will see in detail in the 
next section, this is one of the most commonly used methods for proteomics research 
on  B. cinerea . The 2-DE technique couples a fi rst separation of proteins on the basis 
of their isoelectric point (fi rst dimension) with a second separation according to 
their molecular mass (second dimension). The resulting gel is stained and digi-
talized. Once the resulting protein spot profi le is analyzed and studied, proteins are 
picked directly from the gel and digested with a protease (typically trypsin), result-
ing in a set of peptides which are identifi ed with a MALDI-TOF (Matrix-Assisted 
Laser Desorption/Ionization type – Time of Flight) mass spectrometry by Peptide 
Mass Fingerprinting (PMF) or with a MALDI- TOF/TOF by Peptide Fragmentation 
Fingerprinting (PFF), and data base searching. 2-DE techniques allow large-scale 
separation with enough resolution power to resolve complex mixtures of proteins. 
The visual perspective of the proteome thus obtained allows the easy discrimination 
of PTMs and protein isoforms; these techniques do, however, present limitations in 
terms of (i) co-migrating proteins, and spots produced by abundant proteins that 
may mask the more scarce proteins (due to the large dynamic range of proteins pres-
ent in a cell) thus complicating the analysis; (ii) inadequate sensitivity, depending 
on the staining used, which can also lead to diffi culties in detecting low-abundance 
proteins; and (iii) low reproducibility among replicates. 

 Some of these limitations have been overcome with the emergence of gel-free 
technologies based on liquid chromatography (LC) methods, coupled directly to 
electrospray ionization mass spectrometers (LC-ESI-MS or LC-ESI-MS/MS). LC 
methods allow different separation principles such ion affi nity, molecular mass, 
hydrophobicity, etc. to be combined in an orthogonal way to achieve the highest 
resolution such as, for instance, a combination of strong cation exchange (SCX) 
followed by a high-resolution reverse phase separation of peptides. That technology 
is known as “multidimensional protein identifi cation technology” (MudPIT). This 
methodology provides several advantages over the traditional 2-DE approach; it 
makes possible “shotgun proteomics” studies, in which large-scale identifi cation of 
complex protein mixtures may be carried out by MS/MS simultaneously and imme-
diately after their chromatographic separation in a fast and reliable way and with 
high sensitivity. MudPIT techniques are particularly important for identifying low 
abundance proteins and others that are often diffi cult to resolve in gels because of 
their distinctive physical properties such as extreme hydrophobicity, high or low 
molecular weight, or high or low pI values. The methodology gives a wide coverage 
of proteins and therefore allows a wide range of proteomes to be described. It has 
also facilitated the development of different experimental approaches like, for 
instance, the combination of one-dimensional electrophoresis in polyacrylamide gel 
(1-D) and LC-MS/MS (1D-LC-MS/MS), to describe complex proteomes. This lat-
ter gel-based technique, with a previously-described 2-DE analysis, are the most 
widespread approaches currently used in  B. cinerea  proteomics research and is 
yielding good results in term of sensitivity and number of proteins identifi ed. 

 At this point in time when, all in all, thousands of fungal proteins can be sepa-
rated and identifi ed relatively quickly and easily, the challenge in  Botrytis   proteomics 
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research is the application of new strategies aimed at improving the accurate quan-
titation of proteins. The methodology used to conduct a quantitative proteomics 
analysis is based on comparative analysis between the protein profi les obtained for 
the same organism, cell, etc., but under two different biological conditions,  e.g.  
stimulated  vs . unstimulated. Traditionally the mode of operation for carrying out a 
quantitative proteomics analysis is based on the analysis of the image obtained from 
2-DE gels. In these studies proteins can be detected by staining them after 2-DE or 
by labeling them on lysine side chains before 2-DE with two different fl uorescent 
cyanine dyes, each one having the same mass but different excitation and emission 
wavelengths. In the fi rst approach, proteins from different samples are separated in 
different 2-DE gels, proteins are stained, the gels are digitalized and the obtained 
images are matched and compared with each other. In the second approach, how-
ever, proteins from different samples are fl uorochrome-labeled, mixed and loaded 
onto the same 2-DE gel. The result is known as a “2-Dimensional fl uorescence dif-
ference Gel Electrophoresis” (2-DIGE). After electrophoresis, the gel is digitalized 
using a fl uorescence reader fi tted with two different fi lters and two sets of images 
are obtained. Then images are overlaid and processed, revealing in a visual way the 
quantitative differences between the samples. Using this method, problems linked 
to reproducibility (local gel structure, running conditions, etc.) are avoided because 
the samples are run together. Since these approaches are gel-based they present the 
same limitations as mentioned above. The results rely on the size and intensity of 
the analyzed spots, and are highly dependent on the sensitivity and selectivity of the 
labeling-method used and the resolution of the processed image. 

 The progress made in recent years in LC-MS has provided a number of new, 
more reproducible and sensitive strategies for quantitative shotgun proteomics anal-
yses based on the abundance or intensity of the analyzed peptides (MS) and/or frag-
ments from these (MS/MS). These methods can be divided into two categories: 
labeled or label-free methods. In label-based approaches, proteins obtained from 
multiple biological samples under different conditions are tagged with stable- 
isotopic reagents whose physicochemical properties are identical except for their 
mass (one contains a light isotope and the other one contains a heavy isotope). Then 
samples are mixed and analyzed simultaneously (so reproducibility problems are 
eliminated) by LC-MS/MS using the isotopic-label as internal standard or refer-
ences; this procedure gives accurate quantitative information based in peptide inten-
sity. Label-based methods comprise different techniques which differ in their 
labeling chemistry and site of attachment, such as “Isotope-Coded Affi nity Tag” 
(ICAT), “Isotope-Coded Protein Labeling” (ICPL), “Isobaric Tags for Relative and 
Absolute Quantifi cation” (iTRAQ) and “Stable Isotope Labeling by Amino Acid in 
Cell Culture” (SILAC). Label-free approaches rely on the fact that the greater the 
abundance of a specifi c peptide the greater the number of spectral counts produced 
by that peptide; hence the number of spectral counts is linearly proportional to the 
concentration of the peptide measured. In a label-free approach peptides from dif-
ferent biological samples have to be compared across different LC-MS/MS runs, so 
results are less reproducible. To date (as we will see in next section) only label-free 
methods have been introduced, albeit gradually, into proteomics research on  B. 
cinerea.    
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16.2     Proteomics Approaches to  B. cinerea  

16.2.1     Global Proteomics 

 Over the last 8 years an increasing number of original papers on  Botrytis cinerea  
proteomics have been published; together these studies have reported a long list of 
proteins synthesized by this fungus in specifi c growth stages or assay conditions, and 
therefore provide valuable biological information, which will be discussed in the 
following sections. Most of these research reports deal with the study of the secre-
tome, which has a particular relevance in phytopathogenic fungi, since it is consid-
ered a key element in the establishment and development of the infection cycle. 

 The initial proteomics study of  B. cinerea  was reported by Fernández-Acero et al. 
( 2006 ). In this work, a protocol was optimized for protein extraction from  B. cinerea  
mycelium using TCA-acetone protein precipitation, and the fi rst proteome map of the 
fungus was described by 2-DE and MS analysis. Around 400 protein spots were 
resolved in a 2-DE Coomasie Blue Brillian (CBB) stained gel, covering the 5.4–7.7 
pH and 14–85 kDa ranges. Twenty-two protein spots were identifi ed by MALDI-TOF 
or ESI IT MS/MS, with a signifi cant number of them related to virulence; these latter 
include Malate Dehydrogenase (MDH), Glyceraldehyde-3- Phosphate Dehydrogenase 
(GADPH) and cyclophilin. These fi ndings, and others, showed the applicability of 
proteomics approaches as a starting point for the study of pathogenicity factors and 
for basic research on this plant pathogen in the post- genomic era. Following this ini-
tial paper, a second paper described an attempt to identify putative fungal virulence, 
and reported a comparative analysis carried out between two  B. cinerea  isolates (B.c 
2100 and B05.10 strains) (Fernandez-Acero et al.  2007b ) which differ in virulence 
and toxin production. It was carried out using the 2-DE MALDI TOF/TOF methodol-
ogy. The resulting 2-DE protein profi les showed qualitative and quantitative differ-
ences between mycelial extracts from the two isolates, most of them associated with 
virulence factors. A total of 28 spots were identifi ed with a signifi cant number of 
isoforms of MDH, either over-expressed or exclusive to the more virulent strain ( B. 
cinerea  2100). This protein plays a key role in the infection process, since it is involved 
in oxalic acid production (Lyon et al.  2004 ), pH decrease (Manteau et al.  2003 ), as 
well as in the biosynthesis and secretion of biotoxins (Durán-Patrón et al.  2004 ). In 
addition, four spots only present in  B. cinerea  2100 were identifi ed as a GADPH 
which, apart from its well- known role in the glycolytic cycle, has been reported to act 
as a virulence factor in several different organisms (Hernández et al.  2004 ; Alderete 
et al.  2001 ). These results lend support to the hypothesis that the different expression 
patterns revealed could be correlated with differences in virulence between strains, 
and again confi rmed proteomics as an excellent tool for use as a fi rst and direct step 
in the study of new fungal virulence factors in  B. cinerea . 

 At that time, due to the absence of a protein and DNA database containing 
 B. cinerea  sequences, protein identifi cation was achieved by MS  de novo  sequencing 
followed by MS BLAST alignment, yielding the identifi cation against other species. 
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The emergence in 2007 of a data-base of  B. cinerea  proteins (  http://www.broad.
mit.edu    ) was a breakthrough, enabling researchers to apply a proteomics approach 
with a signifi cant number of identifi ed proteins. In the fi rst study using this approach, 
the authors described the mycelial proteome of  B. cinerea  during cellulose degrada-
tion (Fernandez-Acero et al.  2009 ). Briefl y,  B. cinerea  was grown in a minimal salt 
medium (MSM) supplemented with 1 % of carboxymethylcellulose (CMC) as a 
sole carbon source, in an attempt to simulate natural environmental conditions, 
based on the assumption that since cellulose is one of the major components of the 
plant cell wall, the use of CMC as a sole carbon source may reveal potential patho-
genicity or virulence factors. Mycelial protein extracts were separated by 2-DE to 
obtain the proteome map. Two hundred and sixty-seven spots were selected for 
MALDI TOF/TOF MS analysis, resulting in 303 positive protein identifi cations, 
mostly representing non-annotated proteins. The authors classifi ed these proteins 
into functional categories, showing the relevance of protein metabolism, modifi ca-
tion processes, and oxidoreductase activity. 

 A breakthrough has recently taken place in the study of the  B. cinerea  mycelial 
proteome with the implementation of “shotgun” proteomics techniques. The adequacy 
of this methodology for mycelial  B. cinerea  protein identifi cation and label- free quan-
tifi cation has been proven (Gonzalez-Fernandez et al.  2013 ). In this work the authors 
reported a comparative proteomics analysis of  B. cinerea  mycelium from two wild-
type strains: B05.10 and T4 introducing label-free “shotgun” nUPLC−MSE method-
ology. In addition, they made the fi rst comparative study between gel-based (2-DE) 
and gel-free/label-free (nUPLC-MS) approaches. A total of 225 (48 unique) and 170 
(7 unique) protein species were identifi ed by nUPLC−MSE in the B05.10 and T4 
strains, respectively. Moreover, 129 protein were quantifi ed in both strains. The 
authors concluded that the use of the label-free “shotgun” nUPLC−MS methodology 
to analyze the two  B. cinerea  wild-type strains isolated from different hosts allowed 
the quantifi cation of differences in protein abundance. They obtained results comple-
mentary to the traditional gel-based approach (2-DE), which ultimately allowed the 
identifi cation of strain-specifi c proteins. In short, the use of these two approaches 
provided comprehensive knowledge of the proteomes of  B. cinerea  strains. 

 Another interesting contribution concerning mycelial protein research has 
recently been made (Gonzalez-Fernandez et al.  2014 ). In this work, differences in 
the protein profi les of gel-based approaches among strains were used to carry out a 
comparative proteomics study of six wild-type strains. After image analysis, a total 
of 674 spots were considered, out of which 112 spots were strain-specifi c in this 
study. A total of 47 variable proteins were identifi ed, some of them, such as malate 
dehydrogenase and peptidyl-prolyl cis–trans isomerase, had been reported as 
 virulence factors. The main differences among strains were related to proteins 
involved in redox processes, such as mannitol dehydrogenase. These results again 
confi rm the usefulness of proteomics approaches for gaining better understanding 
and insight into  Botrytis  phenotype variability.  
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16.2.2      B. cinerea  secretome 

 The fi rst proteomics-based study of secreted proteins in  B. cinerea  was reported in 
2009 by Shah et al. ( 2009a ). Since then, an increasing number of secretome studies 
have been carried out, resulting in the identifi cation of secreted proteins under dif-
ferent assay conditions related either to growth conditions, to developmental stages 
or to fungal strains. To date, fi ve different approaches to the study the secretome of 
 B. cinerea  under different growth conditions have been published. Three of them 
deal with changes in the proteome/secretome of  B. cinerea  as a result of changes in 
carbon source. Shah et al. ( 2009a ), used a gel-free LC-MS/MS approach to investi-
gate the secretome produced by  B. cinerea  B05.10 on different hosts, under  in vitro  
growth conditions. These were performed by inoculating  B. cinerea  on a nutritive 
agar medium containing either fi ltered pulp of ripe strawberry, red tomato or whole 
 Arabidopsis  plants and covered with a sterile cellophane membrane. Signifi cant 
changes in the relative abundances and in the composition of the secreted enzymes, 
in a substrate-dependent manner, were observed; overall 89  B. cinerea  proteins 
were identifi ed from all the growth conditions. Out of this total seven proteins were 
observed to be common to all the samples, thus implying the constitutive nature of 
their synthesis and secretion. In respect of functional differences, these 89 proteins 
comprised transport proteins, proteins well-characterized for carbohydrate metabo-
lism, peptidases, oxido-/reductases, and pathogenicity factors. These data provide 
important insights into how  B. cinerea  may use secreted proteins for plant infection 
and colonization. 

 In a second work, (Shah et al.  2009b ) a “shotgun” proteomics approach was used 
to study the  B. cinerea  secretome on three different carbon sources in liquid cultures: 
highly-esterifi ed pectin, partially-esterifi ed pectin, and sucrose, as sole carbon 
sources, in order to demonstrate the impact of the degree of pectin esterifi cation in 
the plant cell wall on fungal secretion, mimicking ripe and unripe fruits. The two 
pectin sources simulate fungal interactions with the expected host nutrient source; 
sucrose was used to defi ne those enzymes considered constitutively produced. A 
total of 126 proteins secreted by  B. cinerea  were identifi ed, 67 of which were 
observed in all three growth conditions. Thirteen  B. cinerea  proteins with functions 
related to pectin degradation were identifi ed in the two pectin growth conditions, 
while only four were identifi ed on sucrose as carbon-source. These results indicate 
that the secretion of most of the pectinases depends on the carbon substrate used by 
the fungus for growth. However no major differences were found in protein secretion 
when  B. cinerea  was grown with highly-  vs  partially-esterifi ed pectin. It is therefore 
likely that the activation of  B. cinerea  from the dormant state to active infection is not 
dependent solely on changes in the degree of esterifi cation of the pectin component 
of the plant cell wall. A similar study using a 2-DE MALDI TOF/TOF approach was 
carried out by Fernández-Acero et al. ( 2010 ) to determine the differences in  B. cine-
rea  protein secretion induced by fi ve carbon sources and plant- based elicitors: glu-
cose, CMC, starch, pectin and tomato cell walls (TCW). This work showed a different 
degree of complexity of the fungal response moving from a state of constitutive 
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fungal growth (by using glucose as a sole carbon source) towards more complex and 
possibly pathogenic secretory behaviour (induced by TCW). A total of 76 spots were 
identifi ed yielding 95 positive hits that correspond to 56 unique proteins, including 
several known virulence factors (e.g. pectin methyl esterases, xylanases and prote-
ases). These three proteomics studies are clear examples of how, by using modifi ca-
tions in the composition of culture media, the pathogenicity of  B. cinerea  can be 
induced or modifi ed emulating  in vitro  conditions similar to those applicable  in 
planta . The modifi cation of culture media by plant compounds was used by Espino 
et al. ( 2010 ) to study the secretome proteins during the fi rst 16 h, termed the “early 
secretome”. By combining both approaches, 2-DE and LC-MS/MS, 116 proteins 
were identifi ed, including several virulence factors. 2-DE was used to check the 
proteome profi les between the wild type and the mutant in an aspartic protease gene, 
and found that the specifi c spot disappeared from mutant gels. 

 Other interesting proteomics approaches to study the secretome from an environ-
mental perspective have been reported. These works are aimed at studying the 
effects of metals stress and pH, respectively, on the secretome of  B. cinerea  using 
comparative proteomics based on 2-DE MALDI-TOF/TOF approaches. To defi ne 
the effects of metals stress on the secretome of  B. cinerea , four metals (copper, zinc, 
nickel and cadmium) were added to the culture media of the fungus (Cherrad et al. 
 2012 ) and a total of 116 protein spots were observed on 2-D gels; the fi ndings indi-
cate that the secretome signature seems to be metal-dependent. Fifty-fi ve spots were 
associated with unique proteins, and functional classifi cation revealed that the pro-
duction of oxidoreductases and cell-wall degrading enzymes was modifi ed in 
response to metals stress. These results clearly show that the fungus can adjust the 
production of secreted proteins in response to metals exposure. Finally the com-
parative analysis revealed that the accumulation of some secreted proteins increases 
specifi cally in response to one or to several metals. This proteomics study has thus 
identifi ed a number of proteins that could be considered as potential biomarkers for 
monitoring pollution exposure. 

 Concerning the effect of ambient pH on the secretome of  B. cinerea , Li et al. 
( 2012 ) compared changes found in the secretome of  B. cinerea  grown in culture 
media buffered at pH 4 and 6. Forty-seven differential spots, corresponding to 21 
unique proteins, were identifi ed. Most of these proteins were cell wall degrading 
enzymes (CWDE) or proteases. At pH 4, more proteins related to proteolysis were 
induced, whereas most of the up-regulated proteins at pH 6 were CWDE. Analysis 
of gene expression using quantitative real-time PCR suggests that production of 
most of these proteins is regulated at the level of transcription. These fi ndings 
 indicate that  B. cinerea  can adjust its secretome profi le in response to different 
ambient pH values. 

 All these observed changes in the profi le of secreted proteins under different 
growth conditions (nutrient- or environment-dependent) are indicative of the versa-
tility and adaptability of  B. cinerea  to different hosts and environmental conditions. 
These fi ndings provide important information about the mechanisms employed by 
the fungus to access nutrients and to initiate its infectious cycle on a wide range 
of plant-hosts. Differences between the secretomes of six  B. cinerea  strains were 
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analyzed by 1-DE coupled to LC-MS/MS (Gonzalez-Fernandez et al.  2014 ), and 
51 variable proteins were identifi ed, including endopolygalacturonases, aspartic 
proteases and the cerato-platanin protein. All of them have been reported before as 
virulence factors. 

 Even though plant components can usefully be incorporated in the cultures, the 
real situation can only be studied during actual plant- Botrytis  interactions. However, 
in such studies, fungal proteins seem to disappear, masked by the huge amount of 
plant proteins (Mulema et al.  2011 ) or they are reduced to only a few spots (Cilindre 
et al.  2008 ). A deep analysis of tomato infected by  B. cinerea  was tackled by Shah 
et al. ( 2012 ). By using 1-DE plus LC-MS/MS, 79  B. cinerea  proteins were found 
during the infection of three different tomato-ripening stages. This study allowed 
the identifi cation of 15 common proteins from the fungus, including CWDE and 
other virulence factors.   

16.3     Proteomics – A Long Future Ahead in the Biology 
of  Botrytis  

 Proteomics-based approaches to the study of  B. cinerea  have shown, among others, 
the potent capacity of this science to identify accurately the many protein candidates 
involved in specifi c biochemical pathways or phytopathological events. In order to 
obtain a global perspective, all available  B. cinerea  protein identifi cations performed 
in the various different proteomics approaches were summarized and analyzed 
together. During this “experiment”, we found several problems. Despite diffi culties 
in comparing data published in different journals under different formats and those 
published in the pre- and post-genomic era (Fernandez-Acero et al.  2006 ; Amselem 
et al.  2011 ; Staats and Van Kan  2012 ), a fi le containing 682 non-redundant sequences 
was obtained from the 12 papers available. Taken together, proteomics research 
exploring the  Botrytis cinerea  proteome covered only a very small proportion (4.4–
6.6 %) of the fungal genome, depending on the genome sequence and its annotation 
(gene prediction). This could mean that we are only at the beginning of a long dis-
tance race. There are several different explanations for this poor coverage. First 
there are, to date, only a few studies published, most of them based on 2-DE, in 
which, in the best cases, only hundreds of proteins are resolved. Nowadays, 
LC-based studies are identifying increasingly larger numbers of proteins. Another 
reason may be associated with the experimental approach used. Most of the pub-
lished data has been obtained using general culture media; and some of them include 
plant components to induce specifi c fungal responses. Only a few studies have 
applied proteomics approaches directly to plant- Botrytis  interactions, where fungal 
proteins only represent a small percentage compared to those of the plant compo-
nents. Future proteomics approaches will increase this ratio by studying specifi c 
subproteomes, varying the components of the media to induce new sets of proteins 
or, fi nally, with wide application of gel-free proteomics technologies to increase the 
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number of identifi ed proteins. Recently, targeted proteomics was named the 
technology of the year by an important journal (Marx  2013 ). This approach will 
allow the search for specifi c proteins from a complex mixture, making it possible to 
fi nd weakly represented proteins. 

 In order to measure the relevance of the identifi cation within the overall biology 
of  Botrytis , and check which are the principal groups of proteins that had been 
found, all identifi ed sequences were categorized using the gene ontology classifi ca-
tion (AgBase;   http://www.agbase.msstate.edu/    ).  Cellular component  classifi cation 
includes those proteins which are part of something larger, such as anatomic struc-
tures, organelles, etc. The fi rst category found for the identifi ed proteins corresponds 
to mycelial proteins such as intracellular, cell or cytosolic proteins, which made up 
around 36 % of all the identifi ed proteins. This is quite a surprising result since most 
of the identifi cations were extracted from secretome publications. Proteins from 
extracellular regions appeared as the fi fth category. However, when the whole con-
tent of the database was uploaded, extracellular regions accounted for less than 1 %. 
In previous studies (Fernández-Acero et al.  2010 ) it has been established that the 
protein sequences of the  B. cinerea  database that present secretion signals (Signal 
P) comprise around 15 % of the total, showing that these secreted proteins are 
included in other categories (e.g. endoplasmatic reticulum, protein complexes, etc.). 
This fi nding must be associated with the close relationship that secreted proteins 
have with the membranes during secretion processes. 

 Protein categorization by  biological processes  shows those protein involved in a 
series of events that take place in one or more distinct steps (Fig.  16.1 ). Major cat-
egories represented in identifi ed proteins are concerned with metabolism (biosyn-
thesis, catabolism, small molecule and carbohydrate metabolic processes) while the 
total genome presents major categories concerned with other biological processes 
(nitrogen, small molecules or transport metabolic processes). This is probably due 
to the use of synthetic culture media, which are normally artifi cially enriched. Other 
differences show that identifi ed proteins present over-represented categories such as 
transport and cell cycle, cellular protein modifi cation or DNA metabolic processes. 
The  molecular functions  of identifi ed proteins (Fig.  16.2 ) describes the different 
catalytic or binding activities of the proteins that occur at a molecular level. A com-
parison of all the categories obtained between identifi ed proteins and the whole 
genome makes it clear that most of the categories of identifi ed proteins are still 
under-represented. Oxydoreductase activity percentages are similar but activities 
such as kinases or transmembrane transporters, crucial for the signal transduction 
pathways, are an average of 7.5 times less represented in the identifi ed proteins than 
in the database.

    The observed differences between the proteomics dataset and all predicted pro-
teins may have several explanations. Mainly, most of the synthetic culture media 
used contain similar compounds, and these probably inhibit the synthesis of whole 
peptides that may be useful for the fungus during its necrotroph/hemi-biotroph/
biotroph lifestyle (Tudzynski and Kokkelink  2009 ). Moreover, at present, there are 
only a few studies focused on the identifi cation of fungal subproteomes, mainly the 
secretome. The  B. cinerea  proteomics community must develop new strategies for 
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inducing the synthesis of new proteins by varying the media content, emulating 
natural conditions to collect under-represented proteins. New approaches to fungal 
subproteomes must be developed as well, allowing the study of those proteins spe-
cifi cally produced during discrete stages of the life cycle (conidia, appressoria, scle-
rotia, etc.). Such studies are now running in several laboratories. During the next 
few years, the proportion of genome coverage will probably increase accordingly.  

16.4     Biological Relevance of Proteomics Approaches 

 As described above, proteomics approaches are making it possible to detect effi -
ciently global protein production under specifi c conditions. They allow the detec-
tion of proteins involved in specifi c biological events. Moreover, in other biological 
systems where transcriptomics have been compared with proteomics analyses, it 
has been stated that the proteome is the “relevant” set for analysis (Rossignol et al. 
 2009 ). This conclusion is based on signifi cant differences that had been described 
previously (Haider and Pal  2013 ; Hack  2004 ) between transcriptomics and pro-
teomics data. This comparison showed a correlation between both datasets in the 
range from 0.46 to 0.76; thus sometimes, but not always, variations in protein abun-
dances can be predicted from the transcriptome. Currently, there is no global analy-
sis of this correlation in  B. cinerea . However, one thing seems to be clear: if, after 
several controls, replicates and statistical analyses, one protein is found to be pres-
ent in a specifi c context, it must be signifi cant, independent of whether we are able 
to detect its mRNA, as has been widely discussed. This is one of the most important 
impacts that proteomics has had on our series of biological dogmas. 

 However, the main aim of the proteomics research activity in  B. cinerea  has been 
directed to the quest for those peptides/proteins involved in the different steps of the 
pathogenicity process. This aim has been present from the fi rst papers (Fernandez- 
Acero et al.  2007b ) showing that proteomics approaches were capable of detecting 
several candidates as virulence factors without previous exclusion criteria. It allows 
the recovery of dozens or hundreds of candidates from a single experiment. However, 
the downside to establishing a direct relationship between identifi ed proteins and 
virulence or pathogenicity factors is the great amount of work that must subse-
quently be done in order to discriminate real virulence factors from other proteins. 
Normally, this discrimination is done by constructing knockout mutants of each 
candidate and evaluating the infl uence during plant infection. Due to the power of 
proteomics technologies to identify hundreds of potential candidates, the functional 
validation of the candidate genes to elucidate their specifi c roles in the pathogenic-
ity process will rapidly become the bottleneck. 

 An example of this objective is the role of two secretome components. Aspartic 
proteases are the main components of the  B. cinerea  secretome (Fernández-Acero 
et al.  2010 ). A deep molecular analysis of these components revealed that defi cient 
mutants show the same level of virulence (ten Have et al.  2010 ). However their 
usefulness in removing haze-forming proteins during wine fermentation has been 
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highlighted (Van Sluyter et al.  2013 ). In another study, Espino et al. ( 2010 ) found a 
BcSpl1, a cerato-platanin, in the fungal secretome. Further molecular analysis has 
shown its phytotoxic activity and its role as a virulence factor (Frías et al.  2011 ). In 
spite of these advances, there are still hundreds of identifi ed proteins waiting for 
molecular analysis, representing a source of potentially valuable biological infor-
mation. Finally, the capacity of proteomics approaches to fi nd virulence factors is 
indisputable, since new virulence factors usually appear during proteomics 
analyses. 

16.4.1     Possible Applications of Proteomics in  Botrytis  

 Another signifi cant aspect for review is the capacity of proteomics approaches for 
revealing new therapeutic targets for fungicide design. At the moment, however, 
this potential is only a possibility. The basis of this idea is that most of the drug 
targets are proteins. The development of fungicides based on molecular information 
may open possibilities for the production of environmentally-friendly drugs, with 
low impact, and with high levels of species-specifi city. The reasons why there is a 
lack of molecular-based fungicides are still unclear, even though the necessary sci-
entifi c strategies and technologies seem now to exist. New proteomics-based tech-
nologies have shown their capacity to serve as effective tools for fungicide design 
(Fernández-Acero et al.  2011 ) given the discovery of new disease factors that may 
be candidates for new therapeutic targets. Tools such as peptide aptamers and RNA 
silencing may be future instruments for crop protection. In this context, the potential 
use of modifi ed natural compounds to inhibit specifi c fungal activities has been 
revealed as a possibility. This approach has been termed “chemoproteomics”, 
defi ned as the use of biological information to guide chemistry (Beroza et al.  2002 ), 
which is presented as a new methodology to accelerate drug discovery in the post- 
genomic era. In spite of this optimistic scenario, there are various serious problems 
in transferring these technologies to crop management; these include, for example, 
maintaining activity in plants, metabolite stability, and obviously the costs of devel-
opment and production. None of these technologies has yet led to a recognizable 
fungicide development candidate (Tietjen and Schreier  2013 ).   

16.5     Future Perspectives 

 Nowadays, the term “post-genomic era” is widely used to refer to the present stage 
of the molecular sciences. This term is mainly used to refer to advances in transcrip-
tomics and high throughput mutagenesis, but “the name of the game is proteomics” 
(Brower  2001 ). However, for the community studying  B. cinerea , it is still an open 
fi eld where only a few milestones have been reached revealing the potential 
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importance of proteomics; therefore many new problems, specifi cally those linked 
to fungal biology, remain to be solved. 

 To this end, the publication of the  B. cinerea  genome databases, after the publica-
tion of the genome sequences (Amselem et al.  2011 ; Staats and Van Kan  2013 ), has 
been crucial. This has enabled proteomics researchers to access directly the molecu-
lar information, making it possible for them to identify  B. cinerea  proteins directly, 
without the need to search for homologous proteins in other fungi or organisms. 
However, the slowness in developing specifi c bioinformatic tools is still a weakness, 
as these tools may help to understand the large set of proteins identifi ed, avoiding 
the loss of relevant biological information. For example, specifi c fungal gene ontol-
ogy queries and analyses of protein-protein interactions and differential pathways 
may improve the number of conclusions obtained from each approach. Moreover, 
the development of specifi c software to predict the role of a protein as a fungicide 
target may help to usher in a new era of directed fungicides. Most of these tools are 
a reality in other biological systems (Chen et al.  2007 ; Huan et al.  2007 ), suggesting 
that their use in  Botrytis  studies will soon become feasible. 

 Most of the proteomics approaches described so far with  Botrytis cinerea  only 
cover mycelia and/or the secretome. However the fungal life cycle includes many 
fungal stages, anatomical structures, organelles, etc. whose proteomes remain to be 
elucidated. The analysis of new subproteomes will help to fi nd interesting new pro-
teins that are needed to understand better the complexity of fungal biology. In this 
context, there are two other proteomics approaches that seem to be missing in  B. 
cinerea –  fi rst, the analysis of post-translational modifi cations (PTMs) of fungal 
proteins and second, quantitative proteomics approaches. Around 200 different 
PTMs have been described. These modifi cations are the bridge between extracel-
lular and intracellular environments, and are crucial for signal transduction cascades 
that direct fungal behavior and virulence, but only one paper has been published 
recently, on the phosphoproteome of  B. cinerea  (Davanture et al.  2014 ). As men-
tioned previously, the most recently developed proteomics technologies are also 
known as “quantitative proteomics”; this is related to the specifi c labeling of pro-
teins with specifi c isobaric tags. As far as we know, this methodology has not yet 
been used for  B. cinerea . It would allow the specifi c detection and quantifi cation of 
differential proteins, thus revealing their role under assay conditions. We can assume 
that more subproteomes, PTMs and quantitative studies will be available soon. 
Another set of interesting proteins still unresolved are those involved directly in the 
plant pathogen interaction. These approaches represent a more realistic way of 
studying the fungal weapons deployed for invading plant cells and defeating the 
plant defense mechanisms. Some studies have been undertaken, but the fungal 
“hits” obtained are either few in number or non- existent. Greater success in the 
identifi cation of fungal proteins may be obtained by selective extraction enrichment 
and/or labeling. 

 One of the most promising proteomics approaches to  B. cinerea  is “targeted 
proteomics”. This set of strategies was selected as the method of the year 2013 by 
the journal Nature Methods (Marx  2013 ). In brief, it will enable the study of specifi c 
proteins by MS/MS from a whole set, allowing quantitative assays to specifi cally 
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answer hypothesis-driven questions. The detection of specifi c peptide ions is made 
possible by focusing the MS instrument (typically, a triple quadrupole) for a prese-
lected set of peptides. It will allow the specifi c detection of proteins in a wide set of 
samples, with a higher level of sensitivity. Sequential window acquisition of all 
theoretical fragment-ion spectra (SWATH), with improvement by independent data 
acquisition, will change the perspective of proteomics studies from one based on a 
large set of identifi ed proteins to a smaller set of more relevant identifi cations. All 
these improvements should become publicly available within the next few years. 
They will transform proteomics technology into an indispensable and commonly- 
used tool for understanding the biology and virulence of  B. cinerea.      
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    Chapter 17   
 Overview of Plant Defence Systems: Lessons 
from Arabidopsis- Botrytis cinerea  Systems 
Biology                     

       Oliver     Windram     ,     Claire     Stoker     , and     Katherine     Denby    

    Abstract      Botrytis cinerea  is an important model system for studying the necrotro-
phic plant pathogen lifestyle, whilst also representing one of the most economically 
destructive agricultural pathogens. A key challenge to understanding the pathology 
of this virulent fungus involves unraveling host responses. These host responses 
involve complex regulatory mechanisms and multiple downstream defence pro-
cesses. In addition, the pathogen is capable of manipulating cellular processes in the 
host to favour infection. In this chapter we will present recent advances in systems 
biology approaches, combining high-throughput ‘omics technologies and computa-
tional/mathematical network inference techniques, which have been used to tease 
apart this complex host-pathogen interaction. We will also highlight novel systems 
approaches from other areas of plant pathology and plant science that can be applied 
to provide a more comprehensive understanding of plant defence against  B. cinerea . 
We will conclude with the key challenges of understanding how both plant defence 
and pathogen attack are integrated, and translating knowledge from Arabidopsis to 
crop plants.  
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17.1         Overview of the Host Defence Response Against  Botrytis 
cinerea  

 Initial pathogen recognition by a plant is facilitated by two distinct groups of mol-
ecules, pathogen-derived microbial associated molecular patterns (MAMPs) and 
host damage associated molecular patterns (DAMPs), via their recognition by host 
receptor-like kinases dubbed pattern recognition receptors (PRRs) (Boller and Felix 
 2009 ; Fig.  17.1  for an overview of pathogen perception and initial signaling 
responses). MAMPs are molecular components of pathogens whose highly con-
served sequence is constrained due to their essentiality in microbial fi tness, and 
which are absent from the host. Recognition of these signals initiates generalized 
basal defence, which curtails infection of non-host pathogens and helps to limit the 
extent of disease caused by virulent pathogens. Virulent pathogens are generally 
classifi ed as those that cause plant disease. Some pathogens parasitize living host 
cells; loosely termed biotrophic pathogens these organisms, with their intimate rela-
tionship with host cells, have evolved complex gene-for-gene interactions with the 
host. Such microbes can suppress MAMP/DAMP triggered immune responses 
(MTI) using effector proteins that help promote disease. In certain cases the host 
plant has evolved specifi c resistance ( R ) genes whose products are capable of detect-
ing the microbial effectors, or their activity, resulting in a heightened effector- 
triggered immunity (Jones and Dangl  2006 ). This heightened immune response 
commonly involves a hypersensitive response, cell death at infection sites, helping 
to contain and eliminate the pathogen.

    Botrytis cinerea  is an example of a necrotrophic pathogen meaning that it kills 
plant tissue and utilizes this dead tissue to support its growth. In order to engage in 
this lifestyle  B. cinerea  rapidly invades host tissues, actively suppressing expression 
of key defence components (Weiberg et al.  2013 ), and inducing necrosis within the 
fi rst 24 h of infection on Arabidopsis (Windram et al.  2012 ). Once established, the 
fungus secretes necrosis-inducing factors effectively inducing cell death in advance 
of fungal growth (Govrin et al.  2006 ). The rapid onset of necrosis limits pathogen- 
host cell interaction and could indicate why gene-for-gene resistance has yet to be 
described for this pathogen (Chap.   12    ). However, variation in both host and patho-
gen genetic background alter susceptibility (Denby et al.  2004 ; Kliebenstein et al. 
 2005 ; Van Baarlen et al.  2007 ). With this in mind we will focus on the basal defence 
mechanisms impacting Arabidopsis susceptibility to  B. cinerea . 

 Chitin functions as a MAMP during  B. cinerea  infection and is recognized via 
the receptor kinases CERK1 and LYM2 (Miya et al.  2007 ; Wan et al.  2008 ; Faulkner 
et al.  2013 ). The two chitin-perception pathways function independently with 
chitin- induced signaling via LYM2 leading to a reduction in inter-cellular molecular 
exchange through plasmodesmata, while CERK1 stimulates the more classical hall-
marks of MTI: oxidative bursts and activation of mitogen activated protein kinase 
signaling cascade systems. Thus recognition of an essential fungal wall component 
initiates basal defence responses that help to limit the infection of this virulent 
pathogen. 
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 DAMPs are host-derived signals indicative of damage associated with the patho-
gen and also play a key role in recognition of  B. cinerea  infection. Oligogalaturonides 
(OGs) are released from the plant cell wall during infection due to the action of  B. 
cinerea  endopolygalacturonases (BcPGs) and host endopolygalacturonase inhibit-
ing proteins (PGIPs). BcPGs degrade host cell wall pectin while PGIPs limit their 

  Fig. 17.1     Perception of the pathogen and initial signaling events during   B   .   cinerea   infection . 
Examples of microbe-associated molecular patterns ( MAMPs ) and damage-associated molecular 
patterns ( DAMPs ) present during  B. cinerea  infection are shown. Typical signaling pathways are 
shown indicating components that are known to play a role in the response to  B. cinerea  infection. 
MAMPs and DAMPs are perceived by receptor-like kinases ( RLKs ) and receptor-like proteins 
( RLPs ) which typically associate with additional leucine-rich repeat ( LRR ) RLKs and/or cytoplas-
mic RLKs to transduce a signal to kinase cascades. Mitogen activated protein kinase ( MAPK ) 
kinase kinase ( MAPKKK ) phosphorylate MAPK kinases ( MAPKK ) which in turn phosphorylate 
MAPKs. MAPKs have been shown to be essential for DAMP-induced resistance and, in the case 
of MPK4, for activation of the transcription factor WRKY33 by phosphorylation of the MPK4-
WRKY33- MPK substrate 1 ( MKS1 ) complex. WRKY33 activates expression of camalexin bio-
synthetic genes, an important resistance determinant against many isolates of  B. cinerea . Cross talk 
between the phytohormones ethylene ( ET ), salicylic acid ( SA ) and jasmonic acid ( JA ) is crucial in 
host defence responses and an example of this is outlined. After infection by  B. cinerea , production 
of ET stabilizes the transcription factor ( TF ) EIN3. Production of JA triggers degradation of the 
repressive JAZ proteins by the proteasome, allowing the transcriptional cascade of JA and ET 
related defence genes downstream of EIN3 to proceed. SA represses this transcriptional cascade 
by inhibiting accumulation of ORA59 protein. In this diagram → indicates positive regulation and 
─┤indicates negative regulation       
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activity resulting in the production of OGs which positively contribute to defence 
against  B. cinerea  (Ferrari et al.  2007 ). These DAMPs are recognized by a wall 
associated kinase, WAK1 (Brutus et al.  2010 ). The BcPGs also function as MAMPs 
themselves (Poinssot et al.  2003 ) and were recently shown to be recognized by the 
receptor-like protein RPBG1 (Zhang et al.  2014 ). Altered expression of  RPBG1  did 
not appear to alter susceptibility to  B. cinerea , but priming plants expressing  RPBG1  
with BcPGs reduced susceptibility to virulent  Hyaloperonospora arabidopsidis  
suggesting that recognition led to enhanced defence responses. An additional 
uncharacterized protein (SCFE-1) from  Sclerotinia sclerotiorum  is recognized by 
Receptor-like Protein 30 (RLP30) and mutants lacking  RLP30  are more susceptible 
to both  B. cinerea  and  S. sclerotiorum  (Zhang et al.  2013b ). 

 Following detection of these MAMPs and DAMPs by PRRs, additional receptor- 
like kinases are required to transduce the signal to downstream components and can 
integrate signaling through their interaction with multiple PRRs (Liebrand et al. 
 2014 ). The membrane bound receptor-like kinase BAK1 is required for signal trans-
duction following detection of the elicitor SCFE-1 from  S. sclerotiorum  recognized 
by RLP30 (Zhang et al.  2013b ). RLP30-mediated signaling also requires SOBIR1, 
another receptor-like kinase and transgenic plants with mutations in  BAK1  or  SOBIR1  
show enhanced susceptibility to  S. sclerotiorum  and  B. cinerea . RPBG1, which rec-
ognizes BcPG, interacts with SOBIR1 but not BAK1. In addition to the requirement 
for multiple membrane bound receptor-like kinases, cytoplasmic receptor-like 
kinases also play a role in transducing pathogen recognition signals within plant 
cells. Chitin perception requires the cytoplasmic receptor-like kinase BIK1 and the 
chitin receptor, CERK1, has been shown to interact with BIK1 (Zhang et al.  2010 ). 

 Typically these initial perception complexes at the cell membrane funnel into 
mitogen activated protein kinase (MAPK) signaling cascade systems, which are 
highly conserved within eukaryotes. At the top of the cascade MAPK kinase kinases 
are activated and phosphorylate MAPK kinases. These then phosphorylate and acti-
vate MAPK. While currently ill-defi ned, MAPK Kinase Kinases receive the initial 
input from PRR signaling complexes and MAPKs determine the output from the 
cascade through their activity on target proteins (Pitzschke et al.  2009 ). While 
upstream cascades can vary according to initial signals (for example, whether it is 
bacterial fl agellin or fungal chitin that is being sensed) it appears clear that three 
terminal MAPKs: MPK3, MPK6 and MPK4 are key players in plant immunity 
(Rasmussen et al.  2012 ). 

 MPK3, MPK6 and MPK4 are all activated by SCFE-1 protein from  S. sclerotio-
rum  in a  RLP30 -,  BAK1 - and  SOBIR1 -dependent manner (Zhang et al.  2013b ) dem-
onstrating that this MAPK cascade is downstream of initial membrane perception. 
MPK3 and MPK6 are required for camalexin synthesis during  B. cinerea  infection. 
Accumulation of this metabolite is known to be a key factor infl uencing susceptibil-
ity of Arabidopsis to  B. cinerea  (Denby et al.  2004 ) and  mpk3  mutants show 
increased fungal growth (Ren et al.  2008 ). MPK6 activity, but not MPK3, is required 
for OG-induced resistance against  B. cinerea  (Galletti et al.  2011 ) revealing over-
lapping as well as specifi c MAPK signaling functions. The  Brassica napus  ortho-
logue of MPK4 positively contributes to defence against  S. sclerotiorum  (Wang 
et al.  2009b ), while in Arabidopsis MPK4 substrate MKS1 appears to negatively 
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regulate defence against  B. cinerea  (Petersen et al.  2010 ). The positive role these 
MAP kinases play in  B. cinerea  defence is further supported by experiments show-
ing that overexpression of the AP2C1 phosphatase, which inactivates MPK4 and 
MPK6, increases susceptibility (Schweighofer et al.  2007 ). In contrast plants lack-
ing MAPK phosphatase 2 (MPK2) show increased susceptibility to  B. cinerea . 
MPK2 can interact with both MPK3 and MPK6 and has been shown to dephos-
phorylate both kinases  in vitro  (Lee and Ellis  2007 ). However, it exhibits differential 
interaction with MPK3 and MPK6 in response to a fungal elicitor suggesting the 
balance of MAPK phosphorylation is important in defence (Lumbreras et al.  2010 ). 
Protein microarrays predict MAPK kinase kinases target multiple MAPK kinases, 
MAPK kinases target multiple MAPKs and, in turn, MAPK have many terminal 
phosphorylation targets (Popescu et al.  2009 ). A large number of potential signaling 
cascades are thus possible, and the variable impact of phosphatases on susceptibility 
to  B. cinerea  infection may result from integration of a number of upstream signal-
ing events to determine the fi nal components of the MAPK cascade. 

 Phosphorylation of MAPK signaling translates into a substantial transcriptional 
response to infection evidenced by the large numbers of differentially expressed 
genes following infection, for example (Tao et al.  2003 ; Windram et al.  2012 ). The 
fi nal structure of the MAPK cascade may provide a mechanism to modulate activity 
of specifi c sets of transcription factors (TFs) and hence the transcriptional response. 
However, with the exception of WRKY33 described below, very little is known 
about how MAPK signaling induces transcriptional changes following  B. cinerea  
infection. The TF WRKY33 is required for defence against  B. cinerea . It is bound 
in a nuclear complex with MPK4 and MKS1. After infection, and activation of 
MPK4, phosphorylation of MKS1 releases MKS1/WRKY33 which goes on to acti-
vate expression of the camalexin biosynthetic genes and  WRKY33  itself in a feed-
forward mechanism (Qiu et al.  2008 ). Overexpression of MKS1, however, increases 
susceptibility to  B. cinerea  in a WRKY33-independent manner which suggests that 
MKS1 is having a broader regulatory infl uence (Fiil et al.  2011 ). 

 Additional kinase signaling systems can also infl uence plant defence. Two com-
ponent systems typically consist of a sensor domain coupled to a histidine kinase, 
which transmits a sensory detection signal to a response regulator domain via a phos-
phorelay. Response regulators typically target promoter regions altering target gene 
expression (Grefen and Harter  2004 ). The hybrid histidine kinase AHK5 contributes 
to  B. cinerea  defence highlighting that in addition to complex MAPK cascade sys-
tems more primitive two component systems are also involved in regulating basal 
defence against this pathogen, probably via altered transcription (Pham et al.  2012 ). 
How this histidine kinase is activated by  B. cinerea  infection, however, is unknown. 

 The scale of transcriptional reprogramming during defence is substantial; over 
30 % of the host genome can undergo a dynamic shift. In the case of  B. cinerea  
several hundred of these differentially regulated genes are themselves TFs high-
lighting the inherent complexity of this signal transduction system (Tao et al.  2003 ; 
Windram et al.  2012 ). A broad range of TFs from a number of families have been 
implicated in  B. cinerea  defence including eight WRKYs (Xu et al.  2006 ; AbuQamar 
et al.  2006 ; Lai et al.  2008 ; Chen et al.  2010 ; Birkenbihl et al.  2012 ), six AP2/ERFs 
(Berrocal-Lobo et al.  2002 ; Pré et al.  2008 ; Son et al.  2012 ; Zhao et al.  2012 ; Moffat 
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et al.  2012 ; Maruyama et al.  2013 ), four TGAs (Zander et al.  2009 ; Windram et al. 
 2012 ), three NACs (Bu et al.  2008 ; Wang et al.  2009a ) and two MYB TFs (Mengiste 
et al.  2003 ; Ramírez et al.  2011 ). However, very few direct regulatory targets of 
these TFs are known and how these regulators interact within a regulatory network 
(integrating positive and negative infl uences on defence) has not been elucidated. 

 Along with secondary metabolites such as camalexin that directly act as antimi-
crobials, the plant produces a number of signaling molecules that help to communi-
cate the presence of infection, and shape the transcriptional response. These 
phytohormones play a central role in many aspects of plant defence signaling and 
we point to two excellent reviews on phytohormones and defence for in-depth infor-
mation (Pieterse et al.  2012 ; Gimenez-Ibanez and Solano  2013 ). The phytohor-
mones salicylic acid (SA), jasmonic acid (JA), ethylene, and abscisic acid (ABA) 
have long been known to play a role in defence against  B. cinerea  infection (Thomma 
et al.  1998 ,  1999 ; Audenaert et al.  2002 ). Generally, SA appears to play a positive 
role in early defence responses against  B. cinerea  (Ferrari et al.  2003 ) but this mol-
ecule also antagonizes JA signaling, while JA and ethylene positively regulate 
defence against  B. cinerea  (Thomma et al.  1998 ,  1999 ). ABA is better known for its 
potentiation of the abiotic stress response (Cutler et al.  2010 ), whilst its signaling 
effects tend to negatively impact defence against  B. cinerea  (Audenaert et al.  2002 ). 
Phytohormone perception triggers proteasomal degradation of repressor proteins 
leading to the activation of downstream TFs. These phytohormones have been 
shown in numerous studies to function both synergistically and antagonistically 
(Pieterse et al.  2012 ) with TFs functioning as key mediators of phytohormone- 
signaling interactions. For example, synergistic activity of JA and ET is mediated 
via the ET-stabilised TFs, EIN3 and EIL1 (Fig.  17.1 ). JA increases the transcrip-
tional activity of EIN3 and EIL1 by alleviating binding of JA-sensitive JAZ repres-
sors to these TFs (Zhu et al.  2011b ). ERF1 and ORA59 are direct targets of EIN3 
(Solano et al.  1998 ) and themselves induce expression of JA/ET dependent genes 
such as plant defensin 1.2 (Pré et al.  2008 ). SA antagonism of JA signaling is also 
mediated via TF activity. SA reduces the accumulation of ORA59, and the ORA59 
binding site (GCC-box) was shown to be suffi cient to mediate SA/JA antagonism 
(Van der Does et al.  2013 ). 

 The large-scale change within the cell and numerous points of interaction 
between signaling pathways during pathogen attack makes interpretation of data 
daunting. Furthermore despite abundant knowledge of components undergoing 
expression and activity shifts during infection the exact mechanisms and detailed 
topology of the regulatory networks manifesting these changes is poorly character-
ized. Of the several hundred TFs that are differentially regulated during infection 
only a handful of these have been experimentally validated to play a key role in 
immunity. Furthermore their interaction with each other and other cellular compo-
nents, both physically and via transcriptional regulation, is for the most part unchar-
acterized. In this chapter we will review the progress in plant systems biology 
looking at technical advances facilitating the development of detailed information- 
rich models of the host defence response providing improved knowledge and under-
standing of this complex and fascinating interaction.  
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17.2     Dynamic Modelling of the Host Transcriptome 
During Infection 

 The importance of transcriptional regulation in defence against  B. cinerea  is clear. 
Regulators important in defence against the fungus have been identifi ed and their 
substantial infl uence on the transcriptome is made evident in a number of transcrip-
tome profi ling studies (for example, AbuQamar et al.  2006 ; Ferrari et al.  2007 ; 
Rowe et al.  2010 ; Mulema and Denby  2011 ; Birkenbihl et al.  2012 ). Additionally 
these studies revealed that the number of responding genes varies signifi cantly over 
the course of infection. Variable differential expression may arise from specifi c tem-
poral regulation of many genes during infection. These studies also revealed evi-
dence of transcriptional regulators providing cross-talk feedback between signaling 
hormone pathways (AbuQamar et al.  2006 ; Birkenbihl et al.  2012 ) and modulation 
of major cellular systems involving photosynthesis, protein synthesis and transport 
(Bilgin et al.  2010 ). However, the temporal order and regulatory dependence of 
these different responses during infection remained unclear. Furthermore, very little 
experimental evidence exists on the TF-DNA binding underlying these expression 
changes or information on how TF-DNA binding specifi city is determined. The 
majority of TF characterization studies involve expression profi ling of TF knock-
outs yielding both direct and indirect target gene expression changes complicating 
validation of specifi c TF-DNA interactions. This defi cit in knowledge is further 
highlighted by the fact that despite there being over 2000 TFs in the Arabidopsis 
genome only a few hundred non-redundant TF-binding motifs have been described 
(Higo et al.  1999 ; Lescot et al.  2002 ; Matys et al.  2006 ; Jin et al.  2013 ). This lack of 
knowledge is one of the greatest challenges in elucidating gene regulatory networks 
in plants. 

 Our recent systems approach (Windram et al.  2012 ) attempts to answer many of 
the questions posed by previous work. The paper reports the generation of a high- 
resolution time series of the host transcriptome at 24 time points over 48 h after  B. 
cinerea   infection. The resolution of sampling enabled estimation of the time of fi rst 
differential expression (TOFDE) of a gene in 30 min increments with differential 
expression observed for over a third of the Arabidopsis genome during this 48 h 
window. This data revealed a large number of genes that were diurnally regulated in 
the control leaves but interestingly the vast majority of these rhythmic profi les were 
overridden by a response to infection. Furthermore, the rhythmic expression of core 
clock genes was dampened following infection. This suggests infl uence by the 
pathogen or endogenous regulation of the central clock oscillator during the defence 
response. A similar observation was made following bacterial infection or treatment 
with fl agellin (Zhang et al.  2013a ) suggesting that clock-modulation may be part of 
the plant defence response. The relevance of this surprising transcriptional modula-
tion of the core clock is yet unknown. It appears therefore that differential expres-
sion during infection is convoluted by diurnal rhythms but the high-resolution data 
of a time series allows us to distinguish rhythmic expression behavior from true 
infection-dependent differential expression. 
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 The high-resolution time series provided an in-depth survey of the 48 h after 
infection giving a more comprehensive assessment of gene expression change than 
classical single snapshot or limited time point studies. These are prone to missing 
windows of transient expression change that may be critical to defence. Fungal 
growth stages consisted of an initial rapid growth phase followed by a lag phase 
during which lesion formation occurs, followed by a lesion expansion stage. The 
high-resolution time series revealed a major transcriptional shift occurred around 
20–28 h after infection (HAI) coinciding with the lag phase in  B. cinerea  growth. A 
smaller peak in differential expression was also detected around ten HAI just prior 
to an earlier short lag phase, suggesting that the transcriptional response of the plant 
slows pathogen growth (albeit temporarily). This analysis highlights the utility of 
the time series approach in detecting narrow time windows of important gene 
expression changes due to the resolution of the data set and statistical power afforded 
by the scale of the data. Thus revealing the timing of these transcriptional changes 
allows us to highlight potential infl uence of early expression change on pathogen 
growth, as well as delineating the timing of transcriptional responses and hence 
chronological order of different defence processes. 

 The controlled vocabulary of gene ontologies (GOs) allows functional relation-
ships between genes to be identifi ed in an automated fashion (Ashburner et al.  2000 ; 
Maere et al.  2005 ) and GO enrichment of genes with the same TOFDE or within 
co-expressed clusters revealed a number of distinct processes which appeared to be 
activated or repressed during infection. During early infection stages phytohormone 
biosynthesis and signaling occurred in a distinct order suggesting a mechanism for 
cross-talk outcome based on the timing of gene expression. The enrichment analysis 
suggested that ethylene biosynthesis occurs early around 14 HAI followed by 
responses to ethylene and JA at 16 HAI. Activation of ABA catabolism occurs rela-
tively late around 20 HAI along with negative regulation of ABA signaling and 
auxin biosynthesis at 22 HAI. This corresponds well with existing knowledge of the 
important role of ethylene and JA in promoting defence against  B. cinerea  (Thomma 
et al.  1998 ,  1999 ) and previous observations suggesting a negative role of ABA in 
defence against  B. cinerea  (Audenaert et al.  2002 ). It suggests that earlier repression 
of ABA signaling could enhance resistance. 

 The high-resolution gene expression profi les offer a unique opportunity to model 
the underlying transcriptional network by inferring regulatory relationships between 
genes based on temporal causality of gene expression profi les. This initially appears 
straight-forward but complex post translational control can lead to regulatory infl u-
ence not directly captured within the data and the number of potential interactions 
is vast. We chose modelling methods that could accommodate regulatory uncer-
tainty arising from post-translational control but such methods are limited in the 
number of expression profi les they can consider at one time. This is a consequence 
of noise within the data, a problem that can only be overcome by reducing experi-
mental noise or increasing the number of measurements per gene, both intractable 
(Gershenfeld  1999 ). With this limitation, and size of the data set, only ~50–100 
genes can be modeled simultaneously however there are nearly 10,000 differentially 
expressed genes. A logical solution to this is dimensionality reduction; this was 
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accomplished through clustering of expression profi les. We therefore modeled clus-
ters as individual nodes representative of gene modules within the network and 
inferred their interaction with each other from the time series data. In addition the 
causal structure identifi cation method we chose to use allowed for the incorporation 
of pathogen growth time series data, which enabled the relationship between the 
host transcriptional response and fungal growth to be inferred. It is noteworthy that 
the fungus appeared to infl uence a large number of host clusters whilst only one 
host cluster was suggested to directly infl uence pathogen growth (Fig.  17.2 ). Also, 
while a few clusters appeared to act independently (right hand section) or upstream 
of pathogen growth, all but one terminal cluster was infl uenced by pathogen growth. 
This suggests that pathogen behavior signifi cantly shapes the transcriptional defence 
response of the host. Part of this infl uence may be explained by the observation that 
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 B. cinerea  produces small interfering RNAs that target and silence expression of a 
number of defence signaling components (Weiberg et al.  2013 ).

   The clusters of co-expressed genes are represented by network nodes and within 
these are transcription factors that can potentially regulate target genes in other 
downstream clusters. The resulting network revealed some interesting features and 
hypotheses for experimental testing. Specifi c clusters were enriched for TF-binding 
motifs in the gene promoters. In several cases clusters upstream of such motif- 
enriched clusters contained a TF capable of binding the enriched motif providing 
evidence that the inferred relationship between clusters might be indicative of true 
regulation. One particular example involved a cluster containing the TF ANAC055. 
This cluster was predicted to regulate a downstream cluster enriched for genes con-
taining NAC TF binding motifs in their promoters (Fig.  17.2 ). This suggests that 
ANAC055 may be responsible for regulation of these downstream genes. One of the 
downstream genes  ATG18a  is differentially regulated in  anac055  mutants indicat-
ing a regulatory infl uence on this target by ANAC055 (Hickman et al.  2013 ) and 
providing preliminary evidence for the accuracy of this network model. Only one 
cluster in the model appeared to regulate fungal growth and this cluster contained 
the SA signaling TF TGA3, known to be required for proper defence against the 
biotrophic pathogen  Pseudomonas syringae  (Kesarwani et al.  2007 ). T-DNA knock-
out mutants of  TGA3  have increased susceptibility to  B. cinerea  infection and 
expression profi ling of  tga3  mutants identifi ed a number of differentially expressed 
defence genes (Windram et al.  2012 ). Crucially, in the network model (Fig.  17.2 ) 
these genes were predominantly found in the TGA3 cluster itself and clusters down-
stream of TGA3, again lending support to the regulatory predictions. One potential 
downstream target of TGA3 (down regulated in the  tga3  knockout line compared to 
wildtype) was WRKY70, a TF integrating SA and JA signaling (Li et al.  2006 ). 
Overall network modeling provided a number of regulatory predictions which could 
not have been inferred without the high-resolution data, and highlighted TGA3 as 
an important early regulator of  B. cinerea  defence. 

 SA is an important defence hormone but its role in  B. cinerea  defence is not clear 
(Thomma et al.  1998 ; Ferrari et al.  2003 ,  2007 ). Early priming experiments sug-
gested SA provides a defence advantage if priming occurs 24 h but not 48 h prior to 
infection (Zimmerli et al.  2001 ; Govrin and Levine  2002 ). Furthermore the 
SA-dependent hypersensitive response induced by avirulent bacterial pathogens led 
to enhanced susceptibility towards  B. cinerea  (Govrin and Levine  2000 ). This sug-
gests that early SA signaling is important for  B. cinerea  defence but the role of SA 
signaling changes based on the timing and strength of the response. Network mod-
eling of the time series data identifi ed  TGA3  as a high level regulator infl uencing 
both pathogen growth and host gene expression. TGA3, like other members of its 
family, is dependent on the key SA signaling protein, non-expressor of PR1 (NPR1), 
for its activity (Johnson et al.  2003 ) with NPR1 being a transcriptional co-activator 
activated by SA. However, knockout analysis of  TGA3  revealed a positive infl uence 
on  B. cinerea  defence. A similar role has previously been shown for TGA2, TGA5 
and TGA6 in a semi-redundant manner (Zander et al.  2009 ) but these three TFs also 
play a key role in JA and ET signaling. We hypothesise that TGA3 may be modulat-
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ing early SA responses to repress initial pathogen growth but over time ET and JA 
signaling becomes more important and SA signalling is repressed. This may help to 
explain why TGA3 is actively down-regulated in respond to infection despite its 
positive infl uence on defence (Windram et al.  2012 ). 

 In summary the systems approach, using high-resolution data and network mod-
eling, has facilitated the temporal analysis of host responses and pathogen growth, 
identifi ed key regulators of the defence response against  B. cinerea  and provided 
regulatory hypotheses for experimental testing. Additional modelling and simula-
tion algorithms have subsequently been used to indicate the most informative exper-
iments to carry out and the TFs most likely to infl uence genes in biological pathways 
with a signifi cant impact on resistance, such as camalexin biosynthesis (Denby et al. 
 2004 ).  

17.3     Alternative Systems Approaches and What They Can 
Teach Us About Defence 

 To date the approach by Windram et al. ( 2012 ) outlined above is the only systems 
biology work on host defence against  B. cinerea  published. They used network 
inference from transcriptional time series, however, a number of groups have used 
other systems approaches to study different plant-pathogen interactions (see 
Windram et al. ( 2014 ) for more detailed descriptions of these studies). Some of 
these approaches are likely to be informative for understanding defence against  B. 
cinerea ; the pros and cons of each approach are summarized in Table  17.1 . 
Co-expression networks are perhaps the most common network model in the litera-
ture and can be used to discover novel components of the defence response. The 
network is built typically from multiple genome-wide expression data sets and two 
nodes of the network (genes) are linked by an edge if their expression is correlated 
across these data sets. These networks do not capture regulatory relationships, but 
using the guilt-by-association principle (proximity in the network to known compo-
nents of a process) novel genes involved in a process can be identifi ed (Usadel et al. 
 2009 ). Many co-expression networks tend to be genome-wide, although the use of 
focused expression data is thought to enhance their power for gene discovery. One 
such network focused on defence responses in citrus (Zheng and Zhao  2013 ) and 
predicted groups of novel genes that were likely to infl uence resistance.

   Such co-expression networks have been extended by approaches incorporating 
multiple different data types, not just expression data (for example, Lee et al.  2010 ), 
as well as data from other species. These functional association networks again use 
the guilt-by-association principle to predict gene functions. In rice, a genome-wide 
functional association network was built and probed for genes involved with defence 
(Lee et al.  2011 ). Genes closely linked to a set of known defence response genes 
were identifi ed and several of these were shown experimentally to affect the immune 
response. An advantage of this functional association approach is that these net-
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works appear to have cross-species predictive ability, for example, the rice network 
can predict gene functions in maize. However, extensive data is still required 
(although exploiting orthology between species) and these networks simply predict 
a role for a gene in a process, they do not shed light on how that gene functions or 
how it is regulated. 

 To engineer crops with durable enhanced defence against pathogens, it will not 
be suffi cient to identify single genes whose presence and/or expression level alters 
resistance. Rather, it is necessary to understand how genes/proteins interact and 
function together in networks to regulate defence mechanisms, and be able to pre-

    Table 17.1    Systems biology approaches for gene regulatory network elucidation. Different 
approaches that have been used to study plant-pathogen interactions, the advantages and 
disadvantages of each approach and key examples   

 Methodology  Advantages  Disadvantages  Key example 

 Co-expression 
networks 

 Genome-wide, can predict 
novel gene function 

 Generally need multiple 
data sets, hence more 
relevant for model 
organisms, predict gene 
function not regulation 

 Usadel et al. 
( 2009 ) 

 Functional 
association 
networks 

 Genome-wide, cross species 
predictive ability 

 Extensive data sets still 
needed so more useful for 
model organisms, predict 
gene function not 
regulation 

 Lee et al. 
( 2011 ) 

 Static regulatory 
network 
model – using 
mutant data 

 Can predict regulatory 
interactions, can generate a 
useful network from a limited 
data set, network nodes do 
not need to be 
transcriptionally regulated 

 Data sets available limit 
network size, interactions 
are undirected, network 
does not predict causal 
regulatory relationships 

 Sato et al. 
( 2010 ) 

 Static regulatory 
network 
model – using 
extensive 
genome-wide data 
sets 

 Genome-wide, predicts 
regulatory relationships 

 Requires extensive data 
sets so only appropriate 
for model organisms 

 Carrera et al. 
( 2009 ) 

 Dynamic 
regulatory 
network 
models – 
constrained by 
literature 
information 

 Predicts regulatory 
interactions, can simulate 
networks to predict effects of 
perturbations (e.g. gene 
knockouts) 

 Can only include known 
network components 

 Naseem et al. 
( 2012 ) 

 Dynamic 
regulatory 
network 
models – inferred 
from data 

 Predicts regulatory 
interactions, can simulate 
networks to predict effects of 
perturbations (e.g. gene 
knockouts), can be inferred 
from a single data set, can 
include novel network 
components 

 Genome-wide networks 
computationally 
expensive, requires 
high-resolution time 
series expression data 

 Windram 
et al. ( 2012 ) 
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dict the effects of manipulating combinations of key genes from these networks. 
The ability to accurately predict the effect of genetic perturbations (i.e. phenotypic 
predictions from genotype) is crucial, and requires regulatory models. Sato et al. 
( 2010 ) built a regulatory network using static (i.e. single time point) expression data 
from mutants lacking specifi c defence regulatory genes. They used 22 different 
Arabidopsis mutants and built a network based on the similarity of expression 
changes in those mutants (compared to wildtype) following infection with a bacte-
rial pathogen,  P. syringae  pv  tomato  DC3000. Nodes (representing the genes 
mutated in each line) are connected in the network if they are predicted to regulate 
similar sets of genes. 

 In this aspect, although the network is not predicting a causal regulation between 
nodes, it is indicating a type of regulatory interaction not just co-expression. This 
type of network analysis limits the network to the nodes used in expression profi l-
ing, i.e. 22 genes in this case, but generates a regulatory framework from a relatively 
limited data set. Furthermore, an attraction of this approach is that the nodes them-
selves do not need to be transcriptionally regulated. The network topology relies on 
transcriptional changes downstream of these nodes, but the nodes themselves can be 
regulated in a post-transcriptional manner. Extending network models beyond tran-
scriptional regulation will be crucial in accurately portraying plant defence 
responses. The network produced by Sato et al. ( 2010 ) was able to predict all the 
experimentally validated interactions between the 22 defence components and high-
lighted the prevalence of negative regulatory relationships between different sectors 
of the network. 

 Another network building approach from static gene expression data was taken 
by Carrera et al. ( 2009 ), although this was not specifi c to defence. They used a wide 
range of publicly available expression data from numerous treatments, tissue types 
and mutant genotypes to infer regulatory relationships between Arabidopsis tran-
scription factors. Co-expression of the transcription factors (with the algorithm cap-
turing both linear and non-linear relationships) was used to determine the overall 
network topology and subsequently the expression of a gene was then explained in 
terms of a weighted sum of expression of connecting genes (i.e. the upstream gene 
expression profi le that could best explain the profi le of the target gene would be 
given the most weight). The resulting network is genome-wide but required an 
extensive collection of public data. Interestingly, connectivity in this global network 
was increased in the subnetworks corresponding to biotic and abiotic stress, and 
genes in these subnetworks appeared to be regulated by a relatively small number of 
key regulators. One such regulator identifi ed by Carrera et al. ( 2009 ) was ERF1, a 
transcription factor known to affect susceptibility to  B. cinerea . 

 Ma et al. ( 2013 ) again used large public collections of expression data to infer a 
genome-wide co-expression network, but added to this using transcription factor bind-
ing motif information to build a regulatory network. This approach may be of more 
value as our knowledge of promoter motifs improves but currently we are only able to 
predict binding of a family of transcription factors to a motif, rather than an individual 
member of this family, and even that for only a handful of transcription factor families. 
Again this approach is only valid for model organisms where large collections of 
expression data and knowledge of transcription factor binding motifs exist. 
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 A dynamic regulatory model focused on hormone signaling during plant defence 
was published by Naseem et al. ( 2012 ). The authors initially made a Boolean net-
work from known literature interactions (Fig.  17.3 ). In Boolean networks the 
expression of a gene is usually classed as on or off and interactions are described 
using logic terms such as “AND” or “OR”, i.e. where two genes were needed to 
activate a third, this would be an “AND” relationship. If either of the two genes 
could activate expression of the third, this would be an “OR” connection. The 
Boolean network included metabolic pathways of hormone synthesis and catabo-
lism, as well as signaling pathways and the action of pathogen effectors, hence 
making an attempt to integrate components in both pathogen and host. Different 
levels of regulation are included such as levels of hormones, protein activity and 
gene expression. Converting this Boolean network into a dynamic network enabled 
the authors to simulate fl ux through the network after perturbing specifi c compo-

  Fig. 17.3     Topology of the Boolean Network for hormone signaling during defence against  
 Pseudomonas syringae pv tomato   (Pst) . Connectivity between nodes is based either on activation 
(→) or inhibition (─┤). Node designation:  blue , enzymes of hormone biosynthesis and degrada-
tion;  yellow , active hormone molecules;  green , host regulatory factors;  red , Pst-originated patho-
genicity factors responsible for triggering immunity in Arabidopsis;  pink , PR-1, marker node for 
immunity against the infection of Pst in Arabidopsis. This network was derived from experimental 
evidence in the literature, converted into a dynamic network and used to simulate the effect on 
resistance of perturbations in specifi c network components (Reprinted with permission from 
Naseem et al.  2012 )       
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nents (for example, presence or absence of a particular hormone and full or partial 
activation of a network component).

   This  in silico  analysis made multiple predictions, one example being on the 
interaction of cytokinin with other defence hormones. Previous work had suggested 
both positive and negative impacts of cytokinin on SA signaling; this model pre-
dicted the interaction was positive and occurred downstream of SA synthesis. The 
advantages of this network modelling strategy are that specifi c predictions can be 
made for experimental testing, and the modeling includes different layers of regula-
tion. However, it is only able to predict relationships and interactions between 
known components of plant immunity. 

 The approaches described above focus on transcriptional regulation of gene 
expression, however many post-transcriptional events are also involved. One way of 
investigating these events is via protein-protein interaction mapping and/or (post- 
translational modifi cation) proteome analyses, but these are time-consuming pro-
cesses that are not feasible in every organism. Hence a major challenge in systems 
biology is inference of protein-protein interactions and understanding the dynamic 
regulation of the proteome under different conditions. Prediction of protein-protein 
interactions often relies on the assumption that interacting protein domains are con-
served across species. Using this assumption and experimental data from a range of 
model organisms, protein-protein interaction networks have been predicted for 
three plant species, Brassica, rice and Arabidopsis (Geisler-Lee et al.  2007 ; Zhu 
et al.  2011a ; Yang et al.  2012 ). Although not focused on immunity, such genome- 
scale networks can be used to identify potential defence related interactions. A 
biotic stress network has been generated in rice by probing a Y2H cDNA library 
with known components of the defence response (Seo et al.  2011 ). Proteins with a 
large number of interactions were selected and several were shown to infl uence 
resistance to  Xanthomonas oryzae . 

 Ultimately we will require models that can incorporate multiple levels of regula-
tion (and events in both host and pathogen, see below). While we are still a long way 
from such networks, the modelling approaches discussed above will make valuable 
contributions to our understanding of the host defence response, how it is regulated 
and predictions on how to re-wire the network for enhanced resistance.  

17.4     Integrating Pathogen and Host Responses and Future 
Prospects 

  Botytis cinerea  like many other pathogens utilizes a number of virulence strategies 
to suppress host defence and enhance its pathogenicity (Chap.   12    ). The fungus pro-
duces phytotoxins and elicitors that act to promote cell death thereby enhancing 
disease (Van Kan  2006 ). Some isolates of the fungus can also produce ABA (Chap. 
  15    ) suggesting that the pathogen might employ antagonistic hormone signaling 
techniques to further its infection (Siewers et al.  2006 ). High-resolution 
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transcriptome analysis of Arabidopsis during  B. cinerea  infection highlighted some 
unexpected transcriptional responses, for example genes such as TGA3 with a posi-
tive role in defence were downregulated during infection (Windram et al.  2012 ). 
One hypothesis was that the pathogen may infl uence host transcription. A more 
recent study provides additional evidence for this hypothesis. Weiberg et al. ( 2013 ) 
discovered a fascinating virulence capacity within  B. cinerea . The fungus is capable 
of producing small interfering RNAs that can target and silence a number of host 
defence genes. siRNA targets included  MPK1 ,  MPK2  and a  wall associated kinase , 
with knockout analysis showing these genes played a positive role in defence against 
 B. cinerea  despite being downregulated during infection. This points to a complex 
intricate relationship between the pathogen and its host, and development of an 
accurate and comprehensive representation of plant defence will therefore require 
the incorporation of both pathogen and host data into a unifi ed network model. 

 As mentioned above integration of pathogen growth data with host high resolution 
temporal transcriptome data can lead to informative network representations high-
lighting components modulating host defence (Windram et al.  2012 ). A natural devel-
opment of this approach will be incorporation of pathogen transcriptome data. 
Modern transcriptome quantifi cation methods such as RNA-seq can be used to profi le 
both pathogen and host expression simultaneously. Furthermore with suffi cient tem-
poral resolution and utilizing conventional transcriptional modeling methods we can 
infer regulatory relationships between pathogen and host. Here again Bayesian meth-
ods are preferred for modeling of complex multi-dimensional regulation as these 
approaches can infer both direct and indirect interactions and take information not 
directly captured by transcriptome profi ling into account (Penfold and Wild  2011 ). 

  Botrytis cinerea  has an extremely broad host range (Chap.   20    ); transcriptome 
profi ling of the fungus on different hosts will help to uncover the commonalities in 
the infection strategy that makes the pathogen so successful, but will also help high-
light host responses limiting infection. We have used RNA-seq to profi le  B. cinerea  
gene expression during infection of Arabidopsis and tomato and seen that expres-
sion is highly correlated between the two different infections at early time points 
indicating a common infection strategy of the pathogen (unpublished data). This 
type of approach was used by Weiberg et al. ( 2013 ) to identify crucial small RNAs 
produced by  B. cinerea  during infection. Maintaining a focus on fungal siRNA 
expression will help elucidate some of the direct host pathogen interactions but it is 
likely that a large number of other pathogen factors like proteins and small mole-
cules will also infl uence host defence. 

 A complementary strategy would be to use a similar approach to Sato and col-
leagues ( 2010 ) (outlined above) where regulatory interactions were inferred from 
single time point transcriptome data from knockout mutants of key defence regula-
tors. The elegant simplicity of the method could easily incorporate pathogen data. 
The genetic tractability of  B. cinerea  combined with availability of known defence 
mutants in Arabidopsis offers up a unique opportunity to provide a more nuanced 
understanding of host-pathogen interaction using this approach. The regulatory 
mutant approach of Sato et al. ( 2010 ) provides an undirected network, however, 
methods have been developed in other areas of network biology which could be 
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employed to establish directionality (Markowetz et al.  2007 ). Although extension of 
this method to include pathogen data is undoubtedly more challenging, combina-
tions of methods are likely to give a more complete picture overall. 

 Apart from direct transcriptome interaction  B. cinerea  and its host also interact 
using other cellular components. In particular, certain MAMPs like BcPGs can trig-
ger defence whilst a fungal xylanase can act to promote disease (Poinssot et al. 
 2003 ; Noda et al.  2010 ; Chap.   12    ). Recent developments in the fi eld of plant defence 
modelling and the wider fi eld of plant network biology, both in terms of techniques 
and reference data sets, present an opportunity to greatly enhance our understanding 
of host-pathogen protein-protein interaction. The AI-1 network is a binary protein- 
protein interaction network, elucidated using a yeast-2-hybrid approach consisting 
of ~6200 edges between ~2300 Arabidopsis proteins (Arabidopsis Interactome 
Mapping Consortium et al.  2011 ). An extension of this network was achieved using 
the same technology platform to elucidate interactions between the 8000 Arabidopsis 
proteins screened for AI-1 and an additional 552 proteins consisting of a mixture of 
host immune proteins as well as effectors from  P. syringae  and  H. arabidopsidis  
(Mukhtar et al.  2011 ). Analysis of the resulting network highlighted a suite of novel 
proteins targeted by pathogen effectors and not previously identifi ed as components 
of the defence response causing a major shift in how effectors were thought to func-
tion. However, effectors from the two distinct pathogens converged on a limited 
number of host targets and these targets tended to act as network hubs interacting 
with numerous other host proteins. This is in agreement with previous theoretical 
predictions that such hub proteins represent critical weak points in these networks 
(Albert et al.  2000 ). 

 It is likely that generating protein-protein interaction data for  B. cinerea  and host 
proteins would yield a wealth of knowledge that would vastly improve our under-
standing of the host-pathogen relationship. One caveat to this is selection of a pro-
tein subset for screening. Y2H approaches can yield useful information but 
exhaustive binary screening can be very resource- and time-intensive. Methods 
allowing establishment of a prioritization pipeline will vastly improve discovery of 
relevant interactions. In the AI-1 network interacting proteins were found to be 
much more highly co-expressed compared to random control samples (Arabidopsis 
Interactome Mapping Consortium et al.  2011 ) suggesting that existing transcrip-
tome data could help prioritization. Additionally the  B. cinerea  genome is predicted 
to contain several hundred secreted proteins, several of which are differentially 
regulated within the fi rst few hours of perception of a potential host (Espino et al. 
 2010 ; Leroch et al.  2013 ) suggesting a number of pathogen components for future 
host-pathogen protein-protein interaction studies. 

 Crucially computational methods have been developed to predict protein-protein 
interactions and one of the most exciting developments for plant immunity was the 
attempt to predict a cross-species interactome between a plant host and pathogen. A 
network was created containing over 3,000 interactions between ~1,400 Arabidopsis 
proteins and 119 proteins from  Ralstonia solanacearum  giving insight into potential 
points of interaction and hence manipulation (Li et al.  2011 ). Although these pre-
dictions were not experimentally validated the resulting network shared similar 
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properties to the experimentally derived host-pathogen protein-protein interaction 
network of Mukhtar et al. ( 2011 ). In particular, pathogen effectors targeted host hub 
proteins suggesting that this in silico modeling approach might be a useful method 
to facilitate node selection for future experimental validation. Combining these 
types of networks with transcriptome models will provide a much more comprehen-
sive understanding of the pathosystem helping highlight critical points within the 
network as foci for external intervention in the development of effective pest man-
agement strategies.  

17.5     Translating Between Pathogens and from Model 
Organism to Crop Plants 

 As  B. cinerea  can infect a wide range of plants the true power of systems biology 
approaches will be realized by their application to crop plants. There are two basic 
strategies in translating systems biology to crops; (i) translating the networks identi-
fi ed in model organisms or (ii) translating the methodologies. The fi rst approach 
requires network topologies to be conserved (or similar) between different plant 
species and the ability to determine true orthologues of genes in the networks. 
Predicting precise orthologues of genes between species is not always straight- 
forward. Many crop plants are polyploid so there may be multiple genes with the 
same function, or one function may be split across several paralogues. Approaches 
such as synteny (the conservation of gene order along a chromosome), gene cluster-
ing (Field and Osbourn  2008 ) and conservation of regulatory elements within pro-
moter sequences (Baxter et al.  2012 ) can help identify true functional orthologues; 
fi nding true orthologues with the same regulatory function is likely to still be a 
challenge. Clearly expression data could help identify true orthologues but depend-
ing on the species, and the availability of a high-quality reference genome, expres-
sion data may not be able to distinguish between alleles. 

 Currently it is diffi cult to predict how conserved regulatory networks are across 
species. Individual defence response components have been shown to be conserved 
and, for example, TFs from one plant can perform a similar function in another 
(Lyons et al.  2013 ), but whether the regulatory networks are conserved is not known. 
Cultivated brassicas represent the crop family most closely related to Arabidopsis 
yet we have little information on how complex regulatory relationships are con-
served between Arabidopsis and other brassicas. A protein-protein interactome in 
 Brassica rapa  has been predicted from Arabidopsis data but it has yet to be experi-
mentally verifi ed (Yang et al.  2012 ). Functional association networks incorporating 
multiple data types from multiple species have been shown to be able to predict 
gene function and identify novel components of a biological process (Lee et al. 
 2010 ,  2011 ). The ability to share information across species improves the predictive 
ability of these networks, but it still requires fairly extensive data sets from the 
organism in question. Furthermore these networks are useful for gene discovery but 
do not help elucidate the regulation of a process. 
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 If it is not feasible to translate network models across species, the alternative is 
to translate the methodology from Arabidopsis into crop plants. The feasibility of 
translating systems biology methodologies into crop plants depends on the tech-
nique in question. Approaches relying on large-scale publicly available data (see 
Table  17.1 ) are not feasible for most crops. However, an attraction of the network 
inference used by Windram et al. ( 2012 ) is that prediction of gene function and 
regulatory interaction can be made from a single time series data set. This can be 
supplemented with information from other related species using algorithms such as 
hierarchical Causal Structure Inference (Penfold et al.  2012 ). In this algorithm, tran-
scriptome time series data from two different species can be used to jointly infer 
regulatory networks (Fig.  17.4 ). Information common to the two species will be 
shared via a hyperparent network to strengthen these interactions. Species-specifi c 
network predictions can override the hyperparent network or add to it. In this con-
text, the hyperparent network resembles an ancestral network with additional con-
nections or altered network connections arising in each species. This shared 
information approach can also be used across different pathogen infections within a 
single species. In this case, the hyperparent network represents the common defence 
response, which is decorated with interactions specifi c to each infection. The advan-

  Fig. 17.4     Regulatory networks can be jointly learnt across species . In this example, the net-
work mediating the transcriptional response to  B. cinerea  infection in Arabidopsis ( a ) and the 
network underlying the lettuce response to  B. cinerea  infection ( b ) are jointly inferred from tran-
scriptome data in each species. This joint inference uses information common between the two 
species ( c , the hyperparent network) to strengthen these interactions. Species-specifi c interactions 
can override the hyperparent network or supplement it. Species-specifi c interactions and nodes are 
shown in  blue        
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tage of jointly learning networks in this manner, is that shared information is used to 
strengthen these network predictions and differences between networks (either 
between species or pathogens) can be easily identifi ed. This approach has been used 
in modelling abiotic stress regulatory networks and predicted a transcriptional switch 
point in the regulation of responses to cold and osmotic shock (Penfold et al.  2012 ).

   Perhaps the critical limiting factors in using systems biology approaches in crop 
plants are experimental factors. These include the experimental testing required to 
validate networks. For many crop plants, it is not simple or quick to generate trans-
genic lines in which specifi c genes are knocked out or overexpressed. This may be 
because of a lack of appropriate transformation methodology, the diffi culties of 
specifi cally silencing a gene with closely related paralogues, or simply the time 
taken to complete a single generation. The combination of systems biology 
approaches with more traditional quantitative genetics may be one solution. For 
example, network modelling can predict key genes regulating the host defence 
response. Integrating this information with phenotypic (i.e. resistance) quantitative 
trait loci (QTL) identifi ed from mapping populations may facilitate identifi cation of 
the gene(s) underlying the QTL, and speed up the use of these traits in breeding 
programmes.  

17.6     Conclusion 

 Network modelling and systems approaches can make a distinctive and valuable 
contribution to understanding plant-pathogen interactions and key control points 
determining the infection outcome. The control of plant defence responses is com-
plex, involving multiple types and number of interacting components and multiple 
types of regulatory interaction between components. Modelling these interactions 
and their ultimate effect on plant immunity is not an easy task but is vital to our 
ability to fully understand and predict the outcome of a plant pathogen infection. 
Much of our work to date has been to perturb a single component of the defence 
network and monitor the effect on disease resistance phenotype and defence pro-
cesses. When dealing with a regulatory network with multiple interactions between 
host components, let alone pathogen components, the information provided by 
these approaches is limited. 

 There are several challenges for creating comprehensive, accurate and useful 
network models. Firstly, there are many gaps in our knowledge that will require 
high-throughput screening approaches to fi ll. These include elucidation of DNA 
sequence motifs bound by different TFs and protein-protein interactions between 
host proteins and between host and pathogen proteins. A computational challenge is 
the development of methods that allow integration of the numerous modeling tech-
niques and data types that capture regulatory information at multiple system levels 
such as the transcriptome, proteome and metabolome. Such a holistic model will 
undoubtedly provide superior predictive capability, as well as signifi cant insight 
into the mechanisms of plant-pathogen interaction, whilst also revealing the optimal 
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means to control plant disease. Accurate network models will enable large numbers 
of in silico experiments to be performed to identify perturbations of the network that 
enhanced disease resistance. Such perturbations could be used to manipulate the 
outcome of pathogen infection and engineer crops with increased disease resis-
tance. Furthermore identifying the key interaction points between host and patho-
gen will drive additional strategies for enhancing resistance. 

 Another important hurdle to be overcome is the problem of benefi cial perturba-
tions of the defence network having unwanted deleterious effects on other plant 
processes. The most useful network models will therefore capture such broader 
interactions and enable these effects to be incorporated into any phenotypic predic-
tions. The analysis of defence regulatory networks in species other than Arabidopsis, 
facilitated by the wealth of genome and transcriptome data being generated, will 
help understand the level of conservation between host defence responses and regu-
latory networks and to what extent information can be translated across crop plants. 
There are several challenges associated with generating network models in crop 
plants, both experimental and computational. It is vital that we work to overcome 
these to realize the potential impact systems biology techniques can have on breed-
ing of crops with benefi cial traits.     
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    Chapter 18   
 Hitting the Wall: Plant Cell Walls During 
 Botrytis cinerea  Infections                     

       Barbara     Blanco-Ulate    ,     John     M.     Labavitch    ,     Estefania     Vincenti    , 
    Ann     L.  T.     Powell    , and     Dario     Cantu    

    Abstract     The cell wall is among the fi rst structures that  Botrytis cinerea  encounters 
when colonizing plant tissues. From the perspective of  B. cinerea  as an infecting 
pathogen, host cell walls are potential sources of nutrients, but intact walls are also 
barriers that limit advancement of growing fungal hyphae beyond the initial sites of 
penetration. Plant cell walls are polysaccharide-rich extracellular matrices that sur-
round individual cells. The architecture and composition of cell walls vary among 
plant species and organs. The shapes and attributes of organs are determined by the 
arrangements of the macromolecules that compose cell walls. Walls are synthe-
sized, remodeled and disassembled as cells divide, differentiate, expand, and expire. 
Metabolic, developmental and external events, including infections by pathogens, 
alter the properties and components of plant cell walls. This chapter focuses on the 
cell walls of host plant tissues during infections by  B. cinerea . The expression and 
the polysaccharide targets of  B. cinerea  and plant genes predicted to encode proteins 
that could modify plant cell walls as a consequence of infection are described. The 
impacts of these proteins on the properties of walls are discussed, noting potential 
alterations to extracellular anti-pathogen and pathogen-related defence proteins 
associated with the wall matrix.  
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18.1       Introduction 

  Botrytis cinerea  can enter host plant tissues deliberately by breaching the cuticle 
using enzymes and physical means, but stomata or incidental surface breaks provide 
options for the fungus to enter its hosts opportunistically (reviewed in Van Kan 
 2006 ; Chap.   12    ). Regardless of the penetration strategy that  B. cinerea  uses, the cell 
wall matrix is among the fi rst plant structures encountered by the pathogen. 

 Plant cell walls are potentially rich sources of nutrients for the pathogen but 
walls are also barriers that can limit expansion of the fungus into and through host 
tissues.  B. cinerea ’s access to the more diverse and readily metabolized nutrient 
compounds in the cellular cytoplasmic compartments can be thwarted by the host 
cell wall. Host cell walls that are recalcitrant to disassembly or walls that support 
appropriate anti-pathogen responses, limit growth of  B. cinerea  beyond the initial 
sites of infection (Cantu et al.  2008a ). Therefore, it is not surprising that the break-
down of polysaccharide linkages within the plant cell wall is a prominent feature of 
the initial contact between the growing fungal hyphae and host cells. Digestion of 
host cell walls continues throughout infection, resulting in cell death and the exten-
sive maceration of the host tissues, which are hallmarks of diseases caused by 
 B. cinerea . 

 While it is clear that plant cell walls can contribute to resistance as well as sus-
ceptibility, the complexity of the architecture and composition of walls explains 
why confrontations between  B. cinerea  and plant hosts are diverse, dynamic and 
interactive. Determining which cell wall polysaccharides are important targets for 
disassembly by  B. cinerea  and the mechanisms it uses to advance within plant tis-
sues, might lead to the development of resistant fruit and ornamental crops, and 
guide strategies for effi cient disease management.  

18.2     The Plant Cell Wall 

 The structures of plant cell walls have been extensively reviewed (Harris and Stone 
 2009 ; Voragen et al.  2009 ; Burton et al.  2010 ; Scheller and Ulvskov  2010 ; Keegstra 
 2010 ; Cosgrove and Jarvis  2012 ). Primary cell walls are composed of polysaccha-
rides, structural proteins and ions. Secondary cell walls have additional simple and 
polymerized phenylpropanoids that contribute to their rigidity, and the proportions 
of the major polysaccharides in secondary walls differ from those in primary cell 
walls. The heterogeneity of the walls of different cell types from diverse plant spe-
cies makes it challenging to describe a general structure for all plant cell walls. 
Nevertheless, models based on comprehensive analyses of structural and composi-
tional properties of leaf and fruit cell walls provide an excellent starting point to 
study the characteristics of the host tissues that  B. cinerea  encounters (Keegstra 
et al.  1973 ; Carpita and Gibeaut  1993 ; McQueen-Mason and Cosgrove  1995 ; 
Scheller and Ulvskov  2010 ; Hayashi and Kaida  2011 ; Park and Cosgrove  2012 ). 
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 The most accepted model of the primary cell wall structure corresponds to the 
tethered-network model, which includes two “co-extensive” polysaccharide net-
works. These networks are (1) cellulose microfi brils cross-linked to one another via 
hemicelluloses (also called cross-linking glycans), embedded within (2) simple and 
branched pectin polysaccharides (Carpita and Gibeaut  1993 ; Cosgrove  2001 ; 
Hayashi and Kaida  2011 ). The overall strength and rigidity of the plant cell wall 
depends on the integrity of the hemicellulose-cellulose microfi bril network (Harris 
and Stone  2009 ). The pectin network infl uences the wall’s porosity and provides 
structural coherence (Ishii et al.  2001 ). The proportions of cellulose, hemicelluloses 
and pectins change during development and vary depending on the plant tissue and 
species. Figure  18.1  illustrates the most common features of primary plant cell walls.

  Fig. 18.1    Schematic model of the primary cell wall structure of a dicot plant based on the tethered- 
network model. The primary cell wall (1° CW) is composed mainly of cellulose, hemicelluloses, 
pectins and structural proteins. Cellulose microfi brils are represented as slate-gray rods, while 
hemicelluloses (i.e., xyloglucans and xylans) are the cyan-colored connectors that join the cellu-
lose microfi brils together. The middle lamella is a pectin-rich matrix between two adjoining cells. 
Two major classes of pectin backbones are illustrated: homogalaturonan backbones are  dark-red 
lines , and rhamnogalacturonan-I (RG-I) backbones are  gray lines . Three types of RG-I side- 
branches are shown: branched arabinan ( pink lines ), linear galactan ( orange lines ) and branched, 
“type-I”- arabinogalactan ( brown lines ). Cell wall structural proteins (e.g., glycoproteins and 
extensins) are depicted as  purple  and  green circles . Other proteins associated with the wall (e.g., 
PR-proteins) are shown as  orange ovals . Trans-membrane wall-associated and receptor-like kinase 
proteins (WAKs and RLKs, respectively), which have parts that are in the plasma membrane (PM) 
and extensions into the cell wall, are depicted as blue ovals and cylinders       
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   Cellulose is composed of identical, long, unbranched glucans that are tightly 
bound together in microfi brils by multiple hydrogen (H)-bonds. Cellulose microfi -
brils are rigid and are the major strength-conferring elements of walls (Table  18.1 ; 
Harris and Stone  2009 ). Hemicellulose polysaccharides are H-bonded to the surface 
of the cellulose microfi brils; they maintain the cellulose fi brils in fi xed positions 
relative to one another. Two major types of hemicellulosic polymers are found in the 
primary cell walls of angiosperm plants: xyloglucans (XyGs) are found in dicots, 
while xylans are mostly detected in monocots and in the secondary cell walls of 
dicots (Table  18.1 ). The synthesis and disassembly of hemicelluloses is critical for 
plant cell growth and expansion (McNeil et al.  1984 ; Scheller and Ulvskov  2010 ). 
Other hemicelluloses, such as mannans (i.e., linear mannans, galactomannans, and 
galactoglucomannans) are important energy stores for seeds, but can be found in the 
cell walls of other plant tissues (Table  18.1 ; Scheller and Ulvskov  2010 ; Albersheim 
et al.  2010 ).

   The pectin polymers in plant cell walls are complex and diverse macromolecules 
that may contain as many as 17 different monosaccharide constituents joined by 
more than 20 different linkages (Voragen et al.  2009 ). Besides their roles in deter-
mining the porosity of the wall, pectins infl uence a variety of physiological and 
cellular processes including growth and expansion of cells and cell-to-cell adhesion. 
Pectins infl uence or are integral components of signaling, pH and ion balances in 
the apoplast, seed imbibition, leaf abscission, fruit softening and responses to patho-
gens (Ridley et al.  2001 ; Mohnen  2008 ). The major pectins are homogalacturonan 
(HG), rhamnogalacturonan (RG-I and RG-II; Table  18.1 ) and are present in the 
walls of dicots and non-graminaceous monocots. Pectins are particularly abundant 
in the middle lamella and at the corners of cells (Mohnen  2008 ). The cell walls of 
graminaceous monocots, such as cereals, have fewer pectins than dicot cell walls, 
and the complexity of these pectins is reduced (Jarvis et al.  1988 ). In general,  B. 
cinerea  is not an important pathogen of cereals, and it remains unclear whether the 
reduced pectin in cereal walls is one of the reasons why  B. cinerea  growth is not 
supported. Other monocots, such as onions, are infected by  B. allii ,  B. aclada ,  B. 
byssoidea , and  B. squamosa  and tulips are infected by  B. tulipae  and  B. gesneriana , 
but the role of the host tissue cell wall composition is not known. Lilies, another 
monocot, can be infected similarly by  B. cinerea  and  B. elliptica  (Hsieh et al.  2001 ). 

 Structural proteins, such as glycoproteins, contribute to the establishment and 
maintenance of the structural features of plant cell walls (Rose and Lee  2010 , Fig. 
 18.1 ), although the details of their associations with the components of the wall and 
the ways they accomplish their structural roles are not well understood. Glycoproteins 
have been associated with wall strength, assembly of cell wall polysaccharides, 
regulation of cell growth, and responses to biotic and abiotic stresses (Showalter 
 1993 ; Nguema-Ona et al.  2013a ). The major groups of these proteins are identifi ed 
based on their amino acid contents; for example, glycine- and proline-rich proteins, 
hydroxyproline-rich glycoproteins (HRGPs), and arabinogalactan proteins (AGPs; 
Cassab  1998 ; Jamet et al.  2006 ). Characterizations of the chemical compositions 
and associations between constituents of cell walls are the primary approaches used 
to study how  B. cinerea  sequentially digests the wall polysaccharides of its hosts to 
successfully invade tissues.  
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18.3     Decomposition of Plant Cell Walls by  B. cinerea  

  Botrytis cinerea  produces and secretes proteins and enzymes, which modify host 
cell walls, in order to overcome the physical constraints imposed by the wall and to 
release sugars to sustain its own energy needs (Chaps.   12     and   16    ). The enzymatic 
cleavage of relatively few linkages between cell wall polysaccharides, which are 
important for maintaining the integrity of the polysaccharide networks, might facili-
tate the intercellular expansion of hyphae and, thus, enhance the pathogen’s ability 
to access cellular resources. On the other hand, use of the wall’s sugar constituents 
for energy might require the complete breakdown of a variety of polysaccharides 
into monosaccharides. Here we provide details about the proteins and enzymes that 
 B. cinerea  expresses when infecting various host tissues. 

18.3.1      Botrytis cinerea  CAZy Proteins 

 The diverse group of enzymes and proteins that affect cell walls are usually referred 
to as cell wall modifying proteins. The CAZy ( C arbohydrate- A ctive en Zy mes; 
  http://www.cazy.org    ) database “describes the families of structurally-related cata-
lytic and carbohydrate-binding modules (or functional domains) of enzymes that 
degrade, modify, or create glycosidic bonds” (Cantarel et al.  2009 ). Therefore, 
CAZy proteins are associated with modifi cations and breakdown of cell wall 
polysaccharides. 

 Among the approximately 16,000 genes in the genome of  B. cinerea  (strain 
B05.10; according to Amselem et al.  2011 ), 1,155 are predicted to encode CAZy 
proteins, and 275 of these have secretion signal peptide sequences that suggest that 
they function in the apoplast (Blanco-Ulate et al.  2014 ). Most of these putative 
secreted  B. cinerea  CAZy proteins (49 %) are glycoside hydrolases (GHs) and the 
most abundant GH subfamily is GH28, which includes polygalacturonases (PGs) 
that target pectins in plant cell walls (14 % of all GHs). The next most abundant 
CAZy family (23 %) is the carbohydrate-binding proteins (CBMs). Carbohydrate 
esterases (CEs, 17 %), glycolsyltransferases (GTs, 8 %) and polysaccharide lyases 
(PLs, 3 %) are less abundant (Blanco-Ulate et al.  2014 ). The potentially secreted 
proteins encoded by 88 of these CAZy genes have been detected in  B. cinerea - 
infected tomato fruit and/or  B. cinerea  grown in culture (Shah et al.  2009a ,  b ,  2012 ; 
Espino et al.  2010 ; Fernández-Acero et al.  2010 ; Li et al.  2012 ). The activities and 
potential roles of most of these enzymes during  B. cinerea -plant interactions have 
not been confi rmed. 

 A core set of 229 CAZy genes encoding proteins with secretion signals was 
detected in  B. cinerea -infected lettuce leaves, ripe tomato fruit and ripe grape berries 
(Blanco-Ulate et al.  2014 ). Nine PGs and eight pectin/pectate lyases (PLs/PELs) are 
in this core set and are the most abundantly expressed genes in all hosts evaluated. 
Because  B. cinerea  is a generalist pathogen with a broad host-range, these proteins 
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are likely to be the primary enzymatic machinery utilized by the fungus as it 
penetrates and invades diverse host tissues. Other cell wall modifying proteins 
might be produced only in specifi c conditions. These proteins might provide adapta-
tions for diverse host tissues and enable different stages of infection, such as, during 
penetration or during active fungal growth (Blanco-Ulate et al.  2014 ). 

 Although CAZy proteins secreted by  B. cinerea  are expected to target plant cell 
wall substrates, they could also remodel the fungal cell wall as the pathogen grows 
and develops, or they may degrade host cellular contents, including starch and gly-
cosylated compounds (e.g., glycosylated proteins or secondary metabolites) (Faure 
 2002 ; Klis et al.  2010 ; Sha et al.  2009b ). CAZy proteins could act on more than one 
polysaccharide substrate. The conditions in infected tissues and/or the availability 
of substrates may alter the kinetics and substrate preferences of their activities 
(Eklöf and Brumer  2010 ). Identifying common  B. cinerea  CAZy proteins or fami-
lies expressed during infections of different host tissues predicts plant cell wall 
polysaccharides that are inevitable targets in multiple host tissues. Determining 
which CAZy genes are uniquely expressed on particular hosts reveals that  B. cine-
rea  makes adjustments to its virulence strategies in order to adapt to conditions in 
each host.  

18.3.2     Cell Wall Polysaccharide Targets 
of  B. cinerea  CAZy Proteins 

18.3.2.1     Pectins 

 Pectin breakdown during  B. cinerea  infections may increase the cell wall porosity 
and may facilitate the degradation of other classes of wall polysaccharides by 
enhancing access of other fungal enzymes to their substrates. Growth of  B. cinerea  
may be enabled by its metabolism of sugars released from hydrolyzed pectins 
(Zhang et al.  2013 ). Pectins appear to be the main cell wall targets during  B. cinerea  
infections, regardless of the host tissue or species (Blanco-Ulate et al.  2014 ). 
Enzymes that target pectin backbones include, PGs and rhamnogalacturonases 
(RGaes; GH28) and pectin/pectate lyases (PL/PELs; PL1 and PL3). Pectin methy-
lesterases (PMEs; CE8) and rhamnogalacturonan esterases (CE12) might cooperate 
in the effective degradation of pectin backbones (Zhang and Van Kan  2013 ). 

 Polygalacturonases hydrolyze the backbone of homogalacturonan (HG; Table 
 18.1 ). Exo-PGs remove one D-galacturonic acid monomer at a time from the non- 
reducing ends of HG; endo-PGs can hydrolyze the polymer at internal sites and 
release oligogalacturonides or pectin-derived oligomers (PDOs) (Jayani et al.  2005 ). 
Of the 11 secreted PGs predicted in the  B. cinerea  genome, at least 5 are likely exo- 
PGs and 6 are endo-PGs (Blanco-Ulate et al.  2014 ). Most of the endo-PGs (i.e., 
PG1-6) have been extensively characterized (Wubben et al.  2000 ; Reignault et al. 
 2000 ; ten Have et al.  2001 ; Kars et al.  2005a ).  B. cinerea  produces particular 
endo- PGs depending on the conditions in the host and the stage of infection 
(Wubben et al.  2000 ; Reignault et al.  2000 ; ten Have et al.  2001 ; Kars et al.  2005a ; 
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Blanco- Ulate et al.  2014 ). PG1 is constitutively expressed, PG3 is preferentially 
produced in acidic conditions, PG4 and PG6 are induced by monomers of galact-
uronic acid, and PG4 is inhibited by glucose (Kars et al.  2005a ; Zhang and Van Kan 
 2013 ). Kars et al. ( 2005a ) determined that these PGs have specifi c substrate prefer-
ences and produce distinct pectin-degradation product profi les. For example, PG1, 
PG2 and PG4 are more effective in the depolymerization of demethylesterifi ed HGs. 

 The endo-PGs expressed during  B. cinerea  infections have been investigated by 
characterizing the virulence of single-gene knockout mutants (i.e.,  Δpg1 - 6 ) and a 
double knockout mutant,  Δpg1Δpg2 . The PGs appear to have redundant functions 
because none of the mutants in single genes result in the total loss of  B. cinerea  viru-
lence. The  Δpg1  mutant is less virulent on leaves of tomato, broad bean, tobacco 
and Arabidopsis, as well as on apple fruit and unripe tomato fruit (ten Have et al. 
 1998 ; Zhang and Van Kan  2013 ; Blanco-Ulate et al. pers. obs.), supporting the con-
clusion that it has a major role during plant infections (ten Have et al.  1998 ,  2001 ; 
Kars et al.  2005a ). The virulence of the  Δpg2  mutant is reduced in infections of 
tomato and broad bean leaves and unripe tomato fruit (Kars et al.  2005a ; Blanco- 
Ulate et al. pers. obs.), but not on tobacco or Arabidopsis leaves (Zhang and Van 
Kan  2013 ). Both PG1 and PG2 are required for  B. cinerea  infections in certain plant 
tissues, as the double mutant  Δpg1Δpg2  is avirulent in unripe tomato fruit, and the 
other PGs do not seem to complement the missing endo-PG activity (Blanco-Ulate 
and Dario Cantu, pers. obs.). The single mutants  Δpg3 ,  Δpg4 ,  Δpg5  and  Δpg6  are as 
virulent as the wild-type strain in leaves of different plant hosts (Joubert et al.  2007 ; 
Zhang and Van Kan  2013 ), but their ability to cause disease in other plant organs 
(e.g., stems or fruit) has not been investigated. 

 Analyses of knockout mutants in putative exo-PGs might provide further infor-
mation on the cooperative roles of different PGs. In infected bean leaves,  B. cinerea  
exo-PG activity increases early in infection, but endo-PGs increase only after host 
penetration has occurred (Kapat et al.  1998 ). The temporal deployment and syner-
gistic functions of exo- and endo-PGs has not been broadly analyzed on different 
host tissues. 

 PLs and PELs utilize a β-elimination mechanism rather than hydrolysis to 
degrade HGs. PLs act on HG backbones with high degrees of methylesterifi cation, 
while PELs are more effi cient on HGs with low levels of methylesterifi cation and 
are calcium-dependent (Jayani et al.  2005 ). Four genes encoding PLs and four 
encoding PELs are annotated in the  B. cinerea  genome. The expression of genes 
encoding putative PLs/PELs is not as high as that of PG genes (PL1/PL3 versus 
GH28), suggesting that PLs/PELs assist PGs rather than being the primary enzymes 
for the decomposition of HGs or that PME action (discussed below) reduces the 
need for enzymes that can digest a methylesterifi ed HG backbone. Mutants in  B. 
cinerea  PLs or PELs have not been developed, thus the impact of these enzymes on 
virulence is not known. 

 Methylation and acetylation of the HG backbones can impact the activity of 
 B. cinerea  endo-PGs and PELs (Kars et al.  2005a ). PMEs catalyze the specifi c 
demethylesterifi cation of HGs, releasing methanol and acidic HG. PMEs tend to act 
randomly on methylesterifi ed HG backbones, releasing protons that may favor the 
activity of particular endo-PGs (Micheli  2001 ). The  B. cinerea  genome encodes 
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three putative secreted PMEs. PME1 and PME2 have been described; they are con-
stitutively expressed and are stable in a wide range of pHs and temperatures 
(Reignault et al.  1994 ,  2000 ; Valette-Collet et al.  2003 ; Kars et al.  2005b ). No pectin 
acetylesterases have been identifi ed in the  B. cinerea  genome, although an RG-I 
acetylesterase has been noted (discussed below). 

  Botrytis cinerea  PME activity may not always be essential for virulence. 
Mutations in  PME1  and  PME2  did not affect  B. cinerea  virulence on tomato and 
grapevine leaves or pear and tomato fruit (Kars et al.  2005b ; Blanco-Ulate et al. 
pers. obs.), although PME1 seems to be necessary for successful infections of apple 
fruit (Valette-Collet et al.  2003 ). Kars et al. ( 2005b ) proposed that PME3 or other 
putative PMEs could compensate for the lack of PME activity in the  Δpme1Δpme2  
mutant or that PMEs are not necessary for endo-PG action  in planta . However, it is 
possible that  B. cinerea  relies on plant PMEs to demethylesterify the HG backbones 
to make them amenable for subsequent degradation (Raiola et al.  2011 ; Blanco- 
Ulate et al. pers. obs.). 

 The  B. cinerea  genome encodes six possible secreted rhamnogalacturonan 
hydrolases (RGases), which could cleave rhamnogalacturonan-I (RG-I; Table  18.1 ) 
pectin backbones (Blanco-Ulate et al.  2014 ). The galacturonic acids that make up 
the RG-I backbone can be methylated or acetylated. Deacetylation by rhamnogalac-
turonan acetylesterases (RGAEs) is essential for the subsequent action of RGases 
(Mølgaard et al.  2000 ). Only one RGAE is predicted in the  B. cinerea  genome and 
it appears to be relevant for plant cell wall degradation, as it is expressed in multiple 
hosts (Blanco-Ulate et al.  2014 ). Trimming of the side branches of the RG-I pectin 
backbone is an important pre-requisite for hydrolysis (Mutter et al.  1998 ). Although 
RG-I is a major part of the “hairy” (i.e., highly branched) regions of pectins in plant 
cell walls, it is not as abundant as pectins with HG-backbones, which could explain 
why expression of RGases and RGAEs is low compared to expression of genes 
encoding PGs and PLs/PELs. 

 The rhamnogalacturonan-II (RG-II, Table  18.1 ) pectins are complex and recalci-
trant to hydrolysis. RG-II is a major component of the lees in red wine (Vidal et al. 
 2000 ); presumably, it accumulates there because the diversity of sugars and glyco-
sidic linkages in its side-groups make its digestion a relatively expensive challenge 
for microbes. 

 The  B. cinerea  genome encodes other enzymes that could degrade the diverse 
side-branches of pectins. These enzymes could cut entire side-branches from the 
backbone, internally cleave side-branches or remove terminal residues (Zhang and 
Van Kan  2013 ). Among these putative genes are four α-arabinofuranosidases (GH 
GH51, GH54|CBM42 and GH62|CBM13), three β-galactosidases (GH2 and GH35) 
and two α-L-1,5-arabinanases (GH43 and GH93). 

 Ara1, an endo-α-L-1,5-arabinanase, cleaves linear arabinans present in RG-I, but 
is not able to cut branched arabinans (Nafi si et al.  2014 ). The  Δara1  knockout  B. 
cinerea  mutant is not capable of degrading 1,5-arabinan  in vitro  and displays a delay 
in secondary lesion formation when infecting Arabidopsis leaves. However, no dif-
ferences in virulence in comparison to the wild-type strain were observed when this 
mutant was introduced on tobacco or tomato leaves. Nafi si et al. ( 2014 ) concluded 
that the role of  ara1  depends on the plant host.  
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18.3.2.2     Hemicelluloses 

 Multiple hemicellulose-modifying enzymes are encoded in  B. cinerea ’s genome 
(Blanco-Ulate et al.  2014 ). Cleavage of hemicelluloses may loosen the cell wall by 
disrupting the hemicellulose-cellulose microfi bril network (Fig.  18.1 ). Relaxation 
of the wall network may facilitate access to targets by other enzymes of the patho-
gen. XyG backbones (Table  18.1 ) are hydrolyzed by endo-acting β-1,4-glucanases 
or β-glucosidases, which also cleave cellulose (Gilbert  2010 ). The  B. cinerea  
genome encodes one candidate XyG-specifi c β-glucanase (GH12) and six 
β-glucosidases (GH3; Blanco-Ulate et al.  2014 ). 

 XyG endo-transglycosylases/hydrolases (XTHs) cleave the XyG backbones of 
hemicelluloses using two mechanisms: (1) XyG endo-transglycosylase (XET) non- 
hydrolytically cleaves and re-ligates shortened XyG polymers, and (2) XyG endo- 
hydrolase (XEH) irreversibly hydrolyses the XyG backbone (Eklöf and Brumer 
 2010 ). Plant XETs participate in loosening of cell walls (Rose et al.  2002 ). The  B. 
cinerea  genome has six candidate XTHs (GH16), and two are expressed in diverse 
plant tissues (Blanco-Ulate et al.  2014 ). 

 Xylans and mannans are present in the primary and secondary walls of many  B. 
cinerea ’ s  hosts, but they tend to be less abundant than XyGs. Five β-xylanases 
(GH10, GH10|CBM1, GH11 and GH11|CBM1) and three β-xylosidases (GH43) 
are predicted in the  B. cinerea  genome (Blanco-Ulate et al.  2014 ). Expression of the 
 xyn11A  gene (GH11), encoding a putatively secreted endo-β-1,4-xylanase, is 
detected when  B. cinerea  infects lettuce leaves and ripe fruit (tomato and grape ber-
ries). The  Δxyn11a  mutant is less virulent in tomato leaves and table grape berries 
(Brito et al.  2006 ). However, the contribution of Xyn11A to virulence does not 
depend on its xylan-cleaving activity; it is related to the necrosis in the host caused 
by the xylanase protein itself (Noda et al.  2010 ). The involvement of other xyla-
nases in plant cell wall degradation or necrotizing activities has not been studied. 

 Some of the side-branches along the XyG and xylan backbones (Table  18.1 ) 
contribute to the overall strength of the hemicellulose-cellulose microfi bril network 
(Pauly et al.  2013 ). Removal of these groups might affect the hemicellulose cross- 
linking properties and favor the breakdown of the hemicellulose backbones. 
Enzymes that remove the side-branches in these polysaccharides, include 
β-xylosidases (GH31), α-L-fucosidases (GH95) and other enzymes that are equiva-
lent or similar to those acting on the side groups of pectins as previously described. 
Furthermore, because the strength of XyG binding to cellulose depends on the 
integrity of the XyG’s side chains modifi cations of these during pathogenesis can 
have an impact on wall porosity, hence enzyme access to other wall substrates.  

18.3.2.3     Cellulose 

  Botrytis cinerea  can degrade cellulose  in vitro  and  in vivo  (Verhoeff et al.  1983 ). 
Enzymes that might be involved in the degradation of cellulose are expressed by 
 B. cinerea  during infections (Blanco-Ulate et al.  2014 ); these include ten endo-β-1,4- 
glucanases (GH5, GH5|CBM1 and GH45), three cellobiohydrolases (GH6 and GH7), 
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and the six β-glucosidases (GH3). Espino et al. ( 2005 ), demonstrated that a mutant 
with a deletion in  cel5A , another endo-β-1,4-glucanase, is able to infect tomato 
leaves and gerbera petals. This gene is among the group of CAZy genes commonly 
expressed in lettuce leaves and fruit tissues. Evaluating the virulence of this mutant 
in other hosts may provide some information about the importance of this enzyme 
in  B. cinerea -lettuce or  B. cinerea -fruit interactions.  

18.3.2.4     Glycans Attached to Proteins 

 Four putative α-mannosidases, which could release mannose from complex high- 
mannose N-glycans attached to structural cell wall proteins, have been predicted in the 
 B. cinerea  genome (Blanco-Ulate et al.  2014 ). The activity of fungal α-mannosidases 
in the disassembly of plant cell walls requires further investigation.   

18.3.3     Vesicle Transport of Cell Wall Modifying Enzymes 

  Botrytis cinerea ’s secretion of cell wall modifying enzymes is required for viru-
lence. Without the essential exocytosis machinery,  B. cinerea  is not able to deliver 
cell wall modifying enzymes to targets in plant hosts and, therefore, would not be 
expected to advance with infections. The  sas1  gene encodes a Rab GTPase, which 
might be required for vesicle docking and fusion, and, thus, may play a central role 
in the secretory pathway. A knockout mutant in  sas1  displays suppressed hyphal 
growth, decreased sporulation and reduced virulence on tomato and apple fruit 
(Zhang et al.  2014 ). 

 The deletion of the  sas1  gene causes the accumulation of transport vesicles at the 
hyphal tip, a signifi cant reduction of extracellular proteins (e.g., glycoside hydro-
lases and proteases) and a decrease in PG and xylanase activity when  B. cinerea  is 
grown in culture. Because expression of genes encoding the main endo-PGs and a 
xylanase is unaffected in the  Δsas1  mutant, it is likely, that the secretion, not the 
synthesis, of these hydrolases and proteases is hampered in this mutant (Zhang et al. 
 2014 ).   

18.4      Botrytis cinerea  Infections Infl uence Cell Wall 
Modifi cations by Endogenous Plant Enzymes 
and Proteins 

  Botrytis cinerea  may time its infections to a particular developmental stage of the 
host, when the plant tissues or organs are more susceptible (e.g., as tissues senesce 
or fruit ripen), or, it may actively induce susceptibility in hosts. For example, 
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 B. cinerea ’s infections accelerate the ripening of unripe fruit and activate disassembly 
of the host cell wall polysaccharide matrix, as described in Chap.   19    .  B. cinerea- 
derived  molecules that induce or suppress the expression of cell wall modifying 
proteins by the plant host have not been defi nitively identifi ed but may include plant 
hormone analogues, small RNAs, protein effectors and/or pathogen- and damage- 
associated molecular patterns (PAMPs and DAMPs, respectively). 

18.4.1     Plant Cell Wall Degrading Enzymes and Proteins 

 The cellulose microfi brils of plant cell walls are targeted for degradation during 
development (e.g., fruit ripening, organ abscission) by the activity of endo-β-1,4- 
glucanases (EGs) (Minic and Jouanin  2006 ). Suppressed expression of two tomato 
EG genes,  SlCel1  and  SlCel2 , reduces the susceptibility of leaves and tomato fruit 
to  B. cinerea . The absence of EG activity may limit  B. cinerea  growth and promote 
the activation of defence responses. Enhanced callose deposition and expression of 
defence genes, such as  SlPR1  and  SlLoxD , were observed when  B. cinerea  infects 
fruit from the double EG-suppressed line (Flors et al.  2007 ; Finiti et al.  2013 ). 

 Mutations in  AtKOR1 , a membrane-bound EG in Arabidopsis, correlate with 
improved resistance to  B. cinerea i nfections.  Atkor1 - 1  mutant plants deposit high 
levels of callose in response to pathogens. However, the accumulation of callose in 
the  Atkor - 1  mutants may impact signaling networks and hormone homeostasis. 
High levels of abscisic acid (ABA) and jasmonic acid (JA) were detected in infected 
 Atkor1 - 1  plants (Finiti et al.  2013 ). ABA and JA have roles in plant susceptibility or 
resistance to  B. cinerea  (reviewed in Chap.   19    ). 

 Expansins are extracellular plant proteins involved in the loosening of the 
hemicellulose- cellulose microfi bril network during cell expansion (i.e., the acid- 
growth response) and during ripening (i.e., softening). Host plant expansins might 
facilitate access of  B. cinerea ’ s  cell wall modifying enzymes (e.g., PGs, PLs, EGs 
et al.) to their substrates (Cantu et al.  2008b ). Induction of the ABA-dependent 
expansin-like gene  AtEXLA2  correlates with increased susceptibility of Arabidopsis 
leaves to  B. cinerea  (Abuqamar et al.  2013 ). Leaves of the knockout  exla2  mutant 
are more resistant to  B. cinerea  and  Alternaria brassicicola . The absence or sup-
pression of  AtEXLA2  expression activates immune responses via a cyclopentenone 
oxylipin-signaling pathway. Whether reducing  AtEXLA2  expression leads to 
reduced cell wall porosity, has not been determined, but may be another reason why 
 exla2  mutants are more resistant to necrotrophic infections (Abuqamar et al.  2013 ). 

 Once healthy tomato fruit begin to ripen, an expansin gene,  SlExp1 , is up- 
regulated (Rose and Bennett  1999 ). Concurrently, the expression of a gene encoding 
a plant PG,  SlPG2A , is also strongly induced (Bennett and Labavitch  2008 ).  B. 
cinerea  precociously activates the expression of  SlExp1  and  SlPG2A  once it estab-
lishes an interaction with unripe fruit (Cantu et al.  2009 ). This observation leads 
to the conclusion that  B. cinerea  infections of unripe tomato fruit can over-ride 
endogenous fruit host ripening programs, especially the expression of the cell wall 
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modifying proteins (Cantu et al.  2009 ; Blanco-Ulate et al. pers. obs.). When either 
 SlExp1  or  SlPG2A  expression is suppressed in tomato fruit, no change in suscepti-
bility to  B. cinerea  is observed, although pectin depolymerization is reduced 
(Cooper et al.  1998 ; Cantu et al.  2008b ). However, when the expression of both 
 SlExp1  and  SlPG2A  is compromised, the typical ripening-associated increase in  B. 
cinerea  susceptibility of fruit decreases (Cantu et al.  2008b ) and these fruit are 
fi rmer. The composition and architecture of fruit cell walls may directly impact the 
ability of  B. cinerea  to grow because less fungal growth is seen in cultures contain-
ing cell walls extracted from uninfected  SlPG2A - and  SlExp1 -suppressed fruit than 
in cultures with cell walls from control fruit (Cantu et al.  2008b ). The activities of 
 SlPG2A  and  SlExp1  may infl uence access by other fruit and fungal proteins to their 
polysaccharide substrates in the cell wall. 

 Expansin-like microbial proteins, such as swollenin, have been identifi ed in the 
cellulolytic fungus  Trichoderma reesei . Swollenin has an N-terminal fungal type 
cellulose-binding domain connected by a linker region to its expansin-like domain. 
This protein is able to disrupt the hemicellulose-cellulose microfi bril network with-
out producing detectable amounts of reducing sugars. At present,  B. cinerea  pro-
teins with expansin activities have not been identifi ed. However,  B. cinerea  
abundantly produces a cerato-platanin protein (BC1G_02163), which contains an 
expansin-like domain (Frias et al.  2011 ,  2013 ; Martellini et al.  2013 ). 

 In Arabidopsis leaves, two cellulose synthase genes,  AtCeSA1  and  AtCeSA3 , 
have roles in responses to  B. cinerea  (Windram et al.  2012 ). Plants with mutations 
of  CeSA3  gene display decreased susceptibility to  B. cinerea , possibly due to the 
induction of JA and ethylene synthesis and signaling (Ellis et al.  2002 ). A mutant in 
 AtCeSA1  also exhibits increased expression of a JA-inducible gene (i.e., 
 VEGETATIVE STORAGE PROTEIN ,  VSP1 ), suggesting overproduction of JA in 
this mutant as well. In wild-type Arabidopsis plants,  AtCeSA1  and  AtCeSA3  are 
down-regulated by  B. cinerea  infections, possibly as part of the plant’s effort to limit 
pathogen growth (Windram et al.  2012 ). Mutation of a secondary cell wall regula-
tor,  MYB46 , enhances Arabidopsis resistance to  B. cinerea  (Ramirez et al.  2011a ). 
The  myb46  knockout mutants show a rapid reduction in the expression of cellulose 
synthase genes, including  AtCeSA1  and  AtCeSA3 , after  B. cinerea  infections. This 
observation indicates that the timing of  AtCeSA  repression may be important to 
control  B. cinerea  spread in Arabidopsis leaves (Ramirez et al.  2011b ).  

18.4.2     Modifi cations in Plant Cell Wall Polysaccharides 

  Botrytis cinerea  infections of Arabidopsis leaves alter the expression of plant host 
PME genes (Abuqamar et al.  2006 ). The enhanced expression and activity of 
AtPME3 has been linked to increased susceptibility to  B. cinerea  and the necrotro-
phic bacterium  Pectobacterium carotovorum  (Raiola et al.  2011 ). In response to 
 B. cinerea , plant PME expression increases in fruit. The tomato  SlPMEU1  is 
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up- regulated during infections of unripe and ripe tomato fruit, and  SlPME2  increases 
slightly at the early stages of infections of ripe fruit (Blanco-Ulate and Dario Cantu, 
pers. obs.). 

 Plant PMEs may act as susceptibility factors by cooperating with  B. cinerea  
PMEs in the extensive demethylesterifi cation of HG backbones that facilitates their 
further breakdown by fungal or host enzymes (Lionetti et al.  2012 ). The importance 
of plant and fungal PMEs during  B. cinerea  infections may depend on the condi-
tions in the host. 

 Elevated acetylation of pectins and XyGs in the cell walls of Arabidopsis is asso-
ciated with susceptibility to  B. cinerea . A knockout mutation in the  REDUCED 
WALL ACETYLATION2  ( AtRWA2 ) gene, which encodes an  O -acetyltransferase, 
results in decreased levels of acetylated cell wall polymers and increased tolerance 
to  B. cinerea  (Manabe et al.  2011 ). Because  O -acetylation could interfere with the 
hydrolysis of polysaccharides by microbial enzymes (Selig et al.  2009 ), it is unclear 
why the  Atrwa2  Arabidopsis mutant is more resistant to  B. cinerea  (Manabe et al. 
 2011 ).   

18.5     Pathogen Perception, Defences and Host Cell Walls 

 When  B. cinerea  confronts the cell wall matrix of its host, the ensuing alterations 
and disassembly of the wall polysaccharides have secondary consequences for the 
host-pathogen interaction. Changes in the host cell wall may also evoke a switch in 
 B. cinerea ’s infection strategy. DAMPs, such as fragments generated by digestion of 
the wall polysaccharides, or  B. cinerea  cell wall modifying proteins that are PAMPs, 
may trigger defence responses, including fortifi cations of the host wall. Wall- 
associated kinases and receptors, which protrude from the host plasma membrane 
into the extracellular cell wall space, may “sense” that the integrity of the wall has 
been compromised and relay that information to the cellular cytoplasmic compart-
ment. Host defence proteins, such as pathogenesis-related (PR) proteins that are 
exported to the apoplast may reside in the wall matrix and they may become dis-
lodged by infections and, thus, become ineffectual. 

18.5.1     Host Wall-Associated Plant Defence Proteins 

 Plant receptors that sense the integrity of the plant cell wall or perceive PAMPs and 
other effectors protrude from their anchor points in the plasma membrane into the 
apoplast (Fig.  18.1 ). How these receptors and signal transmitting proteins partici-
pate in host resistance and susceptibility is not entirely known, although several 
have been shown to be important for resistance or susceptibility to  B. cinerea  in 
vegetative organs, especially in Arabidopsis. Since the composition of cell walls 
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differs depending on the plant tissues and species (Keegstra  2010 ), exposure to 
PAMPs or microbial effectors may be infl uenced signifi cantly by the wall’s compo-
sition and architecture. Access to  B. cinerea -derived signals may be promoted espe-
cially as walls are destroyed by  B. cinerea  or disassembled during plant 
developmental processes, such as ripening and senescence. 

 Knowing that  B. cinerea  can activate immune responses, suggests that plasma 
membrane-anchored extracellular receptors may participate in responses to  B. cine-
rea  (Lai and Mengiste  2013 ). The PG1 protein itself is recognized as a PAMP by an 
Arabidopsis RBPG1 receptor, which complexes with a Leucine-rich Repeat 
Receptor-like Kinase (LRR-RLK) that is anchored in the plasma membrane (Zhang 
et al.  2014 ). 

 The extracellular domains of Wall-Associated Kinases (WAKs) interact via car-
bohydrate binding domains with the pectins in primary cell walls (Fig.  18.1 ; 
Decreux and Messiaen  2005 ; Kohorn and Kohorn  2012 ) and bind PDOs (Brutus 
et al.  2010 ; De Lorenzo et al.  2011 ). In Arabidopsis leaves,  B. cinerea  small RNAs 
target a WAK-coding gene ( At5g50290 ; Weiberg et al.  2013 ). Since WAKs bind 
pectins and pectin degradation is key for  B. cinerea  infections, WAKs might signal 
the host cell wall that its integrity has been compromised by a fungal attack. 

 Another plasma membrane anchored protein, SlCOBRA, that has an extracellu-
lar cellulose binding domain is expressed abundantly early in tomato fruit develop-
ment and then declines, in contrast to most WAKs. When SlCOBRA is suppressed, 
fruit tend to crack extensively and have altered cellulose synthesis and cell wall 
architecture, thus over-expression of SlCOBRA improves the postharvest perfor-
mance of fruit. Expression of tomato cell wall modifying genes, WAKs and other 
RLKs, such as  Theseus 1  and  Lectin Receptor - like Kinase  is up-regulated by the 
suppression of SlCOBRA expression; however, it is not clear how SlCOBRA 
impacts other dynamic changes in plant cell walls (Cao et al.  2012 ). Also, it is not 
known whether expression of SlCOBRA or other RLKs like  Theseus 1  or LRR- 
RLK homologues is altered in response to  B. cinerea . 

 In leaves, the cytoplasmic protein,  B. cinerea -Induced Kinase (BIK), is involved 
in PAMP triggered immunity to  B. cinerea  through phosphorylation and signaling 
that includes ethylene (Laluk et al.  2011 ). BIK interacts with BRASSINOSTEROID 
INSENSITIVE 1- ASSOCIATED KINASE 1 (BAK1) to signal for PAMP triggered 
immunity (Mengiste  2012 ). BAK1 has an extracellular domain that protrudes into 
the cell wall space. BAK1 receptors are involved with FLAGELLIN SENSITIVE2 
(FLS2) by their common association with BIK1. FLS2 is a receptor of fl agellin, an 
extracellular structural protein produced by bacteria (Chinchilla et al.  2006 ). 
Exposure to fl agellin results in responses similar to those to fungal elicitors (e.g., 
chitin, xylanases, ergosterol, mannose-rich glycopeptides) and the wound hormone 
peptide, systemin (Scheer and Ryan  1999 ; Meindl et al.  2000 ). While in Arabidopsis 
many of the responses to  B. cinerea  may be signaled through the WAK1 receptor, 
PAMP perception by the BAK1/BIK1 system may also transmit information about 
infections. 

 Plant PR proteins induced in response to pathogens have diverse potential anti- 
pathogen functions and they accumulate in response to  B. cinerea  (Dı́az et al. 
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 2002 ; reviewed in Chap.   19    ). Since PR proteins are located in the apoplast, changes 
in the plant cell walls due to  B. cinerea  infections may impact the effi cacy of these 
anti-pathogen proteins.  

18.5.2     Oligosaccharides 

 PDOs accumulate in the cell wall as a consequence of the pathogen-induced break-
down of pectin polysaccharides. PDOs can be recognized by WAK receptors that, 
then, signal plant responses, including defences (Hahn et al.  1981 ; Ridley et al. 
 2001 ; Galletti et al.  2011 ). Only de-esterifi ed PDOs induce defence responses that 
enhance resistance to  B. cinerea  (Spadoni et al.  2006 ; Osorio et al.  2008 ), suggest-
ing that WAKs may discriminate classes of PDOs. For example, over-expression of 
the PME,  FaPE1 , in strawberry fruit leads to the accumulation of defence-eliciting 
PDOs (Osorio et al.  2008 ,  2011 ). During  B. cinerea -plant interactions, the percep-
tion of PDOs could cause increases in ethylene and reactive oxygen species (ROS) 
(Campbell and Labavitch  1991 ; Bellincampi et al.  2000 ; Galletti et al.  2008 ), 
changes in membrane polarization and ion fl uxes (Mathieu et al.  1991 ; Thain et al. 
 1995 ), elevated expression of defence-related genes and accumulation of phytoalex-
ins (Davis et al.  1986 ). 

 Signaling for plant responses to pathogens through PDOs involves mitogen- 
activated protein kinases (MAPKs; Chap.   17    ), at least in Arabidopsis leaves. MPK3 
and MPK6 are activated by PDOs, fl g22 and other PAMPs. Mutations in  MPK3  
increase susceptibility of leaves and while a knockout of  MPK6  does not affect 
basal resistance, it does suppress PDO- and fl g22-induced resistance to  B. cinerea . 
This observation suggests that MPK6 may be more important for responses to  B. 
cinerea  (Galletti et al.  2011 ). Weinberg et al. (2013) demonstrated in Arabidopsis 
that  B. cinerea  releases small RNAs that reduce expression of MAPKs involved in 
defence.  

18.5.3     Proteins That Interfere with  B. cinerea –Induced Cell 
Wall Disassembly 

 One class of plant proteins associated with the cell wall that is known to affect the 
ability of  B. cinerea  to infect fruit and leaves is the PG inhibiting proteins, PGIPs. 
Defence-activating PDOs are thought to accumulate to higher levels when pathogen 
PGs are inhibited by plant PGIPs  in vitro  (De Lorenzo et al.  1994 ; Reymond et al. 
 1995 ; De Lorenzo and Ferrari  2002 ; Casasoli et al.  2009 ). PDOs, including those 
that result from PG and PL activities, have been isolated from developing  B. cinerea  
lesions on infected tomato fruit (An et al.  2005 ). PGIPs can bind pectins and when 
pectin disassembly is reduced by suppression of the ripening PG in tomato fruit, the 
PGIP protein is retained in the cell wall matrix (Powell pers. obs.). Expression of 
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PGIP-encoding genes is high in unripe fruit and declines as fruit ripen; however, 
although the protein is stable, it is probably less tightly associated with the looser 
wall matrix of ripe fruit (Powell et al.  2000 ). PGIPs inhibit microbial PGs, including 
some but not all of  B. cinerea ’s PGs (Sharrock and Labavitch  1994 ; Joubert et al. 
 2007 ). Particular amino acids in the PGIP LRRs determine which PGs are inhibited 
(Stotz et al.  2000 ). PGIP expression is induced by  B. cinerea  and other pathogens. 
Over-expression of PGIPs reduces  B. cinerea  growth on ripe tomato fruit (Powell 
et al.  2000 ). In some situations, expression of PGIPs can cause alterations in the 
polysaccharides within the wall matrix (Nguema-Ona et al.  2013b ), further altering 
the extracellular environment that  B. cinerea  encounters. 

 Proteins that are inhibitors of plant PMEs (called PMEIs), limit  B. cinerea  growth 
in vegetative tissues (Lionetti et al.  2007 ,  2014 ). Since tomato fruit PMEs are abun-
dantly induced by  B. cinerea , induced PMEIs may participate in plant responses to 
the infections. 

 Plants express other proteins that inhibit fungal host cell wall modifying enzymes. 
Tomato fruits produce an endo-β-glucanase inhibitor, XEGIP, which suppresses the 
activities of xyloglucan β-1,4 endoglucanases (XEGs) of the fungus  Aspergillus 
aculeatus  (Qin et al.  2003 ; York et al.  2004 ). Expression of XEGIP decreases during 
fruit ripening. Other glucanase inhibitors are serine proteases; loss of the Arabidopsis 
Unusual serine Protease Inhibitor (UPI) results in increased resistance to  B. cinerea  
(Laluk et al.  2011 ).  

18.5.4     Plant Cell Wall Fortifi cations 

 Fortifi cations of host plant cell walls are common responses that can limit pathogen 
progress. Localized structural reinforcements of the cell wall are usually accom-
plished by secretion of cross-linking phenolic compounds and subsequent accumu-
lation of apoplastic polymers that are recalcitrant to degradation (Underwood  2012 ; 
Finiti et al.  2013 ). During  B. cinerea  infections, the localized fortifi cations of host 
cell walls can restrain fungal growth and impede degradation of wall components 
that serve as nutrient sources for the pathogen (Van Baarlen et al.  2007 ). 

 Asselbergh et al. ( 2007 ) proposed that deposition of phenolic compounds and 
cross-linkage of cell wall structural proteins may limit  B. cinerea  infections of 
leaves in the  sitiens  tomato mutant, an ABA-defi cient tomato line. The  sitiens  leaves 
also have increased methylesterifi cation of the pectins in their walls, which may 
limit the activity of  B. cinerea  endo-PGs and PLs. Thus, the higher levels of methy-
lesterifi ed pectins and the wall reinforcements may result in the improved resistance 
of  sitiens  mutant leaves to  B. cinerea  (Curvers et al.  2010 ). In another study, 
Arabidopsis mutants with low levels of phenolic monomers (i.e., monolignols) 
failed to mount effi cient defences against  B. cinerea  infections (Lloyd et al.  2011 ). 

 In young tomato fruit, accumulation of the polymers callose and suberin has been 
linked to the formation of “ghost spots” (i.e., small necrotic lesions, usually sur-
rounded by a white halo), which appear to restrain  B. cinerea  growth (de Leeuw  1985 ). 
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In addition, Cantu et al. ( 2009 ) demonstrated that suberin and lignin are deposited 
and H 2 O 2  accumulates when unripe tomato fruit display resistance to  B. cinerea . 

 When  B. allii  attempts to penetrate the epidermal cells of onions, granular depos-
its of reaction material (RM) form on the cell wall. Feruloyl-3′-methoxytyramine 
(FMT) and feruloyltyramine (FT) are the main components of the RM; while other 
phenolics, such as coumaroyl glucose, coumaroyltyramine (CT) and 2-hydroxy- 2-
(4-hydroxyphenyl) ethylferulate, are minor constituents. The formation of RM is 
associated with early increases in peroxidase activity. FMT, FT or CT are not anti-
fungal compounds  per se , thus these phenolics probably contribute to resistance 
because they prevent or retard cell wall degradation (McLusky et al.  1999 ).   

18.6     Outlook for Improving Resistance by Altering 
Host Cell Walls  

 The plant cell wall is a complex and dynamic structure that provides important 
functions for the integrity of plant tissues.  B. cinerea  has evolved a wide array of 
virulence mechanisms that target multiple components of the cell walls of its 
plant hosts. The confrontation between  B. cinerea  and its hosts alters structural and 
biochemical aspects of the plant cell walls.  B. cinerea ’s virulence activities have 
substantial impacts on host cell wall integrity and ultimately on whether the out-
come is resistance or susceptibility (Fig.  18.2 ).

   Multiple approaches using plant and  B. cinerea  mutants as well as transgenic 
plants have identifi ed processes targeting the plant cell wall by enzymes expressed 
by the host and by  B. cinerea . However, comprehensive studies of the progressive 
disassembly and remodeling of plant cell wall polysaccharides during plant devel-
opment or  B. cinerea  infections, but also on the interaction between plant and fungal 

  Fig. 18.2    Summary of the cell wall implications during plant- B. cinerea  interactions (Reproduced 
and adapted, with permission, from Cantu et al.  2008a )       
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enzymes and cell wall components, are still needed to expand our knowledge of the 
molecular basis of plant susceptibility and  B. cinerea  virulence. Forward screens of 
genetic variants in natural, mapping, or mutagenized populations in plants and in 
 B. cinerea  may identify master regulators of processes that impact the cell walls 
of plant hosts. Reverse genetic approaches may be benefi cial once the sequence 
of degradation of key cell wall targets and recognition of the direct and indirect 
consequences of wall modifi cation in particular hosts is characterized. Particular 
attention should be paid to the developmental stage of the potentially susceptible 
host tissues in order to develop strategies that will effectively limit damage caused 
by  B. cinerea .     
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    Chapter 19   
 Ripening of Tomato Fruit and Susceptibility 
to  Botrytis cinerea                      

       Barbara     Blanco-Ulate    ,     Estefania     Vincenti    ,     Dario     Cantu    , 
and     Ann     L.  T.     Powell    

    Abstract      Botrytis cinerea  causes gray mold decay in the ripe fruit of many plant 
species leading to signifi cant economic losses for the producers, distributers and 
consumers of fresh and stored produce. This chapter summarizes current knowledge 
about the biology of a model fl eshy fruit, tomato, during  B. cinerea  infections. The 
information presented emphasizes how ripening regulation and events in the host 
infl uence resistance when fruit are unripe and susceptibility when fruit are ripe. 
Fruit ripening regulators (e.g., transcription factors, epigenetic modifi ers and hor-
mones) and events unique to ripening that can impact the susceptibility of tomato 
fruit to  B. cinerea  are discussed. Understanding the processes in the fruit that under-
lie the shift from resistance to susceptibility during ripening and resolving how  B. 
cinerea  modifi es its strategies of infection in response to the developmental changes 
of the host may guide efforts to improve the resistance of fruit to  B. cinerea  and 
other fungal pathogens.  

  Keywords     Developmentally-regulated susceptibility   •   Fruit ripening   •   Plant hor-
mones   •   Fruit metabolism   •   Plant defences  

19.1       Introduction 

 The interplay between tomato fruit and  Botrytis cinerea  is a prototype for climacteric 
fruit-necrotroph interactions (Powell et al.  2000 ; Flors et al.  2007 ; Cantu et al.  2008 , 
 2009 ; Weiberg et al.  2013 ; Blanco-Ulate et al.  2013 ). Tomato fruit have been used 
extensively as a model system to understand the development and ripening of fl eshy 
fruit organs. The acquisition of susceptibility to  B. cinerea  is a hallmark of tomato 
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fruit ripening: unripe fruit are resistant to gray mold and become increasingly 
susceptible as they ripen. The abundance of molecular and genetic resources that 
have described the biology of fruit development and ripening provide powerful 
experimental tools to understand the intersection between fruit ripening and suscep-
tibility to  B. cinerea . Complete genome sequences are available as well as large 
collections of spontaneous and induced mutations and high-quality “omics” datas-
ets are frequently published (Carrari et al.  2006 ; Arie et al.  2007 ; Cantu et al.  2009 ; 
Klee and Giovannoni  2011 ; Tomato Genome Consortium  2012 ; Osorio et al.  2012 ; 
Seymour et al.  2013 ; Blanco-Ulate et al.  2014 ). Fresh and prepared tomato fruit 
products are economically important and fungal pathogens, such as  B. cinerea , 
cause losses of billions of dollars worldwide (Narayanasamy  2006 ). Understanding 
the mechanisms that make ripe fruit susceptible will help breeders and postharvest 
technologists develop more effective approaches to reduce losses caused by 
 B. cinerea . 

19.1.1     Fruit Ripening 

 Ripening is a complex and coordinated sequence of inter related biochemical and 
physiological processes that transform the appearance, composition and character-
istics of unripe fruit into a ripe fruit suitable for consumption by animals and humans 
(Brady  1987 ; Osorio et al.  2013 ; Seymour et al.  2013 ). Ripening is regulated by 
multiple interacting mechanisms and occurs in an organized and developmentally 
determined manner (Seymour et al.  2013 ). In tomato fruit, ripening begins at the 
distal end of the fruit (Nguyen et al.  2014 ). Complex positive and negative determi-
native processes occur at the onset of ripening and impact how ripening progresses. 
Networks of transcription factors constitute the core regulators of ripening, while 
hormones and other molecules act downstream to activate particular ripening path-
ways (Klee and Giovannoni  2011 ; Seymour et al.  2013 ). In addition, epigenetic and 
post-transcriptional modifi cations infl uence the expression of master regulators and 
specifi c ripening-related genes (Mohorianu et al.  2011 ; Karlova et al.  2013 ; Seymour 
et al.  2013 ; Zhong et al.  2013 ; Liu et al.  2015 ).  

19.1.2     Unripe Fruit Become Susceptible During Ripening 

 Since tomato fruit become more susceptible as they ripen (Fig.  19.1 ), it had been 
thought that susceptibility is an inherent outcome of ripening (Prusky  1996 ; Klee 
and Giovannoni  2011 ). However, studies of the regulation of ripening and suscepti-
bility have led to the conclusions that only selected ripening events and pathways 
are required to facilitate  B. cinerea  infections, and that  B. cinerea  modifi es its infec-
tion strategy as fruit ripen (Cantu et al.  2008 ,  2009 ; Blanco-Ulate et al.  2013 ,  2014 ).

   In the context of fruit- B. cinerea  interactions, it is critical to distinguish between 
the processes of normal ripening and those that are needed to render ripe fruit 
susceptible. It is also necessary to determine how  B. cinerea  impacts ripening by 
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exploiting and diverting regulators and processes during fruit development. On 
unripe tomato fruit,  B. cinerea  accelerates selected aspects of ripening, thereby 
enhancing host susceptibility (Cristescu et al.  2002 ; Cantu et al.  2009 ; Blanco-Ulate 
et al.  2013 ). How  B. cinerea  promotes susceptibility in fruit has not yet been deter-
mined, but toxins, plant hormone analogues, small RNAs and/or pathogen- and 
damage-associated molecular patterns (PAMPs and DAMPs, respectively) gener-
ated by  B. cinerea  during infections may be involved.   

19.2     Control of Fruit Ripening and Susceptibility 
to  B. cinerea  

19.2.1     Transcriptional Regulators 

 Transcription factors are the central regulators of fruit ripening (Seymour et al. 
 2013 ). The intricate and dynamic relationships between the ripening-regulating 
transcription factors indicate that multiple coordinated inputs are addressed as fruit 
develop. These modulators could be perturbed by  B. cinerea  infections. Among 
these, three tomato transcription factors, RIPENING-INHIBITOR (RIN), 
COLORLESS NON-RIPENING (CNR) and NON-RIPENING (NOR), control rip-
ening up-steam of hormones and other regulatory molecules. Mutations in  CNR , 
 RIN  and  NOR  result in fruit that do not ripen (Vrebalov et al.  2002 ; Manning et al. 
 2006 ; Seymour et al.  2013 ). Because susceptibility to  B. cinerea  differs among the 
fruit of the three non-ripening mutants, it has been concluded that  B. cinerea  infec-
tions require only specifi c aspects of ripening (Cantu et al.  2009 ). 

 The  rin  mutation results in full-sized fi rm tomato fruit that remain green (i.e. 
carotenoid compounds do not accumulate and chlorophylls are only slowly 
degraded).  rin  fruit do not produce or respond to ethylene, a plant hormone involved 

  Fig. 19.1    Susceptibility of tomato fruit to  B. cinerea  as a function of ripening stage. Tomato fruit 
(cv. Ailsa Craig) at Mature Green, Breaker, Turning, Pink and Red Ripe stages at 3 days after the 
introduction of  B. cinerea  spores into wound sites       
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in ripening (Vrebalov et al.  2002 ).  rin  fruit show the same susceptibility to  B. 
 cinerea  as wild-type fruit (Fig.  19.2 ); they are resistant when unripe but become 
susceptible as they complete maturation. Thus, RIN is not needed for the resistance 
of unripe fruit or the ripening-associated development of susceptibility (Cantu et al. 
 2009 ). RIN activates many aspects of ripening including: (1) ethylene synthesis and 
perception (2) cell wall disassembly; (3) carotenoid formation; (4) volatile aroma 
biosynthesis; (5) generation of ATP; and (6) suppression of auxin responses. RIN 
binds to the promoters of other ripening regulators, including  CNR  and  NOR  (Martel 
et al.  2011 ; Qin et al.  2012 ; Fujisawa et al.  2013 ; Zhong et al.  2013 ), and RIN regu-
lation of ripening genes depends on CNR (Martel et al.  2011 ; Zhuo et al.  2013 ).

   In contrast to  rin  and wild-type fruit,  Cnr  mutant fruit are hyper-susceptible to  B. 
cinerea , even at the unripe stage (Fig.  19.2 ). The  Cnr  mutation leads to smaller 
colorless non-ripening fruit (Fraser et al.  2001 ; Eriksson et al.  2004 ; Manning et al. 
 2006 ). The pericarp of the  Cnr  mutant fruit is mealy due to biochemical changes in 
the cell walls that cause substantial loss of cell-to-cell adhesion (Orfi la et al.  2002 ; 
Eriksson et al.  2004 ; Ordaz-Ortiz et al.  2009 ). Susceptibility-related genes targeted 
directly by CNR are unclear (Eriksson et al.  2004 ; Seymour et al.  2008 ), although it 

  Fig. 19.2    Susceptibility of non-ripening tomato fruit mutants to  B. cinerea . Tomato fruit of wild- 
type (WT, cv. Ailsa Craig) and three isogenic non-ripening mutants ( rin ,  Cnr  and  nor ) at equivalent 
ripening stages (Unripe-like: 31 days post-anthesis [dpa] and Ripe-like: 42 dpa) after inoculation 
with  B. cinerea  (1–3 days post-inoculation [dpi]). *  Cnr  red ripe-like fruit are dark at 3 dpi due to 
excessive  B. cinerea  growth       
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is known that the  Cnr  mutation results in the up-regulation of pathogenesis-related 
(PR) gene expression (Eriksson et al.  2004 ). Intriguingly, the disruption of normal 
ripening and the constitutive activation of PR genes in the  Cnr  mutant fruit is not 
suffi cient to inhibit  B. cinerea  infections and in fact, infections are precociously 
robust, perhaps due to disturbances in adhesion between cells. 

 In contrast, fruit with the  nor  mutation, which also do not undergo most of the 
changes associated with ripening, are entirely resistant to  B. cinerea  infection at 
both the unripe-like and ripe-like stages (Fig.  19.2 , Cantu et al.  2009 ). Thus, NOR 
promotes susceptibility and/or inhibits resistance during ripening. Osorio et al. 
( 2011 ) identifi ed some of the ripening processes that are reduced by the mutation of 
 NOR , such as: (1) ethylene synthesis and perception, (2) expression of the ripening- 
related polygalacturonase, (3) levels of hexoses, carotenoid compounds and organic 
acids. 

 Transcription factors that infl uence fruit ripening downstream of RIN, CNR, and 
NOR, or interact with them to repress or activate ripening, may infl uence  B. cinerea  
infections of fruit. The susceptibility of fruit with altered expression of the negative 
ripening regulators: SlMADS1, a tomato homolog of APETALLA SlAP2a and the 
ethylene response factor SlERF6 (Chung et al.  2010 ; Karlova et al.  2011 ,  2013 ; Lee 
et al.  2012 ; Dong et al.  2013 ), or the positive regulators, SlNAC4, TOMATO 
AGAMOUS-LIKE 1 (SlTAGL1), the tomato FRUITFULL homologs (SlFUL1 and 
SlFUL2) and the HD-Zip homeobox transcription factor SlHB1 (Lin et al.  2008 ; 
Shima et al.  2013 ; Zhu et al.  2014 ; Fujisawa et al.  2014 ) has not been evaluated. 
Other transcription regulators related to fruit development, but not directly involved 
in ripening, could also impact the outcome of fruit- B. cinerea  interactions. A 
Golden2-like (SlGLK2) and KNOX (SlTKN4 and SlTKN2) transcription factors 
and a response-regulator factor (SlAPRR2-like) regulate chloroplast development 
and chlorophyll accumulation prior to the onset of ripening (Powell et al.  2012 ; Pan 
et al.  2013 ; Nadakudti et al.  2014 ; Nguyen et al.  2014 ).  SlGLK2  over-expression 
apparently favors  B. cinerea  infections of unripe fruit, hypothetically because of the 
increased sugar contents of the fruit (A.L.T. Powell pers. comm.).  

19.2.2     Epigenetic Changes and Small RNAs 

 When plants and pathogens interact, epigenetic modifi cations occur. These epigen-
etic changes may include DNA methylation and modifi cations of histone tails that 
lead to reprogramming of the transcription of genes involved in defense responses 
(Dowen et al.  2012 ; Yang et al.  2013 ). Epigenetic changes could be a means of 
inducing susceptibility in ripening fruit. 

 Throughout fruit development, epigenetic reprogramming occurs, but overall DNA 
methylation declines once fruit begin to ripen (Zhong et al.  2013 ; Liu et al.  2015 ). 
Notably, the promoters of tomato genes under the control of RIN are demethylated 
(Zhong et al.  2013 ). Expression of  CNR  is epigenetically controlled (Manning et al. 
 2006 ; Zhong et al.  2013 ). When seeds enclosed in the fruit fl esh have developed full 
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viability and the fruit have reached their maximum size, the  CNR  promoter is 
demethylated and subsequently a cascade of ripening events occurs. Although, 
CNR is not the only catalyst of tomato fruit ripening, its activity coincides with the 
demethylation of the promoters of genes regulated by RIN (Zhong et al.  2013 ; Chen 
et al.  2015 ). Whether  B. cinerea  perturbs this form of ripening regulation has not 
been explored, although  B. cinerea  does infl uence host gene expression for suscep-
tibility (Cantu et al.  2009 ). 

 Plant small RNAs (sRNAs), such as microRNAs (miRNAs) and small interfering 
RNAs (siRNAs), are important means of regulating development, defences and epi-
genetic modifi cations (Chen  2009 ; Ruiz-Ferrer and Voinnet  2009 ). In fruit, sRNAs 
infl uence the expression of transcription factors or proteins that contribute to key 
aspects of ripening (Moxon et al.  2008 ; Itaya et al.  2008 ; Mohorianu et al.  2011 ; 
Zuo et al.  2012 ,  2013 ; Karlova et al.  2013 ). 

 miRNAs coordinate the onset and progression of ripening by integrating both 
transcriptional and hormonal controls (Moxon et al.  2008 ; Zuo et al.  2012 ; Karlova 
et al.  2013 ). For example, in tomato, miR156 and miR172 suppress the expression 
of  CNR  and  SlAP2a , respectively (Karlova et al.  2013 ). Other miRNAs infl uence the 
expression of ripening genes downstream of these regulators, such as genes involved 
in ethylene synthesis and perception (Moxon et al.  2008 ; Mohorianu et al.  2011 ; 
Zuo et al.  2012 ,  2013 ; Karlova et al.  2013 ). siRNAs are highly abundant in tomato 
fruit and particular clusters of siRNAs might regulate early development and ripen-
ing. Most siRNA targets have not been validated yet, but may include genes involved 
in lipid and polysaccharide metabolism, fl avor and aroma compound biosynthesis 
and hormone signaling (Itaya et al.  2008 ; Mohorianu et al.  2011 ; Zuo et al.  2013 ). 

 sRNAs may be involved in controlling fruit resistance and susceptibility. Studies 
on the roles of plant sRNA in the regulation of defence responses to  B. cinerea  have 
been done in vegetative tissues but not in fruit (Jin et al.  2012 ). Nevertheless, some 
plant miRNAs with putative roles in disease resistance (e.g., miR6022, miR6027 
and miRZ8) have been detected in fruit (Karlova et al.  2013 ; Zuo et al.  2013 ).  B. 
cinerea  expresses sRNAs to regulate its own development and to suppress host 
immune responses (Weiberg et al.  2013 ). During infections of Arabidopsis and 
tomato leaves,  B. cinerea  introduces its sRNAs into the host where they act as effec-
tors, which hijack plant sRNA-mediated mechanisms to silence genes involved in 
biotic stress signaling (Weiberg et al.  2013 ).  B. cinerea  sRNAs have been detected 
during fruit infections (Weiberg et al.  2013 ), but no connections have been drawn 
yet between them and the susceptibility of ripe fruit.  

19.2.3     Hormones 

 Regulation involving the synthesis and perception of hormones impacts basal resis-
tance and mediates plant defence responses. Interactions among hormone pathways 
provide the plant with adaptable defence strategies against different types of attackers, 
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but these might also be vulnerable to exploitation by pathogens to favor infections 
(Van der Ent and Pieterse  2012 ). Plant hormones coordinate a variety of ripening 
events downstream of the main transcriptional controllers of ripening. In tomato 
fruit,  B. cinerea  infections cause transcriptional reprogramming of multiple plant 
hormone networks and depending on the developmental stage of the fruit, either 
resistance or susceptibility results (Blanco-Ulate et al.  2013 ). 

19.2.3.1     Ethylene 

 Since the gaseous hormone, ethylene, is essential for the normal ripening of 
climacteric fruit (e.g., tomato, banana, apple, and peach), failure to synthesize or 
perceive ethylene prevents ripening (Klee and Giovannoni  2011 ; Pech et al.  2012 ). 
Ethylene infl uences the resistance and the susceptibility of plant tissues to patho-
gens. In cooperation with other hormones, ethylene activates defences against 
diverse pathogens, but ethylene also induces senescence or ripening, which facili-
tate susceptibility and infections by necrotrophs (Diaz et al.  2002 ; Van Loon et al. 
 2006 ; Cantu et al.  2009 ; Nambeesan et al.  2012 ; Rasul et al.  2012 ; Van der Ent and 
Pieterse  2012 ). 

 Two systems, 1 and 2, are used to synthesize ethylene via the conversion of 
S-adenosyl methionine (SAM) to 1-aminocyclopropane-1-carboxylic acid (ACC) 
(Baur et al.  1971 ). Which system is used, depends on whether fruit ripen with cli-
macteric or non-climacteric mechanisms and the developmental stage of the fruit. 
System 1 produces low levels of ethylene due to auto-inhibition of its biosynthetic 
genes and is active throughout early fruit development. Only System 1 is active 
when non-climacteric fruit ripen but System 2 is required and predominates when 
climacteric fruit ripen. System 2 generates high levels of ethylene by positive feed-
back regulation of its ethylene biosynthetic genes (Yokotani et al.  2009 ; Klee and 
Giovannoni  2011 ; Pech et al.  2012 ). In tomato fruit, the switch from System 1 to 
System 2 requires the transcription factor RIN and ethylene (Martel et al.  2011 ; 
Pech et al.  2012 ). 

 Infections of unripe fruit by  B. cinerea  could induce ethylene production under 
System 1 and consequently trigger plant defense responses, but could also prema-
turely activate System 2 and the consequent climacteric ripening or, in non- 
climacteric fruit, initiate senescence or ripening pathways, which result in enhanced 
susceptibility that overthrows ethylene-induced defences (Marcos et al.  2005 ; 
Swartzberg et al.  2008 ; Cantu et al.  2009 ; Blanco-Ulate et al.  2013 ). When  B. cine-
rea  infects unripe tomato fruit, expression of two  ACS  genes from System 2, 
 SlACS1a  and  SlACS2 , is precociously activated, suggesting that the pathogen acti-
vates ethylene synthesis by System 2 (Blanco-Ulate et al.  2013 ).  B. cinerea  itself is 
capable of synthesizing ethylene from methionine via the α-keto-γ-methylthiobutyric 
acid (KMBA) pathway (Chagué et al.  2002 ). Ethylene production by  B. cinerea  dur-
ing infections (Cristescu et al.  2002 ) may stimulate the production of host-derived 
ethylene and, thereby, promote premature ripening or senescence.  
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19.2.3.2     Salicylic Acid 

 When examined in leaves, salicylic acid (SA) is primarily associated with basal host 
defenses, effector-triggered immunity and local and systemic acquired resistance 
against biotrophic and hemi-biotrophic pathogens (Durrant and Dong  2004 ; Vlot 
et al.  2009 ). Because of mutual regulation, SA might enhance susceptibility to 
necrotrophs by antagonizing jasmonic acid (JA) and auxin signaling (Glazebrook 
 2005 ; Beckers and Spoel  2006 ; Spoel and Dong  2008 ). SA synthesis and signaling 
occur in fruit, but no roles for this hormone in regulating fruit development have 
been defi ned. 

 In unripe tomato fruit, SA responses involving an NPR1-independent pathway 
appear to be associated with resistance to  B. cinerea . SA induction of Mitogen- 
Activated Protein Kinase (MAPK) signaling via MAPK3 and MAPK6 may estab-
lish effi cient defences against  B. cinerea  before ripening, while NPR-1 related 
mechanisms or the absence of MAPK may be counterproductive for defence strate-
gies later in ripening (Blanco-Ulate et al.  2013 ). Evidence that SA is important for 
unripe fruit defenses comes from the increased susceptibility of unripe fruit from 
the  NahG  tomato line, which does not accumulate SA (Fig.  19.3 , Brading et al. 
 2000 ; Cantu et al.  2009 ; Blanco-Ulate et al.  2013 ). Ripe  NahG  and wild-type fruit 
are equally susceptible, indicating that SA-related defences are unimportant in ripe 
fruit (Blanco-Ulate et al.  2013 ).

19.2.3.3        Jasmonates 

 JA and its derivatives are well-known participants in the induction of plant responses 
to insects and necrotrophic pathogens (Glazebrook  2005 ; Browse  2009 ). As in 
infections of leaves,  B. cinerea  infections of tomato fruit increase JA biosynthetic 
gene expression (Wasternack  2007 ; Browse  2009 ; Blanco-Ulate et al.  2013 ). 

  Fig. 19.3    Susceptibility of salicylic acid (SA) and abscisic acid (ABA) defi cient tomato fruit to  B. 
cinerea . Inoculated tomato fruit (3 dpi) of wild-type (WT, cv. Moneymaker),  NahG  (SA-defi cient) 
and  sitiens  (ABA-defi cient). Insets show a magnifi cation of one of the inoculation sites. Unripe 
wild-type and ripe  sitiens  fruit have dark necrotic rings that limit infection symptoms; whereas 
unripe  NahG  fruit or ripe WT fruit have no necrotic zone (Reproduced, with permission, from 
Blanco-Ulate et al.  2013 )       
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JAs are associated with the control of normal fruit ripening, possibly because JAs 
act synergistically with ethylene (Peña-Cortés et al.  2004 ). 

 The effi ciency of JA-mediated defence responses depends on interactions with 
other hormone pathways and signals derived from the pathogen itself (Rowe et al. 
 2010 ). For example, JA responses are inhibited by the NON-EXPRESSOR OF  PR  
GENES 1 (NPR1), a key component of the SA signaling network, which prioritizes 
responses against biotrophs (Pieterse et al.  2009 ; Van der Ent and Pieterse  2012 ). 
Infections by  B. cinerea  activate the NPR1-mediated pathway, which antagonizes 
JA-derived defences and promote susceptibility (El Oirdi et al.  2011 ). Ethylene and 
JA-mediated defences can act synergistically to impede necrotrophic infections in 
leaves (Glazebrook  2005 ). The simultaneous activation of ethylene and JA path-
ways impairs the NPR1-mediated suppression of JA-dependent defences, which 
results in the co-existence of resistance mechanisms against biotrophs and necro-
trophs (Spoel and Dong  2008 ; Leon-Reyes et al.  2010 ). 

 In unripe tomato fruit, the opportune activation of ethylene, SA and JA-mediated 
pathways could establish effi cient defences to  B. cinerea . However, as unripe fruit 
begin to ripen, ethylene-mediated induction of ripening and/or senescence probably 
results in a shift towards increased susceptibility by over-riding the defence path-
ways regulated by these hormones (Blanco-Ulate et al.  2013 ).  

19.2.3.4     Abscisic Acid 

 Abscisic acid (ABA)-mediated responses are essential for tolerance to abiotic stress 
(Fujita et al.  2006 ). ABA induces susceptibility to pathogens by antagonizing the 
SA- and JA/ethylene-dependent defences (Spoel and Dong  2008 ; Yasuda et al. 
 2008 ; Sánchez-Vallet et al.  2012 ). The effect of ABA for the outcome of particular 
plant-pathogen interactions depends on the organisms, the developmental stage of 
the host and/or the environmental conditions in which the interaction occurs 
(Mauch-Mani and Mauch  2005 ; Ton et al.  2009 ; Robert-Seilaniantz et al.  2011 ). 
ABA regulates aspects of ripening in climacteric as well as non-climacteric fruit 
(Zhang et al.  2009 ; Koyama et al.  2010 ; Jia et al.  2011 ; Soto et al.  2013 ). In tomato 
fruit, ABA activates ripening because it enhances the expression of ethylene biosyn-
thetic genes from System 2 (Zhang et al.  2009 ). ABA also triggers senescence in 
vegetative tissues and possibly in fruit (Lee et al.  2011 ). 

 ABA contributes to the ripening-associated susceptibility of tomato fruit to  B. 
cinerea . Ripe tomato fruit from the  sitiens  mutant, which does not synthesize ABA 
(Harrison et al.  2011 ), are less susceptible to  B. cinerea  than wild-type fruit (Fig.  19.3 ). 
A localized necrotic response that is typical of resistant unripe fruit develops in 
infected ripe fruit (Blanco-Ulate et al.  2013 ). Leaves from the  sitiens  tomato mutant 
also are more resistant to  B. cinerea  infections (Asselbergh et al.  2007 ; Curvers 
et al.  2010 ; Seifi  et al.  2013a ), although it is not clear whether the resistance mecha-
nisms in  sitiens  leaves and fruit are similar. Characterization of infected leaves sug-
gest that increased cell viability, induction of defence-related genes and increased 
oxidative burst limit  B. cinerea  growth (Curvers et al.  2010 ; Seifi  et al.  2014 ).  
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19.2.3.5     Auxins and Brassinosteroids 

 Normal fruit development requires auxins for growth and sugar metabolism (Sagar 
et al.  2013 ) and once ripening begins, auxins are inactivated (Seymour et al.  2013 ). 
Indole-3-acetic acid (IAA), the most abundant auxin in plants, decreases just before 
ripening starts, and IAA-aspartate, the inactive conjugate, increases (Böttcher et al. 
 2010 ,  2013 ; Kumar et al.  2012 ). Auxin has been shown to be both a susceptibility 
or resistance factor depending on the host tissue (Sharon et al.  2007 ; Fu and Wang 
 2011 ). IAA induces susceptibility to  B. cinerea  in Arabidopsis leaves by antagoniz-
ing oligosaccharide-induced resistance (Savatin et al.  2011 ), but in tomato leaves 
and eggplant fruit, pre-treatments with IAA or naphthaleneacetic acid (i.e. NAA, a 
synthetic auxin) reduce  B. cinerea  infections (Sharon et al.  2007 ).  B. cinerea  can 
produce auxins (Sharon et al.  2007 ), but whether this fungus produces these 
hormones  in planta  and how this production impacts the susceptibility of fruit is 
currently unknown. Auxins affect brassinosteroid levels (Halliday  2004 ) and along 
with ethylene, IAA and ABA affect fruit ripening (Vardhini and Rao  2002 ; Symons 
et al. 2012; Zaharah et al.  2012 ), but whether they also are involved in determing 
outcomes of infections in fruit as they are in leaves is not known (Laluk et al.  2011 ; 
Lin et al.  2013 ; De Bruyne et al.  2014 ).    

19.3     Ripening Fruit Properties and Susceptibility to  B. 
cinerea  

19.3.1     Tissue Integrity and Physical Barriers 

 Tissue softening is an integral aspect of ripening in many fruit. Fruit softening 
occurs primarily as a result of the activities of plant cell wall modifying enzymes 
that disassemble the networks of polysaccharide in the wall. The composition and 
thickness of the fruit cuticle and the decline in cellular turgor pressure during ripen-
ing also infl uence the texture of the fruit fl esh (Shakel et al.  1991 ; Brummell and 
Harpster  2001 ; Shi et al.  2013 ; Lara et al.  2014 ). Softening compromises the integ-
rity of the physical barriers that fruit have against pathogens, and thereby, increases 
susceptibility to pathogen infections. Furthermore, softened fruit are more vulner-
able to physical damage, such as bruising or cracking, which may provide entry 
points for pathogens (Brummell and Harpster  2001 ). 

 Cuticles are composite of cutin and waxes that cover the epidermis of aerial plant 
organs, including fruit (Yeats and Rose  2013 ; Yeats et al.  2014 ). When reaching the 
plant surface,  B. cinerea  can secrete an assortment of cutinases and lipases to breach 
the cuticle and penetrate the host (Van Kan et al.  1997 ; Reis et al.  2005 ; Van Kan 
 2006 ; Leroch et al.  2013 ). The permeability of Arabidopsis and tomato leaf cuticles 
has been correlated with enhanced resistance to  B. cinerea . Enhanced permeability 
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of plant cuticles may favor the generation, movement and perception of pathogen- 
induced signals (e.g., reactive oxygen species, oligosaccharides, cutin monomers), 
which activate defence responses (Chassot et al.  2007 ; Bessire et al.  2007 ; Curvers 
et al.  2010 ; L’Haridon et al.  2011 ). However, defects in cuticle development, apart 
from permeability, could compromise defences against bacteria and  B. cinerea , as 
reported in leaves of the Arabidopsis mutant  glabra1  (Xia et al.  2010 ). 

 When infecting tomato fruit,  B. cinerea  expresses a putative cutinase ( cut - like1 ) 
(Blanco-Ulate et al.  2014 ). Since mutations in the previously characterized  B. cine-
rea cutA  gene do not reduce the pathogen’s virulence in tomato fruit (Van Kan et al. 
 1997 ), the requirement of other  B. cinerea  cutinases, such as  cut - like1 , for success-
ful infections should be studied. 

 The properties of the cuticles of ripe tomato fruit infl uence  B. cinerea  infections. 
The fruit cuticles of the  delayed fruit deterioration  ( dfd ) tomato mutant are stiffer 
and have higher wax contents than wild-type cuticles.  dfd  mutant fruit have minimal 
loss of water due to transpiration, substantially elevated cellular turgor and reduced 
susceptibility to  B. cinerea  (Saladie et al.  2007 ). The lipid composition of fruit cuti-
cles is regulated by ripening (Kosma et al.  2010 ). Fruit from  cutin defi cient  mutants 
( cd1 - 3 ) are more susceptible to  B. cinerea  (Isaacson et al.  2009 ). 

 The implications of the disassembly or degradation of plant cell walls during  B. 
cinerea  infections of vegetative and fruit tissues are examined in detail in Chap.   18    . 
Here we highlight a few relevant points to relate fruit ripening and cell wall integrity 
with the susceptibility of ripened fruit to  B. cinerea . As fruit ripen, the structure and 
composition of their cell walls change. Hemicellulose and cellulose networks loosen 
and are broken down, structural proteins associated with the cell wall are released 
or are no longer synthesized and pectins are degraded. These changes allow the 
walls around cells in the pericarp fl esh and epidermis to expand and become 
hydrated, which increases the porosity of the extracellular matrix (Redgwell et al. 
 1997 ; Brummell and Harpster  2001 ; Vicente et al.  2007 ). The changes in fruit cell 
wall architecture during ripening may disrupt the deposition and localization of 
defence-related proteins and antimicrobial compounds, and is likely to favor the 
pathogen-induced degradation of wall polysaccharides. In unripe fruit, cells are 
enclosed within compacted walls. When infecting unripe tomato fruit,  B. cinerea  
expresses a wide-range of cell wall modifying enzymes but  B. cinerea  also acceler-
ates disassembly of the host cell wall (Cantu et al.  2009 ; Blanco-Ulate et al.  2014 ).  

19.3.2     Metabolism and Metabolites 

 Transcription factors and other regulators of ripening infl uence basic metabolites, 
such as sugars, amino acids and organic acids, but these metabolites in turn also 
exert control over fruit development itself. For example, the accumulation of sucrose 
is needed for ABA synthesis and normal ripening in strawberries (Jia et al.  2013 ). 
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19.3.2.1     Sugars 

 The main apoplastic sugars in tomato fruit are glucose and fructose; sucrose is 
found in lower concentrations (Ruan et al.  1996 ;  2012 ). Soluble galacturonic acid, 
a monosaccharide derived from pectin breakdown, is detected in the ripe tomato 
fruit apoplast (Chun and Huber  1998 ). One might expect that soluble sugars in fruit 
cells can be carbon nutrients for pathogens. However, in tomato fruit, sugar accu-
mulation is not a major factor in susceptibility, since  Cnr  mutant fruit, which are 
very susceptible to  B. cinerea , have low levels of soluble solids, largely sugars 
(B. Blanco-Ulate pers. obs.). The susceptibility of  Cnr  mutant fruit may be mostly 
promoted by changes in the cell wall architecture. However, increased sugars in 
fruit with enhanced chloroplast development may be a factor that enhances suscep-
tibility of ripe fruit (A.L.T. Powell, pers. obs.). 

 In response to microbial infections, plant cells increase extracellular invertases to 
enhance cleavage of sucrose to hexoses in the apoplast, ensuring that suffi cient sug-
ars are available as energy sources for the synthesis of defence responses (Doidy 
et al.  2012 ). Hexose sugars released by disassembly of the cell wall can also act as 
signals to induce the expression of defence-related genes and to repress photosyn-
thesis (Roitsch et al.  2003 ) and sugars may function as primers for plant innate 
immunity (Bolouri et al.  2010 ; Bolouri and EndeVan den  2012 ). SlLIN5, an extra-
cellular tomato fruit invertase, has been shown to alter hormone synthesis and sig-
naling networks (e.g., ABA, JA, ethylene) and responses to pathogens (Zanor et al. 
 2009 ). Infections of unripe tomato fruit by  B. cinerea  induce the expression of 
 SlLIN5  and  SlLIN6 , which presumably alter hexose accumulation and impact 
JA-mediated responses (Cantu et al.  2009 ; Hyun et al.  2011 ). 

  B. cinerea  has hexose transporters involved in the uptake of fructose (i.e. Ftr1/
Hxt13) and galacturonic acid (Hxt15 and Hxt19). Mutants in these genes, including 
the double mutant  Δhxt15 / Δhxt19 , show normal development and virulence on 
leaves when compared to the wild-type strain, suggesting that additional hexose 
transporters or other mechanisms may transport sugars (Doehlemann et al.  2005 ; 
Zhang et al.  2014 ). The role of  B. cinerea ’s hexose transporters during infections of 
fruit has yet to be described.  B. cinerea  has two functional hexokinases, Hxk1, and 
the glucokinase, Glk1. These enzymes phosphorylate hexoses and may participate 
in carbon source sensing. Hxk1 is needed during  B. cinerea  infections of tomato and 
apple fruit, plant organs, which have higher levels of fructose compared to vegeta-
tive tissues (Rui and Hahn  2007 ). 

 Galacturonic acid released by the disassembly of pectin polysaccharides (e.g., as 
fruit soften or are decomposed by the fungus) is metabolized by  B. cinerea . Mutants 
in each step of the galacturonic acid catabolism pathway,  Δgar1 / Δgar2 ,  Δlgd1  and 
 Δlga1 , have reduced virulence on tobacco and Arabidopsis leaves (Zhang and 
Van Kan  2013 ), but no differences in virulence has been observed between the 
mutants and the wild-type strain on tomato leaves or apple and pepper fruit (Zhang 
et al.  2011 ). Preliminary results indicate that only the  Δlgd  mutant, affected in 
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galactonate dehydratase activity, is less virulent in tomato fruit (A. L. T. Powell and 
B. Blanco-Ulate, pers. obs.).  

19.3.2.2     pH 

 Most ripe fruit (e.g., tomato, strawberry, grape, apple, cherry and apricot) are acidic 
(Manteau et al.  2003 ). As tomato fruit ripen, the pH of the apoplastic fl uid decreases 
from 6.7 in unripe to 4.4 in ripe fruit (Almeida and Huber  1999 ). The acidic envi-
ronment of the fruit favors the production of proteases, polygalacturonases, lac-
cases, extracellular polysaccharides and oxalic acid by  B. cinerea  (Manteau et al. 
 2003 ). However, acidifi cation can also activate plant defences as reactive oxygen 
species are generated (Schaller and Oecking  1999 ; Nurnberger and Scheel  2001 ), so 
changes in intra- and extra-cellular pH alter host responses as well as infection func-
tions of  B. cinerea  (Prusky et al.  2013 ).  

19.3.2.3     Organic Acids 

 As tomato fruit develop before ripening, carboxylic acids from the TCA cycle raise 
the osmotic potential that drives cell growth and they are major sources of energy 
during ripening (Liu et al.  2007 ; Morgan et al.  2013 ). Increased citric acid in ripe 
fruit contributes to the synthesis of important biochemical intermediates and energy- 
rich molecules (Morgan et al.  2013 ). A role of citric acid during plant- B. cinerea  
interactions has not been described. 

 Malic acid/malate regulates starch biosynthesis and the accumulation of total 
soluble solids during tomato fruit ripening (Centeno et al.  2011 ). Ripe tomato fruit 
with high levels of malic acid (i.e. by suppression of malate dehydrogenase) have 
elevated water loss by transpiration, signifi cantly reduced soluble sugars (glucose, 
fructose and sucrose) and enhanced susceptibility to  B. cinerea . The altered osmotic 
potential in these lines seems to be the cause of both the water loss phenotype and 
the consequent pathogen susceptibility of the fruit (Centeno et al.  2011 ), although 
the direct infl uence of malate on  B. cinerea  virulence and metabolism has not been 
determined. 

 Oxalic acid (OA) accumulates as tomato fruit ripen. Changes in the concentra-
tions of OA can cause changes in the levels of citric, malic and ascorbic acids. OA 
is a strong acid and a powerful Ca 2+  chelator (Chakraborty et al.  2013 ).  B. cinerea  
secretes signifi cant amounts of OA when infecting leaves (Van Kan  2006 ). OA 
modifi es the host environment and contributes to pathogenesis by: (1) acidifi cation 
that favors  B. cinerea  virulence factors production; (2) strong Ca 2+  chelation that 
weakens pectin interactions within the cell wall and inhibits some defence signaling 
pathways; and (3) inhibition of callose deposition. OA also may alter the production 
of ROS in a pH-dependent manner, inactivating host responses or, alternatively, 
inducing programmed cell death and susceptibility to  B. cinerea  (Prusky et al.  2013 ).  

19 Ripening of Tomato Fruit and Susceptibility to Botrytis cinerea



400

19.3.2.4     Amino Acids 

 Effi cient regulation of host carbon/nitrogen metabolism is required for the accurate 
activation of defence-related pathways and to avoid unnecessary consumption of 
energy. In tomato leaves, increased cell viability and effective resistance against  B. 
cinerea  infections is achieved by replenishment of the TCA cycle by γ-aminobutyric 
acid (GABA) and glutamate metabolism (Seifi  et al.  2013a ,  b ).  B. cinerea  can alter 
primary amino acid metabolism in leaf hosts to induce susceptibility. It has been 
demonstrated that induction of asparagine synthetase after  B. cinerea  infections of 
tomato leaves promotes susceptibility by accumulation of asparagine, a rich source 
of nitrogen for the pathogen and by facilitating pathogen-induced host senescence 
(Seifi  et al.  2014 ). 

 The levels of free amino acids increase as fruit ripen and GABA and glutamate 
are the most abundant amino acids in tomato fruit (Boggio et al.  2000 ; Rolin et al. 
 2000 ; Akihiro et al.  2008 ; Sorrequieta et al.  2010 ). The highest levels of GABA are 
in unripe fruit and they decrease rapidly later in development and during ripening 
(Carrari et al.  2006 ; Mounet et al.  2007 ). GABA is a non-protein amino acid that 
regulates the cytosolic pH, protects against oxidative stress and contributes to resis-
tance against pathogens and insects (Akihiro et al.  2008 ). 

 Glutamate is the main free amino acid in ripe tomato fruit and provides the char-
acteristic ‘umami taste’ of tomato (Bellisle  1999 ). The metabolism of glutamate is 
important for: (1) the transport of nitrogen via the glutamine synthetase and 
glutamine- oxoglutarate aminotransferase cycle, (2) cellular redox and (3) the repro-
graming of TCA-dependent energy (Seifi  et al.  2013b ). The changes in amino acid 
metabolism in tomato fruit during  B. cinerea  infections have not yet been investi-
gated, but will be informative for determining whether similar mechanisms to those 
in leaves are present in resistant unripe fruit.  

19.3.2.5    Reactive Oxygen Species, Antioxidants and Nitric Oxide 

  B. cinerea  causes an oxidative burst as it penetrates the cuticle layer and colonizes 
hosts (Van Kan  2006 ). Hydrogen peroxide (H 2 O 2 ) accumulates in the plasma 
membrane of invading hyphae and in the fungal cell wall (Schouten et al.  2002 ). 
 B. cinerea  not only produces reactive oxygen species (ROS) itself but also induces 
free radical production by the host tissue (Chap.   14    ). Plants commonly respond to 
infections with a rapid oxidative burst that induces localized cell death (e.g., the 
hypersensitive response), which can help to constrain infections by biotrophic 
pathogens, but also susceptibility to  B. cinerea  in some settings such as unripe fruit 
(Cantu et al.  2008 ,  2009 ). On susceptible hosts, this oxidative burst potentiates 
infections especially by necrotrophic pathogens, including  B. cinerea  (Lyon et al. 
 2007 ). 

 During tomato fruit ripening, the levels of ROS, lipid peroxidation and protein 
oxidation increase, while the expression and activity of the principal scavenging 
enzymes, such as superoxide dismutase, catalase and those associated with the 
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ascorbate-glutathione cycle decrease (Lacan and Baccou  1998 ; Jimenez et al.  2002 ; 
Qin et al.  2009 ). In ripe tomato fruit, the accelerated accumulation of antioxidants, 
such as ascorbic acid and carotenoid pigments (e.g., lycopene, γ-carotene and 
β-carotene), may partially neutralize the increase in oxidative processes during rip-
ening (Jimenez et al.  2002 ; Mondal et al.  2004 ). 

 Even though  B. cinerea  may take advantage of ROS production by the fruit to 
generate widespread oxidative stress and promote susceptibility (Heller and 
Tudzynski  2011 ; Chap.   14    ), precisely timed and localized generation of ROS can 
limit  B. cinerea  infections (Asselbergh et al.  2007 ). On unripe tomato fruit, local-
ized accumulation of H 2 O 2  is detected as a consequence of  B. cinerea  inoculation, 
but this response is not observed as result of mechanical wounding or in infected 
ripe tomato fruit, unless ABA is lacking (see above). The accumulation of H 2 O 2  
however correlated with resistance in unripe fruit (Cantu et al.  2008 ,  2009 ). 

 The accumulation of free radicals during  B. cinerea  infections depletes the anti-
oxidant pool in the host tissues (Lyon et al.  2007 ). Thus, it can be anticipated that 
increasing antioxidants in fruit may limit the oxidative stress generated by  B. cine-
rea  infections and promote resistance (Van Baarlen et al.  2007 ). Interestingly, 
tomato fruit that are purple due to the engineered accumulation of anthocyanins, 
which have antioxidant activities (Butelli et al.  2008 ), are resistant to  B. cinerea  at 
all ripening stages and the fruit senesce extremely slowly. This delay in senescence 
and softening-related events in the purple tomato fruit probably contributes to their 
improved resistance (Zhang et al.  2013 ). 

 Nitric oxide (NO) is a diffusible free radical that delays fruit ripening and senes-
cence in both climacteric and non-climacteric fruit by inhibiting ethylene pathways 
(Singh et al.  2013 ), but NO also infl uences H 2 O 2  levels (Małolepszá and Różalska 
 2005 ). In general, endogenous levels of NO are signifi cantly higher in unripe fruit 
than in ripe fruit (Leshem et al.  1998 ; Leshem  2000 ). During plant-pathogen inter-
actions, NO cooperates with other signaling agents (e.g., Ca 2+ , SA, JA and ethylene- 
mediated pathways) to induce programmed cell death and systemic acquired 
resistance (Mur et al.  2006 ; Bellin et al.  2013 ). In tomato fruit, MAPK kinases are 
involved in NO signaling during infections. In unripe tomato fruit, up-regulation of 
the transcripts encoding SlMAPK1, SlMAPK2 and SlMAPK3 is observed in 
response to  B. cinerea  infections and might be involved in establishing NO-induced 
responses (Zheng et al.  2014 ). However, it is not resolved whether NO is involved 
in the resistance of unripe tomato fruit to  B. cinerea  infections.   

19.3.3     Defences in Ripening Fruit 

 Most plant tissues utilize some form of preformed and inducible defences to protect 
themselves against pathogen attack. The resistance of unripe fruit is associated with 
preformed antimicrobial compounds, inducible phytoalexins and PR proteins, 
which mostly accumulate in the cuticle or cell walls. During fruit ripening, most of 
these compounds either decline or become ineffective, perhaps also by losing their 
association with the wall (Prusky et al.  2013 ). 
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19.3.3.1    Secondary Metabolites 

 The leaves and peel of unripe tomato fruit are rich in the toxic steroidal alkaloid 
α−tomatine, a saponin that disrupts plasma membranes, causing leakage of electro-
lytes and depolarization of membrane potential (Itkin et al.  2011 ,  2013 ; Mintz-Oron 
et al.  2008 ). α-tomatine levels decline as tomato fruit ripen (Friedman  2002 ) and 
might inhibit growth of  B. cinerea  mycelia in unripe tomato fruit (Verhoeff and 
Liem  1975 ), however most  B. cinerea  strains can detoxify α−tomatine by hydrolysis 
of its sugar adduct (Quidde et al.  1998 ). Thus, α-tomatine may partially restrict  B. 
cinerea  infections of unripe tomato fruit, but it is not the only mechanism fruit use 
for resistance. Early studies reported that the sesquiterpene, rishitin, is produced in 
unripe tomato fruit as a consequence of  B. cinerea  infection and that it may boost 
the deleterious effects of α-tomatine on the fungus (Glazener and Wouters  1981 ). 

 Inoculations of tomato fruit with  B. cinerea , up-regulate three hydroxycinnamoyl- 
CoA:tyramine N-(hydroxycinnamoyl) transferases (THTs) (Cantu et al.  2009 ), 
which are required for the production of  p -coumaroyloctopamine and 
 p-  coumaroylnoradrenaline, two secondary metabolites with antimicrobial qualities 
(von Roepenack-Lahaye et al.  2003 ). The levels and effects of these metabolites 
during tomato fruit- B. cinerea  interactions are not known. 

  In vitro  and  in planta  studies have shown that volatile compounds produced by 
ripe fruit can inhibit  B. cinerea  growth (Vaughn and Gardner  1993 ; Vaughn et al. 
 1993 ). The major fl avor volatiles, hexanal, 1-hexanol, ( E )-2-hexen-1-ol, ( Z )-6- 
nonenal, ( E )-3-nonen-2-one, methyl salicylate and methyl benzoate are used for 
antifungal postharvest treatments of strawberry, blackberry and grape berries (Chap. 
  11    ; Archbold et al.  1997 ).  

19.3.3.2    Pathogenesis-Related Proteins 

 Infections by  B. cinerea  induce the expression and accumulation of host PR proteins 
in plant cell walls and vacuoles (Van Loon and Van Strien  1999 ). Some PR proteins 
hydrolyze fungal cell walls (e.g., chitinases, β-1,3-glucanases, mannanases), inhibit 
fungal enzymes (e.g., polygalacturonase-inhibitor proteins) or have contact toxicity 
(e.g., thaumatin-like proteins and thionins) and others signal for defences (e.g., 
PR-1 and the defensin PDF1.2) (Van Loon and Van Strien  1999 ; Van Loon et al. 
 2006 ; Van Baarlen et al.  2007 ). 

 In contrast to other plant organs, uninfected fruit accumulate high concentrations 
of certain PR-like proteins (e.g., chitinases) as a consequence of ripening (Derckel 
et al.  1998 ; Cantu et al.  2009 ). During tomato fruit- B. cinerea  interactions, PR pro-
teins are induced both by ripening and infections. A β-1,3-glucanase gene (e.g., 
 TomQ ’ a ) is induced 1 day post-inoculation when unripe fruit is infected but no 
induction occurs in infections of ripe fruit, or as consequence of ripening (Cantu 
et al.  2009 ). Later in infections (3 days post-inoculation), enhanced expression and 
accumulation of PR-proteins, such as the putative thaumatin-like protein  SlPRP - 23 , 
the possible chitinase,  SlChi - like1 , and the β-1,3-glucanases,  TomQ ’ b  and 
 TomB13GLUB , was detected in both unripe and ripe fruit (Cantu et al.  2009 ; Shah 
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et al.  2012 ). PR-proteins in fruit may not be effective in controlling  B. cinerea  infec-
tions since the  Cnr  mutation induces PR gene expression in fruit but the fruit are 
hyper-susceptible to  B. cinerea . It has not been resolved whether the retention of PR 
proteins is impacted by disassembly of the host cell walls, by for example, ripening 
or  B. cinerea  infections.   

19.3.4      Botrytis cinerea  Toxins in Fruit 

 Plant cells, including those in fruit, are killed by  B. cinerea  not only through its 
extensive disassembly of the host cell wall matrix and its active release of ROS, but 
also through its production of toxins that lead to death of host cells (Chap.   15    ).  B. 
cinerea  can secrete toxic bicyclic sesquiterpenes (Collado et al.  1996 ; Rebordinos 
et al.  1996 ). Botrydial is a well-studied  B. cinerea  sesquiterpene, but other toxins 
with a botryane skeleton have also been described (Duran-Patron et al.  1999 ). From 
 in vitro  and  in planta  phytotoxicity assays, botrydial has the highest activity and 
effectively induces chlorosis and cell collapse in hosts (Colmenares et al.  2002 ). 
Botrytidial was detected when  B. cinerea  infected the ripe fruit of sweet pepper 
(Deighton et al.  2001 ). Whether fruit have the means to cope with the toxicity of 
botrydial is not known and more research is needed to understand whether these 
compounds have a role in susceptibility of fruit.   

19.4     Perspectives 

 The aim of understanding the increase in susceptibility that accompanies ripening is 
to improve the quality of ripened fruit. However, it is clear that the ripening fruit- B. 
cinerea  interaction is dynamic, involving multiple inputs and responses by the host 
as well as the pathogen (Fig.  19.4 ). By understanding what distinguishes ripening 

Compact cell walls
Unavailable sugars
Anti-pathogen proteins in situ
Hypersensitive response

Dissasembled cell walls
Sugars in apoplast
Inefficient anti-pathogen proteins
pH decrease

Unripe fruit:
Resistant

Ripe fruit:
Susceptible

RIPENING

Induction of fungal CWDPs
Acceleration of ripening

Dependance on host CWDPs
Rapid growth and sporulation

Botrytis cinerea

  Fig. 19.4    Model depicting host and pathogen-derived regulators during ripening tomato fruit 
infections by  B. cinerea . Events and conditions in unripe and ripe fruit that impact susceptibility 
are enumerated. Differences in  B. cinerea  infection strategies on unripe and ripe fruit are also 
shown       

 

19 Ripening of Tomato Fruit and Susceptibility to Botrytis cinerea

http://dx.doi.org/10.1007/978-981-287-561-7_15


404

from susceptibility, new fruit varieties can be developed which ripen acceptably but 
are not predisposed to  B. cinerea  infections. Targeted reverse genetic approaches 
and evaluations of large mapping populations are needed to genetically dissect these 
complex traits in the fruit hosts. It will be especially important to identify how  B. 
cinerea  interferes with the regulation of these traits that occurs when healthy fruit 
ripen and how  B. cinerea  adapts to changing conditions in the host. Examining sus-
ceptibility in ripening fruit provides novel information about events that occur 
uniquely in fruit, but not in vegetative tissues, and has expanded knowledge about 
the versatility of  B. cinerea -plant interactions.
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    Chapter 20   
 Plant Hosts of  Botrytis  spp.                     

       Yigal     Elad     ,     Ilaria     Pertot    ,     Alba     Marina     Cotes Prado    , and     Alison     Stewart   

    Abstract     A list of known plant species that serve as hosts of  Botrytis  spp. is 
 presented.  Botrytis  species are reported to attack a total of 596 genera of vascular 
plants (tracheophytes), representing over 1400 plant species, although the host 
range is most probably much wider since there are limited reports of diseases on 
wild plants.  B. cinerea  was found on 586 genera, while the other species have 
 narrower host ranges. Of the 596 genera, the majority (580) belongs to the 
Spermatophyta, 15 to the Pteridophyta and only 1 to the Lycopodiophyta. In the 
Spermatophyta, one genus belongs to Cycadophyta (cycads), 18 genera to 
the Pinophyta (conifers), one genus to the Ginkgophyta (ginkgo), and 562 genera to 
the Magnoliophyta (also known as fl owering plants or Angiospermae). 
Geographically,  Botrytis  spp. occur wherever their host plants are grown, ranging 
from tropical and subtropical areas to cold temperate zones of Northern and 
Southern globe regions including regions where plants are grown in extreme cold 
weather or where agriculture is practiced in the desert.  
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20.1       Introduction 

 Estimating the number of plant hosts of  Botrytis  spp. is a diffi cult task. Jarvis ( 1977 ) 
reported more than 200 plant hosts infected by  B. cinerea . He based his estimation 
on reports such as MacFarlane ( 1968 ), that listed 235 hosts of  B. cinerea  from 
records in the Review of Applied Mycology, Anderson ( 1924 ) who reported more 
than 100 hosts from Alaska including three genera of Pteridophytes and a species of 
the Bryophyte Lunularia, Baker ( 1946 ) who listed 36 hosts, mostly ornamental 
crops, from California, Dingley ( 1969 ) who listed 69 hosts from New Zealand and 
Conners ( 1967 ) who listed 163 hosts in Alaska, Canada, and Greenland from the 
Canadian Plant Disease Survey. Grigaliunaite ( 2001 ) listed eight  Botrytis  spp. 
( B. allii ,  B. anthophila ,  B. cinerea ,  B. elliptica ,  B. fabae ,  B. gladiolorum ,  B.  paeoniae , 
 and B. tulipae ) recorded on 687 host-plant taxa (677 plant species and 10 cultivars) 
that are present in Lithuania. The fi rst attempt to compile a world wide list of 
 Botrytis  spp. hosts is presented in the current chapter. The reports, found in various 
sources and lists (for example, Elad et al.  2014 ; Farr et al.  1989 ; Moor  1959 ; 
 Anonimous ; Palmucci et al.  1997 ; Smith et al.  2009 ; ATCC  2015 ; Chase  1997 ) and 
indicate infection of seeds, seedlings and all parts of mature plants, represent impor-
tant diseases that infl ict major damage to agricultural crops, sporadic observations 
of diseases caused by  Botrytis  spp. or diseases of no economical importance. 

 Geographically,  Botrytis  spp. occur wherever their host plants are grown,  ranging 
from tropical and subtropical areas to cold temperate zones of Northern and 
Southern globe regions including regions where plants are grown in extreme cold 
weather or where agriculture is practiced in the desert. The majority of records 
originate from economic hosts grown in cool-temperate and warm-temperate zones. 
Jarvis ( 1977 ) reported that  B. cinerea  even occurs as a snow mold. Various plant 
hosts and all  Botrytis  spp. are detailed in previous  Botrytis  books (Beever and Weeds 
 2004 ; Coley-Smith et al.  1980 ; Elad et al.  2004 ; Verhoeff et al.  1992 ; Chap.   2     this 
book).  

20.2     Spread of  Botrytis  spp. Hosts amongst Families 
of the Plantae Kingdom 

  Botrytis  spp. are reported to attack a total of 596 genera of vascular plants (tracheo-
phytes) (Table  20.1 ), although the host range is most probably much wider, since 
there are limited reports of diseases on wild plants.  B. cinerea  was found on 586 
genera, while the other species have narrower host ranges, limited to one or very 
few genera for  B. aclada  (syn.  B. allii ),  B. anemone ,  B. byssoidea ,  B. calthae ,  B. 
caroliniana ,  B. convoluta ,  B. croci ,  B. douglasii ,  B. elliptica ,  B. fabae ,  B. fabiopsis , 
 B. fi cariarum ,  B. galanthina ,  B. gladiolorum ,  B. globosa ,  B. hyacinthi ,  B. narcissi-
cola ,  B. paeoniae ,  B. pelargonii ,  B. polyblastis ,  B. porri ,  B. ranunculi ,  B. sinoallii , 
 B. squamosa ,  B. sphaerosperma ,  B. tulipae  (Table  20.1 , Chap.   6    ). Of these 596 

Y. Elad et al.

http://dx.doi.org/10.1007/978-981-287-561-7_2
http://dx.doi.org/10.1007/978-981-287-561-7_6


415

genera, the majority (580) belongs to the division of seed plants, Spermatophyta, 15 
to the division of fl owerless plants, the Pteridophyta and only 1 to the Lycopodiophyta 
(division of spore-bearing vascular plants). No members of the Bryophyta 
 (nonvascular plants = mosses and liverworts) have been reported to be hosts of 
 B. cinerea  in nature, although the fungus can produce symptoms on  Physcomitrella 
patens  following artifi cial inoculation under laboratory conditions (Ponce de León 
et al.  2007 ).

   In the Spermatophyta, one genus belongs to the subdivision Cycadophyta 
(cycads), 18 genera to the Pinophyta (conifers), one genus to the Ginkgophyta 
(ginkgo), and 562 genera to the Magnoliophyta (also known as fl owering plants or 
Angiospermae). In the Magnoliophyta, the majority of the genera belongs to the 
eudicots (419), while the rest belong to the monocots (114) or the unranked clades 
Magnoliales, Piperales, Piperales, Austrobaileyales (4).  Botrytis  spp. are reported 
on 42 orders of Magnoliophyta (Austrobaileyales, Piperales, Laurales, Magnoliales, 
Acorales, Alismatales, Liliales, Asparagales, Arecales, Commelinales, Poales, 
Zingiberales, Ranunculales, Proteales, Buxales, Saxifragales, Caryophyllales, 
Vitales, Celastrales, Oxalidales, Malpighiales, Cucurbitales, Fabales, Fagales, 
Rosales, Geraniales, Myrtales, Crossosomatales, Brassicales, Malvales, Sapindales, 
Cornales, Ericales, Garryales, Gentianales, Lamiales, Solanales, Aquifoliales, 
Asterales and Dipsacales) corresponding to 33 % of the total number of Families, 
while the pathogen is not recorded on 16 Orders (Amborellales, Nymphaeales, 
Chloranthales, Canellales, Petrosaviales, Ceratophyllales, Trochodendrales, 
Gunnerales, Berberidopsidales, Santalales, Zygophyllales, Picramniales, Huerteales, 
Escalloniales, Bruniales and Paracryphiales), which represents 68 % of the Families. 
Twelve Families have more than 10 genera where  Botrytis  spp. are reported as 
pathogens (Asteraceae, Fabaceae, Rosaceae, Lamiaceae, Asparagaceae, Apiaceae, 
Araceae, Brassicaceae, Orchidaceae, Poaceae, Ranunculaceae, and Malvaceae, 
with 59, 31, 23, 22, 18, 18, 17, 15, 14, 13, 12, and 10 genera, respectively). The 
genera with the highest number of species where  Botrytis  spp. are reported include 
crops widely cultivated for production of food or feed and ornamental plants (i.e. 
 Actinidia ,  Brassica ,  Cattleya ,  Cereus ,  Chrysanthemum ,  Citrus ,  Eucalyptus , 
 Geranium ,  Prunus ,  Vaccinium , etc., see table for more details). Generally Table 
 20.1  lists more than 1,400 plant species that are associated with  Botrytis  spp. but 
there are missing plant spp. in the listed genera because of missing reports so it can 
be assumed that the number of plant taxa is signifi cantly higher. 

 No specifi c correlation between the occurrence of  Botrytis  spp. with the phylog-
eny of Plantae can be observed.  Botrytis  spp. seem more related to the presence of 
soft and tender tissues rather than a specifi c clade of plants. The most common types 
of disease caused by  Botrytis  species are grey mould and rots reported in 78 % of 
the cases listed in the table below followed by blight (25 %) and spots or lesions (2.2 
%). However, there may be several symptom types typical to each plant species and 
these are not necessarily reported in the table. Most of the reports on  B. cinerea  and 
 Botrytis  spp. were not ascertained by molecular phylogeny, thus it is possible that in 
the future we might face multiple new species after a thorough phylogenic analysis 
as suggested in Chap.   6    .     

20 Plant Hosts of Botrytis spp.
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